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ABSTRACT

This report discusses the progress made on the study of thorium-uranium fuel
cycles in a tokamak hybrid reactor and on cost improvement considerations such as
the use of a bundle divertor for impurity control. The thorium fuel cycle offers
the potential for greater proliferation resistance than the previously studied
plutonium-uranium fuel cycle. The initial effort in the neutronic blanket

233U fissile

analyses (1) evaluated alternative blanket arrangements to assess the
fuel production capability of the hybrid, (2) determined tritium breeding capa-
bilities of various blanket zone arrangements, (3) established that plutonium pro-
duction can be controlled by design parameter selection to either breakeven or

239

burnup Pu, and (4) calculated the associated thermal power output for each of

the scenarios. It was concluded that the hybrid could produce 1 to 4 tonnes/yr
233
of
select an optimum design for a completely self-sufficient plant. A preliminary
bundle divertor concept was completed and analyzed which showed an improved per-

U with the various designs considered. Further study would be required to

formance over previous concepts. Cost considerations are discussed, but overall
plant cost analysis was not conducted since the study consisted of parametric
analysis and subsystem design considerations.
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EPRI PERSPECTIVE

PROJECT DESCRIPTION

This is a project investigating the feasibility of fusion-fission applications
based on projections of Tate 1980's tokamak plasma physics and technology.

The results of an assessment of actinide burning conducted in the first year

of project activities have been reported in EPRI report ER-451 (Volumes 1 and 2).
Results of an assessment of plutonium production conducted during the second

year of project activities are described in EPRI report ER-1083 (Volumes 1 and 2).
The present report describes the potential for production of fissile uranium

from thorium.

PROJECT OBJECTIVES

The objectives of the activities reported herein were to provide a preliminary
estimate of the technical potential of producing fissile uranium using 1980's
technology and beam-driven tokamak fusion reactors and to investigate in

greater depth the feasibility of cost improvements in tokamak hybrid reactors.

PROJECT RESULTS

The results of this investigation show that near-term, beam-driven tokamak
fusion-fission devices could produce abundant amounts of 233U. Depending

upon the details of the blanket design, 233U production rates between 1.5 and
4 tonnes per year appear feasible. Important factors affecting this variation
are tritium production rates, blanket neutron multiplication, and the desired

233

amount of blanket thermal power. The larger values of U production require

blanket neutron multiplication.

In addition, design concepts have been developed for a tokamak with a bundle
divertor. As well as providing for a reactor cost decrease, the compact form
of the bundle divertor allows better blanket coverage for improved fusion

neutron utilization.



While this study indicates the plausibility of 233U production and for major cost

reductions in tokamak reactors, estimates of the reactor design, performance and
economic characteristics will have to be developed from subsequent, more-detailed
investigations.

Noel A. Amherd, Project Manager
Fossil Fuel and Advanced Systems Division
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1.0 INTRODUCTION

The development of near-term applications of energy technologies such as hybrid
tokamak reactors has become of immediate interest to utilities and the govern-
ment. In addition, concerns with respect to the possible diversion of fissile
materials for weapons use have prompted an interest in the thorium fuel cycle.
The alternative Th-U fuel cycles are combined in this study with a potentially
attractive tokamak impurity control concept - the bundle divertor. This work
evaluates both of these concepts and is a natural extension of the earlier hybrid
and actinide burner studies conducted at Westinghouse. The previous hybrid study
concentrated on breeding plutonium from 238U.

Thorium Fuel Cycle

The goals and objectives of the thorium fuel cycle aspect of the study involve

re-examining the Th—233

U cycle in view of the large thorium resources available
and concerns regarding diversion. This examination requires that an assessment

be made in two areas: (a) Breeding 233U in a hybrid tokamak reactor; and (b) Char-

acterizing the fission reactor "market" for 233u_

Breeding 233

U in a tokamak hybrid reactor requires the evaluation of what neutron
multiplication is needed to increase the production rate of fissile material and
which trade-offs should be examined with respect to fuel production and power
generation to identify the best mix to minimize total costs. Section 5 of this
report discusses the results of these studies.

The "market" for Th-233
of fission reactors that are potential users for this fuel. Reactor concepts
considered to date for use with the Th-233U fuel cycle include the HTGR, LMFBR

and CANDU reactors. These are all examples of present or near-term fission
233

U must also be addressed by characterizing the spectrum

technology. If an adequate source of U is available, however, a much broader

set of fission reactor options appears possible. These include an LWR burner
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233U and an LWR "near breeder" where some of the neutronic

with "denatured"
constraints of the LWBR are relaxed. The potential fuel cycle scenarios will

be addressed by other studies and are not a part of this report.

Bundle Divertor Concept

A divertor acts as an exhaust system, which is needed for a long pulse, beam
driven tokamak to remove leaked fuel, impurities, and ash from the plasma area.
The conceptual designs for both the actinide burner and the Pu-U hybrid breeder
have incorporated a poloidal type divertor. This type of divertor required a
total exhaust flow area of approximately 30 m2 to carry the particles out of
the system. While other approaches were considered early in the Pu-U fuel
cycle hybrid reactor study, none were identified that could provide a signifi-
cant reduction in this exhaust flow area. Recent experimental results from the
DITE tokamak at the Culham Laboratory in England, however, indicate an alternative.
The DITE tokamak incorporates a "bundle divertor" which appears to have the
capability of reducing the exhaust flow area for a tokamak to ~1 m2. This
reduction in flow area is possible because of a significantly higher particle
density in the exhaust stream. A comparison of divertor concepts is shown in
Figure 1-1.

A bundle of particles is drawn from a scrape-off layer past the toroidal stagnation
point to a collector system by divertor coils which oppose the toroidal field
system. Since these exhaust particles are carried completely out of the

tokamak system by this approach, the particle collection system could con-
ceivably recover the energy from these exhaust particles in the form of
electricity by a direct conversion system. However, there is a significant
design concern in incorporating a bundle divertor. The divertor coils have

to "buck" the main toroidal field. The forces on these windings can therefore

be very large. Preliminary calculations were performed which indicate that,

by moving the divertor coils close enough to the plasma and keeping the divertor
aperture small enough, the magnetic forces can be reduced to a point where
restraining the coils appears feasible.
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BUNDLE DIVERTOR

Figure 1-1. Comparison of Divertor Concepts
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The advantages and disadvantages of the bundle divertor when compared to systems

with a poloidal divertor, are as follows

Advantages

° Possible reduction in vertical
size of tokamak

) Exhaust carried completely out
of the torus where collection
problems are much easier to solve

0 Plasma exhaust with small flow
area required

° Divertor is energized with
toroidal field magnet system,
eliminating cycling with poloidal
field coils

(] More predictable plasma current
initiation may be possible

° May eliminate liner, thus re-
ducing structure between
plasma and blanket lattice

Disadvantages

Divertor coils experience large
forces

Minimum shielding space for
divertor coils is available

Larger power consumption may be
necessary for divertor

Larger space required between TF
coils, which may require larger or
fewer TF coils

The advantages of the bundle divertor shown in the above tabulation are indeed
significant and the disadvantages do not appear to be insurmountable. Therefore,
the bundle divertor appears to be a very attractive concept by which to effect
significant reductions in capital cost and improvements in performance for a
tokamak reactor. Section 4 of this report discusses the technical evaluation

of the bundle divertor. A general discussion of economic considerations is

presented in Section 3.
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2.0 SUMMARY AND CONCLUSIONS

Work was initiated on the thorium fuel cycle tokamak hybrid reactor study by
performing parametric studies of various thorium fuel cycles and means of

reducing capital costs by incorporation of a bundle divertor. In addition,
considerable effort has been expended to examine the issue of nuclear prolifera-
tion as it relates to fusion power. This latter work was performed at the request
of ERDA and has been reported separately.!

Preliminary parametric studies of fusion driver parameters to identify approaches
which will improve system economics were initiated with the objective to improve
performance (moving nearer to ignition by increasing g, field on axis, and/or
elongation), to increase fusion power density and to reduce recirculating power
(i.e. increase Q). These changes are representative of projections to a commercial
fusion-fission system, as opposed to a demonstration reactor. The potential

range of parameters identified for these studies is as follows:

2.0 < Q < = (ignition)
7% < By = 10%

4T < Bt <77

4.5m <R <6.0m
0.9m <a < 1.5m

1.6 < b/a < 2.0

2 Mi/m2 < o < 6 MW/m"

Algorithms are being developed for incorporation in the COAST Computer Code to
cover the range of plasma physics conditions associated with the above parameters
and to modify the geometric constraints to describe a fusion-fission tokamak
system (e.g. to add the algorithms required for a fertile/fissile blanket).

Work was performed on the bundle divertor in parallel with the above parametric
effort. This work is directed toward overcoming some of the inherent difficulties
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of the bundle divertor, such as large coil forces as applied to the hybrid
tokamak geometry. Since the current carriedlby the coils of the bundle
divertor is proportional to the toroidal field and only a small bundle of
toroidal flux is diverted, the current in the divertor is inherently large,
its interaction with the toroidal field is very strong, and the particle
collection surface area available is small. In addition, the space available
for shielding is small and not of uniform thickness. The objective of this
effort was to find solutions for these problems. A significantly improved
design was developed.

The first significant improvement was that the diverted fluxes were swept outside
the tokamak through the gap between two adjacent TF coils. In this manner, the
fluxes can be expanded, the collection problem is relieved, and the forces on the
part of coil inside the TF bore are much reduced. However, high current density
magnet technology is still required to keep the conductor area small. A signi-
ficant effort has been required to find a method to increase the shielding space
without causing a severe perturbation to the plasma. The second significant im-
provement was development of an approach leaving room for shielding by adding a
pair of vertical coils on the plane passing through the center line of the divertor.
This coil pair will modify the toroigal flux localiy in the region of the separa-
trix loop. Thus, the shielding space is increased and the shield thickness becomes
uniform. The coil forces are further reduced by this approach. The same method
can be applied to the other part of the divertor coil and to the flux expansion
windings. Figure 2-1 shows the trimetric view of such a design. The loss of alpha
particles due to field ripple has been determined by a preliminary analysis to be
<1%. The shielding and the high current density magnet technology have yet to

be evaluated. Further iteration in the analysis is required when more specific
reactor size and plasma parameters are defined.

Blanket parametric studies of the thorium fuel cycle were initiated using a
multiple-region blanket, 1m thick, with 30 cm allowed for coolant plenum and
manifolds. The blanket fuel section thickness of 70 cm was divided into three
zones: the fast neutron multiplying zone loaded with U, PuC; the ThC loaded
breeding zone; and the tritium breeding zone containing L120. The combined width
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Figure 2-1. Trimetric View of a Bundle Divertor Design

2-3



of the first two zones was initially fixed at 50 cm and 20 cm was allocated to
the tritium breeding zone. The layout of these zones is shown in Figure 2-2.
Plutonium in the neutron multiplying zone was assumed to be that discharged from
an LWR with 69.6% >32Py and 30.4% 2*Opu. Should the availability of Pu become

a problem due to restrictions imposed on fuel reprocessing, blankets enriched

in 235U or self-generated 233

U could be used. In the latter case, there is
generally a penalty imposed on the performance of the blanket for an initial period
of several years, until the inventory of 233U bred in the blanket builds up to a

significant level.

Highlights of the results of these parametric calculations are presented in
Table 2-1 for beginning of 1ife (BOL) conditions where most cases studied used
TIM clad fuel, helium coolant and assumed an optimistic (future commercial
application) 4 MW/m2 source at the first wall. These data show that significant

production {>1.5 tonnes/year) of 233

U is feasible. Adequate blanket thermal
power (3 th will achieve electric power breakeven) can be obtained with proper
choice of parameters. Self-sufficient tritium breeding can be achieved, but is
difficult with a toroidal geometry and normal thermal power (3 th). The net
239Pu production can be controlled, since zero net Pu production is an objective.
Finding a point design to achieve all of these goals at once within near-term
technological, economic and environmental constraints appears difficult.

Group A, case 1 in Table 2-1 indicates a 233

U production of ~3.7 tonnes/year,
while Pu-production is only ~0.5 tonnes/year. This concept requires no initial
Pu inventory, i.e., a 2 cm thick UC neutron multiplier zone with a 48 cm ThC
breeding zone is employed. However, the thermal power (1.2 GW) is inadequate

and tritium breeding ratio is less than half the required amount (~1.2). Enrich-
ing with Pu (10%) in a thicker multiplier zone (6 cm) resolved the thermal power
deficit, but resulted in increased Pu production and still had inadequate tritium
breeding as shown in case no. 8. Hence, further parametric study to increase

tritium breeding and reduce Pu production was conducted.

Group B, case 8 inTable2-1, indicates that the required T-breeding ratio can
probably be achieved by higher enrichment with Pu, but the resulting performances
are not clearly compatible with near future technology. The 10 cm thick neutron
multiplier zone has 15 a/o Pu in the U, PuC and the rather thin (10 cm) thorium
zone was also enriched (5 a/o Pu). The Li,0 zone is 35 cm thick. The fuel rod
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TABLE 2-1

HIGHLIGHTS OF BLANKET PARAMETRIC CALCULATIONS

Blankel

Blankéi Zone/MWidth, Pu Enrich- Initial Inventory, Tritium Fissile Production(
(a)/{cm) went, tonnes Breeding | _ BOL-(topnes/year)'®] Thermal (e)
afo P A(bY |7 Pu [ U Th Ratio 233 239, Power (BOL)
u u | u (GH)
B (Y 7% N 1) N () N R ) ) o I N
NM/2 FB/48 TB8/20 0 0 30 620 0.44 3.7 0.5 1.2
MM/ 0 Fe/a4 TB/20 10 9.1 82 570 0.51 3.9 0.6 4.1
/10 FB/40 TB/20 10 1.2 137 520 0.56 3.8 1.2 6.6
(uee) )t i ¢
NMN/15 FB/5 TB/35 15 10 26.9 206 72 1.03 1.1 2.0 13
NM/10 FB/10 TB/35 15 15 30.7 130 143 1.08 2.8 -0.5 15
NM/15 FB/5 TB/35 15 15 38.4 196 12 1.50 1.7 0.1 25
(Lisdus Li-6) (U,ruC) (The).
T8/20 Hi4/10 FB/40 15 24 134 637 1 1.2 0.0 2.9
(Li/Li6) (ThPuc) {Ihe) (FB/NM)
B/10 NM/10 FB/30 30 46.6 ~-—- | 572/105 1.20 4.6 -2.8 9.1
(374 Li-6)
TB/14 HM/6 FB/30 35 32.8 —~—— | 572/59 1.1 3.3 -2.4 4.3
(404 Li-6)
TB/14 NM/6 FB/30 4 38.4 | —— 1572/53 1.18 4.1 -4.1 7.2
(244 Li-6)

Lones are WM-neulron wwltiplier; F8 - Fissile Breeding; T8 - Tritium Ureed;ng.
The fusion power source density is assuned to be 4 MW/m®

Pu is assumed to be 69.6% fissile from LWR discharge.
Pu s enriched to 5 afo in Th, PuC.

Mhis yroup uses stainless steel c¢lad in Vieu of T/M.
These values are at 0% plant capacity factor.

Order Tisted is closest to plaswa first aud then
at the first wall for all cases.




clad was changed from TZM to 316 stainless steel. The 233U production of ~2.8
tonnes/year and the Pu consumption of ~0.5 tonnes/year would be satisfactory, but
the high Pu initial inventory (~31 tonnes) and high thermal power (15 th will

net ~3 Gwe) may not be compatible with probable fuel processing and power con- ;
version technologies of the year 2000. The fuel rod power density was 1520 W/cm™.
Thus, it appears that achieving tritium self-sufficiency in a toroidal geometry
with tritium breeding in the inner torus and outer edge of the outer torus area
may be difficult unless high thermal power (~13 GW) is achieved or highly
enriched fuel is used.

An alternative for achieving the required tritium breeding is shown as group C,
case 14 in Table 2-1. In this concept, a 20 cm thick 1ithium zone was placed
adjacent to the plasma followed by a 10 cm U, Pu (15% enriched) C neutron multi-
plier zone and a 40 cm ThC breeder zone. This concept achieved marginal T-breeding
and thermal power, Tow 233y breeding, and no Pu production, but required signifi-
cant Pu enrichment. It appears that further optimization of this concept could
achieve satisfactory tritium breeding, better 233U production and the thermal
power. Evaluation of an L120 zone (30 cm) next to the plasma followed by a narrow
neutron multiplier zone and then a thicker thorium breeder zone may be worth
pursuing, particularly if the fuel clad is changed to less absorbant stainless
steel in lieu of TZM, as was done in Group B.

An alternate use of the hybrid reactor as a "Plutonium Convertor" was given a
cursory evaluation. This concept assumes that ample Pu is available from LWR
discharge and a need exists to "burn up" the material rather than store it or
recycle it. The data shown as group D in Table 2-1 summarizes the performance
potential of the Pu convertor. Cases number 5, 9, and 15 show that inventories
of ~33 to 47 tonnes of Pu can be burned up at rates of ~2.4 to ~4.1 tonnes/year
while producing 233U at rates of 3 to 5 tonnes/year with thermal power outputs
of 4 to 9 GW. Tritium breeding self-sufficiency was achieved with 1ittle
difficulty using 24 to 40% Li-6 in the Li zone next to the plasma.

In addition to these neutronic parametric studies, work has been completed to
provide a better prediction of the spatial distribution of 14 MeV neutron current
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incident on the first wall. A program which calculates the variation of the
neutron wall loading about the first wall of an axisymmetric fusion reactor has
been implemented. A version for a rectangular shaped wall has been checked

and is operating properly. Modifications were made to enable the code to handle
an elliptical shaped wall and plasma. The wall loading variation can be deter-
mined for up to three plasma source distributions: uniform, peaked, or peaked and
outwardly shifted. The results from this code are used to determine what fraction
of the fusion neutrons strike the inner wall of the torus, where there may not be
a breeding blanket. It is also used to determine the peaking of the wall loading
on the outer wall, which is important from radiation damage considerations. The
poloidal variation of the wall loading is useful in determining such quantities

as the fraction of the neutrons striking a particular wall section and the amount
of peaking in the wall load at various "hot spots". Results of the analysis
indicated that about 55% of the neutrons strike the outer blanket, while about

20% strike the top and bottom areas and about 25% penetrate the inner blanket.

It was also found that the wall loading at the outermost wall position is about
40% above the average, which will have significant effects on the cooling require-
ments and radiation damage at that point.



3.0 COST IMPROVEMENT CONSIDERATIONS

The purpose of this section is to examine available options such as revising
plasma parameters to reduce the cost of producing fissile fuel in a hybrid
reactor and define other alternatives that would result in a more economical
commercial hybrid reactor.

The high estimated capital cost for hybrid reactors and high unit cost of Pu

are motivation to find ways to reduce cost of Pu. Original design goals set by
Westinghouse and EPRI on previous studies limited technology to the mid-1980s

and focused on breeding using natural fertile materials. This resulted in a
design with fairly conservative plasma physics and a blanket designed for fissile
breeding. However, competitive economics make it necessary to consider a mature
commercial plant operating in the first decade of the 21st century. Therefore,
it can be assumed that significant improvements are possible in the evolution of
mature fusion-fission technology. In order to improve the unit cost of the fuel,
several strategies are possible: reduce capital cost of the plant; make more
fissile fuel; sell electric power. Capital cost reduction can come from simpli-
fying or removing some of the systems in the original design such as reducing
neutral beam power requirements, or using a bundle divertor instead of the
poloidal divertor. Increased fissile fuel production could come from an optimized
blanket design, higher first wall loadings and less parasitic structure. Selling
electric power will be possible if: a) more electric power is generated; and b)
Tess circulating power is needed to run auxiliary systems such as the neutral
beam 1lines and coolant circulating systems.

Some approaches that could lead to cost reduction and performance improvement
are:

e New or improved design concepts, perhaps involving relaxation
of assumed constraints

e Improved plasma parameters



o Device sizing so as to make the best use of a given set of
design concepts

e Changes in costing approach such as smaller contingencies
and the use of learning curve effects for commercial
applications

Some of these approaches are discussed in the following subsections.

3.1 DESIGN CONCEPT ALTERNATIVES

Several specific departures from the TCT Hybrid Reactor Concept" were designated
that could provide more economic feasibility for future applications. Among

these were:

o Increasing plasma Q, so as to reduce circulating power
(see subsection 3.2)

e Enriching the blanket to achieve greater blanket power production
(see subsection 5.2)

¢ Incorporating a bundle divertor with possible reduction in
toroidal field coil size, and probabie direct energy recovery
(see section 4.0)

o Incorporating more conventional blanket technology to be more
compatible with LWR fuel interfacing, thereby reducing
developmental risks

o Incorporating an ignited plasma option which may achieve higher
power densities which could increase blanket performance

o Continued cost trade-off studies such as the evaluation of
vertical neutral beam injection schemes to maximize space
available for the fertile blanket and reduce costs (see
subsection 3.5)

¢ Optimistic future-of-the-art material performance criteria will
be used. (12 MW-yr/m2 integrated fluence-exposure 1ifetime
for vessel wall)

® Success in the development of the negative ion source neutral
beam injection system will be assumed.

® A mature, reactor design will be assumed, i.e., development

costs of the first-of-a-kind items will not be charged to the
project.
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@ Recovery and reprocessing of either Pu or 233U from spent fuel
will be assumed commercially available and fully licensed.

® The plant will be required to generate its own replacement T

inventory, i.e., a tritium breeding ratio of almost 1.2 will
be needed.

¢ An energy conversion system of sufficient thermal inertia
to allow pulsed tokamak operation to be converted into continuous
power feed into the commercial grid will be required. That is,
excess power is assumed saleable.

¢ The requirements of T-breeding from previous studies indicate
that the introduction of a Li zone (solid Li compounds in
vented pins, etc.) in the outer blanket is necessary unless
high thermal power, i.e. enriched fuel in fissionable blanket,
(~10-15 th) is achieved.

Although all of these items were nct evaluated during this study, the above

concepts were considered with respect to decisions made on the approaches that
were evaluated.

3.2 PLASMA PARAMETERS

Possible improvements in plasma physics parameters were considered with the

goal of increasing both Q and the first wall loading. The maximum Q of

infinity can be achieved in an ignited plasma using high Bt' The ignited hybrid
may have an inherent economic advantage over an ignited pure fusion reactor due
to higher power density. Thus, the hybrid could generate electricity for sale
and produce fissile fuel as a salable bproduct as well, provided reliability

and availability requirements for electrical generation could be achieved.

It has been suggested that a Q = 2.5 hybrid plasma may be the minimum for a
commercial system (see Table 3-1 for definition of nomenclature). Some scaling

relations are: nr « n2a2, nT « 8 BZ, and S = n2 dva. Since it is assumed

13
that ov is fixed, ¢w « nza. In order to get Q = 2.5, (nT)Z.S must equal 8 x 10 7,
The previously studied TCT hybrid reactor with Q = 1.25 has (nT)].25 =2 x 1013;

therefore, (na)2 5 = 2 (na)] 95 - Choosing to make the major increase in “"n"
rather than "a" results in the parameters in Table 3-2.

Thus, increasing Q generates a higher wall loading by at the expense of a higher
field on axis, Bt’ and greater neutral beam energy, wb. An ignition device
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TABLE 3-1
DEFINITION OF SYMBOLS

ratio of fusion power generated in the plasma to the injected
neutral beam power

magnetic field on plasma axis

major radius of tokamak

minor horizontal radius of plasma

minor vertical radius of plasma

ratio of plasma pressure to the confining magnetic field
fusion neutron wall loading

fuel ion density in the plasma

energy confinement time of the plasma

average plasma temperature

fusion reaction rate coefficient

neutral beam energy
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TABLE 3-2

ESTIMATED HYBRID PLASMA PARAMETERS WITH INCREASED 0

nt « (na)2 (s-cm°3)
-3
n (cm ~)

Q =1.25

2x1013

1x10'
0.9
4.45
1.55
6.5

5.5

4.2

200

Q= 2.5 Q=2.5
8x1013 gx10'3
2x10'% 1.8x10
0.9 1.0

5.0 5

5.6 5.5

8 6.5

7 5.5

5.9 5.6

400 360

14



similar to the TNS-4 parameters shown in Table 3-3 could be considered as the
plasma parameters of a commercial hybrid reactor. The COAST code has capability
for comparing costs of various tokamak point designs and therefore, it can be
used to examine plasma parameters within the desired limits. The range of plasma
limits to be evaluated was chosen as:

2.0<Q <=
4.5<Rgbm
0.9<a<1.5m
1.6 < b/a < 2.0
7% <8 < 10%
4T <B, <77

5 2
2 MW/ml < 6, < 6 MW/m

The bundle divertor was previously identified as having potential for increased
performance with reduced capital costs. However, the bundle divertor has several
problems: a) very large forces on divertor coils; b) potentially large power con-
sumption in coils; c¢) confinement of alphas may be decreased; and d) very high
current density is required. The forces on the coils can be reduced if the coil
bore is reduced. Therefore, it was considered that limiting the bore to a size
just large enough to remove alphas at the same rate as they are being created
may be a viable approach. Another approach is not to use a divertor at all and:
a) allow plasma to burn until it quenches due to either alpha or impurity buildup;
b) assume alphas diffuse out of the plasma at same rate as do the fuel ions and
can be pumped away by a vacuum system. (However, this approach was evaluated on
the Actinide Burner Study and found not feasible.) Examination of these possi-
bilities may be fruitful.

3.3 TOKAMAK SIZE-COST TRADE-OFFS

Extensive parametric sizing studies were not included in previous hybrid reactor
efforts. The specific nature of these conceptual design studies combined with
the time consuming analyses required to evaluate the alternatives did not lend
itself to application of parametric trade-offs within the scope of work.
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TABLE 3-3

COMPARISON OF REPRESENTATIVE PARAMETERS

FOR FOUR TNS POINT DESIGNS 2

INS-1
TF Coil Conductor Cu
Plasma Minor Radius, a {m) 1.0
Plasma Major Radius, R {(m) 4.0
Plasma Elongation, § (-) 1.6
Aspect Ratio, A (-) 4.0
Field at TF Coil, Bm (T) 10.4
Field on Axis, Bt (m) 5.8
Toroidal Beta, 8, (%) 5.0
Plasma Current, Ip (MA) 4.1
Mean Electron Density, E; (m'3) 1.6 x 1020
Mean Ion Temperature, T} (keV) 13
Energy Confinement Time, 3 (s) 1.5
5; e (m'3 s) 2.4 x 1020
Total Volt-Seconds 41.0
Plasma Volume, V, (m’) 126.3
Neutron Wall Load (MM/m°) (M/m) 1.50
Total Fusion Power (MW) 558
Fusion Power Density (Md/m°) 3.7
Neutral Beam Power (Mw) 40
Steady State Burn Time (s) 16
Time Between Pulses (s) 300
TF Coil Vertical Bore (m) 6.1
TF Coil Horizontal Bore (m) 3.8
Plasma Energy/Energy Consumed 0.32
Number of TF Coils 20
Cost, Building & Equipment (M$) 289
Relative Cost 1.0
Annual Utility Cost (M$) 4.1

™s-3
NBTH

1.2

5.7

1.6

4.7

9.9

5.3

5.0

3.8

1.3 x 10
13

1.8

2.4 x 1020
55.2
259.2
1.28

795

2.6

57

16

7.4
5.1
0.85
20
434
1.50
3.0
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TNS-4
Nb,Sn
1.2
5.0
1.6
4.2
10.9
5.3
5.0
4.3
1.3x10
13
1.8

20

2.4 x 1020

51.6
227.6
1.28
698
2.6

16

7.6
4.9
1.57
20

1.34
2.0

TNS-5
Cu/NbTH
1.0

3.5

1.6

a.s

9.7

5.8

5.0

1.6

1.6 x 1020
13

1.5

2.4 x 10%0
43.5

182.1

1.50

628

3.7

a5

16

300

9.5

5.7

0.51

20

436

1.5)

3.4



During the TNS (The Next Step) trade studies recently performed at Westinghouse
for ORNL, a computer code, COAST was developed to perform COsting And Sizing

of Tokamaks. The code was written to conduct detailed analyses of the engineering
features of the next tokamak fusion device following TFTR. The ORNL/Westinghosue
study of TNS involved the investigation of a number of device options, each over

a wide range of plasma sizes. A generalized description of TNS was incorporated
in the code and included refined modeling of over forty systems and subsystems.
Considerable detailed design and analyses provided the basis for the thermal,
electrical, mechanical, nuclear, chemical, vacuum and facility engineering of

the various subsystems. The code provided a tool for the systematic comparison

of four toroidal field (TF) coil technologies, allowing both D-shaped and circular
coils. The coil technologies were: 1) copper (both room temperature and liquid-
nitrogen cooled), 2) superconducting NbTi, 3) superconducting Nb3Sn, and 4) a
Cu/NbTi hybrid. For the poloidal field (PF) coil systems copper conductors were
assumed. The ohmic heating (OH) coils were located within the machine bore and
used an air core, while the shaping field (SF) coils were located either within or
outside the TF coils. The PF coil self and mutual inductances were calculated
from the geometry, and the PF coil power supplies were modeled to account for
time-dependent profiles for voltages and currents as governed by input data.
Plasma heating was assumed to be by neutral beams, and impurity control was

either passive or by a simplified poloidal divertor system. The size modeling
allowed considerable freedom in specifying physics assumptions, operating
scenarios, TF operating margin, and component geometric and performance parameters.
Cost relationships were developed for both plant and capital equipment and for
annual utility and plasma fuel expenses. The code was used successfully to
reproduce the sizing and cost of TFTR in order to calibrate the various models.
The four resulting ignition tokamak parameters are shown in Table 3-3.

The COAST code does not include a representation of several features inherent
in the hybrid reactors previously studies by Westinghouse. These features
include the fissionable blanket, the tritium breeding blanket, superconducting
poloidal field coils, variable PF coil locations outside the TF coils, complex
divertor systems, thermal power conversion systems, and fuel cycle or refueling
scenarios. Modifications to the COAST code to include many of these features
is presently underway.
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Although the analyses performed by this code are dependent on the accuracy and
level of detail provided by the input and costing models, it does provide a rapid,
relative comparison of design alternatives and therefore, is an excellent tool

for trade studies.

3.4 CAPITAL COST ANALYSES

Most capital cost analyses have been following the format established by NUS-531
in 1969. However, a considerable difference in capital costs can result from

the conservatism of the cost estimates, the contingencies assumed on individual
components, and the design detail on which the cost estimate is based. For

the Actinide Burner Design Study3, contingencies on individual components as well
as on the overall systems resulted in an estimated average total contingencies

for first-of-a-kind components of at least 2. In the TCT Hybrid Design Study",
the similar contingency is estimated to be about 1.5. A comparison of costs of
the TCT hybrid components with the LLL mirror hybrid conducted during the same
study* indicated considerable costing differences for similar components. Cursory
comparisons with UWMAK Il component costs were also made and significant discrepan-
cies were noted. Battelle Northwest is preparing for DOE a set of guidelines for
costing fusion reactor designs which includes a general approach and account
numbers similar to NUS-531. However, it does not, as of yet, give unit costs

such as $/kg for fabricated stainless steel or similar values which would provide
a uniform cost estimating basis for preliminary conceptual designs. It is con-
cluded that meaningful capital cost comparisons between various studies cannot

be made until a uniform sizing and costing methodology is developed for hybrids
which includes documented costing schemes and uniform unit costs.

3.5 SYSTEM RELATED COST IMPROVEMENTS

Another method of reducing costs in tokamak hybrid reactors is to evaluate
trade-offs between two independent systems. An example of such a study was
made between the PF coil system and the neutral beam injection system on the
TCT Hybrid Design Concept“. A summary of the study results follows.

In the TCT Hybrid Breeder design the neutral beams are injected at the horizontal
midplane. For reasons of refueling accessibility, it was proposed to evaluate



injection of the neutral beams nearly vertically. The horizontal midplane then
becomes available as a coil location for the poloidal field coils. The extra
flexibility in poloidal field coil location was explored in a limited computa-
tional study.

Design parameters shown in Table 3-4 for two poloidal field coil designs were gen-
erated and the cost difference estimated. The volume of conductor for the PF coil
set design with near-vertical beam injection (the alternate) is about 28% less
than that for the PF coil set corresponding to horizontal beam injection (the
reference). The stored energy is about 27% less. The cost of the alternate PF
coil set design, taking into account net deletion of 8 OH and 2 SF coil positions
and reduction in power supplies, is about $60 M less than the reference design.
Trade off studies of this nature may also be expanded by using the COAST Code

to enable a better overview of the economic trade-offs. Future efforts of this
type will require interactive design and COAST modeling to adequately represent
the impact of design options.



TABLE 3-4

Design Parameters of Reference and Alternate
Poloidal Field Coil Sets

)

Reference
Amp-furns(3) - OH (MAT) 21.8
Amp-turnsS) - SE (MAT) 4.3
Amp-furns(3) - OH and SF (MAT) 66.1
Conductor Volume(3) - OH (m3) 3.6
Conductor Volume(3) - SF (m3) 27.0
Conductor Volume(s) - OH and SF (ms) 30.6
Stored Energy ~ OH (MJ) 256
Stored Energy - SF (MJ) 4240
Stored Energy - OH and SF (MJ) 4496
Peak Vertical Force (MN) 95(4)
Peak Radial Force (MN) 323(%)

(M
(2)
(3)

PF coil allowed near horizontal midplane.

Upper half plane only; double for total in coil set.
Volumes include void fraction (about 35%).

(4)
(5)
(6)

Atr=6.5m,z=6.0m, MAT=2.25
Atr=92m,z=2.45m, MAT=2.04
Atr=295m,z2=7.15m, MAT =8

(7)Afr=5.'| m,z=6,8m, AT = MAT =4.4

Alternate

Outermost PF coil must avoid neutral beam duct at horizontal midplane.

(2)

16.9
241
41.0
2,9
19.1
22.0
203
3070
3273
9303



4.0 BUNDLE DIVERTOR CONCEPT AND ANALYSIS

The application of a bundle divertor design to a tokamak hybrid reactor could

lead to significant cost reductions by reducing the height of the toroidal field
coils. This assumes that the concept was using a poloidal divertor above and
below the plasma. The bundle divertor leads the diverted flux through an opening
between two adjacent toroidal field (TF) coils to the outside of the TF coil array
where the flux is expanded in both horizontal and vertical directions. The
particle collection can then be handled completely outside the torus. This
concept requires ingenuity to keep the inter-coil forces manageable, the conductor
density acceptability low, and the shielding space between the plasma and coils

adequate.

4.1 INTRODUCTION

The bundle divertor concept was evaluated in the TCT Hybrid Study“ and considered
as an alternative method for TNS® to replace the compact poloidal divertor. Since
the physical dimensions and toroidal field intensity for a tokamak hybrid are
similar to the values for these concepts, the results and arguments can apply
directly to this hybrid study.

Since the current needed in the bundle divertor coils is proportional to the
toroidal field and only a small bundle of toroidal flux is diverted®, the

divertor current is large, its interaction with toroidal field is strong,and
particle collection surface area is small. The main advantage of the bundle

divertor js that the diverted flux can be led to the outside of the TF coil
array through a comparatively small aperture in the vacuum vessel. The design

must accomplish this purpose with as little perturbation as possible on the rest
of the system. The particular design discussed in this report is the result of
examining many cases and it achieves the purposes just mentioned. A beneficial
result of this particular design is that there is no torque on the coils. The
current is still large and the space available for shielding must be increased.
The design can be optimized to a limited extent with the electromagnetic divertor.



4.2 RESULTS

The overall design configuration was shown in Figure 2-1. The key parameters used
for the calculation are BT = 4.0 T on axis at Ro = 5.0 m and minor radius a = 1.25 m.
There are 16 TF coils. The divertor consists of 5 coils and the currents carried by
them are shown in Figure 4-1. The coils can be circular or rectangular; however,

the latter is preferred. The center legs indicated by dots are on the axis passing
through the middle of the TF coil gap; the ocuter leg is distributed around the TF
coils. Many other designs have been evaluated and one of them is shown in Figure 2-2.
The design shown in Figure 4-1 is the best in the sense that it produces a more
desirable flux pattern in terms of space between the null point and the conductor,

the expansion of flux, and the force distribution.

The most critical part of the bundle divertor as determined by results of this

design is the center leg of the coil which carries the current I]. The maximum

field in this region calculated by a filamentary model is €T. The maximum current
density of Nb3Sn superconductor at 2 K is estimated to be 10 x 105 amp/cmz. This

is an extrapolation shown by * in Figure 4-3 by using a conductor to copper and
helium cooling ratio of 60. The current densityat the point shown by the circle can be
used if the conductor to copper and helium cooling ratio of 40 can be used. Assuming
a factor of 60 reduction in current density to provide the area required to copper
stabilizer and helium cooling,’” the overall current density is 1.66 x ]04 amp/cmz.
Using such an extremely optimistic value, the conductor area will be 420 cm2. The
length of the center leg of the coil carrying 11 is 60 cm. Then the width is 7 cm.
Thus, the space for shielding at the minimum point is 23 cm. With some optimization,
a 50 cm of shielding space is possible. The net force on this particular coil is
outward and estimated to be 25 Meganewtons. A force of this magnitude can be ade-
quately restrained.

Since the preceding analysis greatly exceeds the design goal of 4 kA/cm2 for the
current density, alternate concepts which accomplish this were evaluated. The
auxiliary divertor coils shown in Figure 2-1 represents such a concept which appears
to offer the potential of greatly reduced current densities.

The toroidal fluxes without divertor are shown in Figure 4-4. The projection of
the lines of force produced by the divertor coil on the midplane is shown in
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Figure 4-5. The variations of the field intensities along the centerline of the
gap are shown in Figure 4-6. The toroidal field changes slowiy, but the divertor
field falls off exponentially from the center leg of the divertor coil, where

BT is the toroidal field due to the TF coils, BD is the field due to divertor
coils alone and B is the total field. This means that an extraordinarily large
current is required to move the null point further away from the conductor to
increase the space between them. This in turn will increase the conductor area
which is undesirable. Increasing this critical shielding space requires a

larger gap instead of reducing the gap. Possible ways of improving the design
are discussed as follows:

(1) Reducing the number of TF coils. This increases the ripple
which causes the loss of energetic alpha particles®.

(2) Removing one TF coil. The same purpose can also be accomplished
by pushing the two adjacent TF coils apart or reducing the
currents in the two adjacent coils so that they can be made
narrower. The amount of current reduced can be redistributed
to the other TF coils. The dominating affect may be the loss
of energetic particles which causes the loss of « heating power.
A preliminary analysis is as follows:

Figure 4-6 shows the total field, By(R), curve as determined
from BT(R) - BD(R). The ripple at the plasma surface for
R =6.25m is

BT(R) - B¢(R)
Ripple = G x 100 =~30%
T

This ripple is localized and the loss may be small although
the ripple is large. To see this, a sketch of the magnetic
field intensity along a field 1ine and the trapping region

on a r-o plane is shown in Figure 4-7. Assuming g = 2.5, the
angular Timits of the ripple are approximately

70

-¢_| = ¢,2 = —N_(i— = 22§ (])

where N = 16 is the number of TF coils. The ripple can roughly be
represented by
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ere) = g, (e (-(29)?) (2)

where Ea is the ripple at r = a, 8 =0, n= 2 and a = 3. The total
field can be written as follows if $1 <P <oyt

By

- [1 - g(r,8) cos (No)], (3a)
1 +gcose

By(ry8,0) =

if ¢<¢q 0r ¢>9y the total field equation is

Bt (3b)

B (ry8:90) —
6 1+ %-cos 2]

where B; is the plasma field on axis.

The fraction of energetic particles trapped in the ripple can be
written as

4’2 a
r\ T 1/ ad 2
_/E;j;] »’1—cos¢d¢./; rdrS(r)(;)j;exp (--2-(?) de

T 2 a
2n f rdrS(r)
0

(4)

where S(r) is the source function and is taken to be a parabolic
function of r. Then, fT can be approximated as

fT"—"5—/—E /g, < 0.05%. (5)
The toroidal field required to move the null point away from the
conductor by 10 cm can be predicted and is shown by the dashed

curve in Figure 4-6. This increases the ripple by 1%. The total
ripple is still only 31%. Therefore, the effect of this kind

of localized ripple 1in terms of the loss of energetic a particles

is not significant. The effect on MHD equilibria, stability and
particle transport has to be evaluated. The effect on the mechanical
structure of the TF coil array has to be carefully analyzed.
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(3) Reducing the toroidal field. To gain 10 cm in space B, has
to be reduced to 3.5T.

(4) Using an electromagnetic divertor®. The thermal velocity of the
plasma streaming through the divertor throat is

vV = 9.79 x 10° T (w/sec), (6)

where My is the mass ratio of the charged particle and proton,
and Ti is in eV. For Ti = 1 keV and using the mass of tritium

vV T 1.8 x 105 m/sec. (7)

The magnetic field near the separatrix and null point is less
than 0.2T. Then the electric field required to produce a
perpendicular drift at the same velocity is

E = Bxv = 2.6 keV/m (8)

by assuming that the plasma is in contact with the electrode!?.
Such a system is illustrated in Figure 4-8a. The resuitant
separatrix is illustrated by the broken curve of Figure 4-8b.
The plasma shielding effect and damage to the electrodes have
to be studied. The probability of developing a practical bundle
divertor will be much improved if this method is feasible.

4.3 PARTICLE COLLECTION SCHEMES

A brief evaluation of an alternate direct energy conversion method is discussed
which differs from the frequently mentioned schemes such as liquid lithium,

the moving metal belt and supersonic jet stream. The direct energy conversion
methods for mirror and tokamak have been discussed in detail by Moirtl. It is
not practical for energy recovery in this case because the flux expansion

is not as good as Moir assumed. The main purpose here is to use the method

to slow down the particles so that they will land softly on the collector.

This will make the collector design simpler and heat dissipation less. A
simple design is illustrated in Figure 4-9. The average mirror ratio,

Bm/B of the fields at mid-point of the divertor throat, Bm, and at the collectors,
B, is about 10, so that the perpendicular energy near the collector is
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W= Wy B—Bn; = 0.1 kev. (9)
Then the parallel energy is 0.9 keV, so that the voltage on the collector plate
can be set at 0.5 keV to slow down the particles. The energy recovery
efficiency may be about 30%. The negative grids, which are used to repel the
electrons, may impose a problem because the heat dissipating on them is very
high. The fluxes can be further expanded by the additional coils shown in
Figure 4-9 (expander coils).

4.4 CONCLUSIONS

A bundle divertor concept has been developed which will lead the diverted flux
to the outside of the TF coil array. The forces are reduced to a manageable
level. The fluxes are expanded so that workable particle collection methods,
such as direct energy conversion schemes, can be employed. An electromagnetic
bundle divertor is proposed to enlarge the space enclosed by the loop of the
separatrix. Provision for 50 cm of shielding and structure space may be possible
with a combination of the modifications suggested and assuming very optimistic
current density of Nb3Sn at 2 K. This system is worthwhile for further study
if adequate shielding can be provided and the technological feasibility of
using the auxiliary divertor coils to reduce the superconductor current density
to 4 kA/cm2 can be verified. The concept shown in Figure 2-1 appears to offer

a feasible approach to evaluate for achieving these goals.



5.0 THORIUM FUEL CYCLE BLANKET ANALYSES

The principal emphasis of the work in the nuclear area described here is on the

preliminary selection of blanket lattice arrangements leading to high performance

in 233U breeding, tritium breeding and thermal power production under an assumption

that the initial blanket fuels may be enriched.

5.1 BASIS FOR NEUTRONIC ANALYSES

The multi-variable design space in the blanket was evaluated using the methodology
of the design of experiments, as applied to nuclear design!3. For this purpose,
central composite orthogonal designs were set up, which made it possible to
examine simultaneously the effect on the breeding and energy generating per-
formance of the blanket for changes in the values of the principal design
parameters.

Using four group cross sections collapsed by ANISN from the 100-group DLC2F
library from the Actinide Burner Study3, one-dimensional FORGOD runs were

set up to obtain time independent BOL power densities and T-breeding rates.
Using the output power densities and lattice specifications, temperature and
pressure drop calculations were set up for the HECTIC code. Using HECTIC
output temperatures and pressure drops for given coolant flow rates, the energy
conversion efficiencies were calculated for other Rankine or Brayton cycles.

Generation of cross sections for the present phase of nuclear design were
carried out with the VITAMIN-C code system. The input to the VITAMIN-C requires
specification of zonal mixes and the generation of the resultant neutron spectra.
This effort was completed with the initial parametric study.

Preliminary estimates have been obtained of the neutron capture rate and the

thermal power prediction in the blanket of a hybrid breeder reactor at beginning
of 1ife conditions.
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A reactor with a fissile breeding blanket placed on the outside of the plasma
region was assumed with the tokamak geometry identical to that used for the Pu-U
hybrid breeder*. The differences from the Pu breeder are:

e Neutron wall loading was increased to 4 MW/m2

e The same blanket width was initially divided into 3 zones:
the fast neutron multiplier zone loaded with U+Pu; the Th
containing breeding zone; and the LiZO containing T-breeding
zone.

The initial calculations used a carbide form of fuel in TZM cladding in the
Th-containing region. Helium cooling was assumed. A mix of natural UC with PuC
to provide a range of fissile enrichments was used for the neutron multiptier
zone, with appropriate fuel rod diameter and pitch to handle the higher power
densities expected. Replacement of U by Th in the multiplier zone was considered.

The combined width of the first two zones was initially fixed at 50 cm and 20 cm
was allotted to the Li containing zone. Natural Li was specified for that zone.
The entire width of the 70 cm loading zone was assumed to be traversed by the
fuel rods pointing one end towards the plasma. The dimensions of the rods and
their spacing, i.e. the lattice description, is given in Table 5-1. The initial
blanket model for the one-dimensional calculation of neutron distribution and
power is given in Table 5-2. Subsequent changes were made to this model in the
fuel zones (11, 12 and 13) as defined in the respective tables. The schematic
top view of a reactor segment is shown in Figure 5-1. The number densities of
constituents of the blanket are given in Table 5-3.

The calculations were set up in conformity with two variables: the atom percent
of Pu in a U plus Pu carbide mix and the thickness of the zone containing this

material. The Pu composition was assumed to consist of 69.6% 239Pu and 30.4%

240Pu. This approximates the composition of Pu discharged from an LWR at 33 GWd/
tonne burnup, if 239Pu and 24]Pu are lumped under 239Pu, and if 238Pu, 240Pu, and
242Pu are lumped together under 240Pu.
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TABLE 5-1

Lattice Specification

Carbide pellet diameter, d =  0.75 cm
Triangular rod pitch, p = 0.95 cm
T = 1.267 = 1.12
pellet clad
Volume fraction of fuel = 0.5652
clad = 0.1507
He coolant = 0.2841
1.0000
UC density (94.6% theoretical) = 12.9 g/cc
ThC density (94.6% theoretical)= 10.04 g/cc
Wire wrap diameter = 0.10 cm
Clad thickness = 0.05 cm
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TABLE 5-2

TNITIAL BLANKET MODEL

Zone | Mix Mesh Pt.| OQuter Rad.
Numberg Number Number {cm) aR (cm) Material
1 . 1 4 219. 219. 100 Vv Center Void
2 : 3 17 229. 10. 40 sS, 40 B4C, 20 V Shield
3 ; 4 i 7 239. 10. 50 Inc. 50 C Reflector
4 | 20 | 21 | 269.6 30.6 100 Be N. Multiplier-Reflector
(Inner T-Breeding Zone}
5 17 8 302 32.4 100 Ui 40% Enriched Ui
6 7 8 329. 27. 26 S5, 74V Structure
7 4 2 330. 1. 100 Mo 1-st wall
8 ] 2 565. 235. 100 v Plasma
9 4 2 566. 1. 100 Mo 1-st wal)l
10 5 3 610. 44, 6 SS, 94 v Structure
1 2,10, 10 Var. Var. 56 UPuC,* 15 MO, 28Y Neutron Multiplier
12 . 12 29 660. Var. 56 ThC, 15 Mo, 28 V Fissile Breeding Zone
13 . 13 10 i 680. 20. S€ LiZO.ISMo, 28 ¥ Tritium Breeding Zone
7 3 TS 3. |425s, 58 ¢ Structure
15 1 45 ‘ 747. 18. 91 Inc., 9 C Reflector
16 3 67 787. 40. 40 ss, 40 BQC, 20 v Shield

*
Pu content is a variable in this calculation
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Figure 5-1. Top View of the Simplified Geometry Model
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TABLE 5-3

Outside Blanket

Neutron Multiplier Zone Mix Number Densities
Mix Number |
Isotope Number 2 Number 10 Number 11 !
1 23y 1.246 (-4) | 1.184 (-8)  1.211 (-4) |
2 236 0.0 0.0 0.0 |
3 938y y.788 (-2) | 1.657 (-2) | 1.570 (-2)
4 " %y 0.0 6.066 (-4) | 1.216 (-3)
s 0 1 00 2.650 (-4) | 5.313 (-4) |
6 F.P. | 0.0 0.0 0.0 f
7 C 1,756 (-2) ¢ 1.756 (-2) 1.756 (-2)
8 Ti 9.701 (-5) 9.701 (-5) 9.701 (-5)
9 Mo 9.631 (-3) 9.631 (-3) 9.631 (-3) |
|
Breeding Zone Mixes: 33y and T
!
[sotope Mix Number 12 Isotope Mix Number 13;
) 232, 1.480 (-2) Li-6 3.469 (-3) |
2 %33, 0.0 Li-7 4.241 (-2)
3 33y 1 g0 0 2.294 (-2)
s P g0 Ti 9.701 (-5)
5 F.p. 0.0 Mo 9.631 (-3)
6 ¢ 1.480 (-2) !
7 TI . 9.701 (-5) | g i
8 Mo 9.631 (-3) | | |

b
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The calculated power production and the 233

U breeding are based on the BOL
absorption rate in thorium and prorated to one year of operation at 100% plant
factor. The criteria for acceptable performance was established in the following
manner for the fuel breeding and thermal performance.

233U Production

Assume that at least 5 reactors using 180 kg/yr should be the minimum refueling
goal of the hybrid. This is 1440 kg/yr based on a 75% plant availability, a

83.3% plasma duty cycle and linear performance; use 1.5 tonnes/yr as an acceptable
value.

Tritium Breeding

Based on TCT Hybrid T-breeding ratio requirement of 1.17, use ~1.2 for T-BR.

239Pu Production

No net production; assume +0.5 tonnes/year meets this goal to allow for the

analysis accuracy in the scoping work.

Thermal Power Required

a) Power Plant: If a 1 GW, power plant is desired and assuming
1 GWe to operate the plant, 40% power conversion efficiency,

an 83.3% plasma duty cycle and 75% plant availability, the
thermal power at 100% plant factor is ~8 GWy. Use ~8 th.
b) Breakeven: Assume that a pessimistic value of <1 GWg will
operate all the plant power systems. During shutdown
periods, only ~100 MWe are required, which can be taken
from a utility grid. If a power conversion efficiency of
40% is assumed then 2.5 GWy are needed at its plant capacity
factor. Assuming an 83.3% plasma duty cycle, then ~3 th at

100% plant factor is needed. Use ~3 th.

5.2 INITIAL PARAMETRIC STUDIES

The initial parametric studies are divided into four groups. Group A evaluated
233U production by varying the Pu enrichment and neutron multiplier zone thickness
allowing the tritium breeding and thermal power to fall out as dependent

variables. These results are shown in Table 5-4 with the response surfaces
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BLANKET PARAMETRIC CALCULATIONS - GROUP A

TABLE 5-4

Ease Blanket Zone Width, cm (a) Pu Enrich- Initial Inventory, () Tritium Fissile Production Blanket
No. Neutron Fissile Tritium 2",32‘5 (b) tonnes ngczc‘_i(i)ng BOL- (tonnes/year){d) 'T)(t)\:gr:al
Multiplier Breeder Breeder u Pu u Th 233, 239, (80L)(d)

- U, PuC ThC Li,0 Rt

1 2 48 20 0 0 30.2 620 0.44 3.7 0.5 1.2

2 6 44 20 0 0 91.0 570 0.46 3.2 1.5 2.0

3 10 40 20 0 0 152.1 520 0.47 2.6 2.4 2.5 .

4 2 48 20 5 1.5 28.7 620 0.45 3.8 0.3 1.5

5 6 44 20 5 4.6 86.4 570 0.48 3.5 1.1 2.9

6 10 40 20 5 7.6 | 144.5 520 0.5 3.1 1.9 4.2

7 2 48 20 10 3.0 27.2 620 0.46 4.0 0.2 1.8

8 6 44 20 10 9.1 81.9 570 0.51 3.9 0.6 41

9 10 40 20 10 15.2 | 136.9 520 0.56 3.8 1.2 6.6

(a) Zones are NM-neutron multiplier; FB - Fissile Breeding; TB - Tritium Breeding. Order listed is closest to plasma first and then

outward sequence. The fusion power source density is assumed to be 4 MW/m¢ at the first wall for all cases.

(b) Pu is assumed to be 69.6% fissile from LUR discharge. The Pu enrichment is in neutron multiplier zone.

(c) This group uses TZH clad.

{d) These values are at 100% plant capacity factor.




plotted in Figures 5-2 and 5-3. The shaded area in Figure 5-3 indicates per-
formance meeting the minimum value of the acceptance criteria previously
established. The tritium breeding performance was not acceptable for any of
these cases, varying from a ratio of 0.44 to 0.56 compared to the 1.2 required

The 233

value. U production was adequate for all cases studied although it

decreased as the neutron multiplier zone width was increased. The combined zone
thickness being held constant at 50 cm probably caused this effect. A 239Pu
production of zero was not achieved, although further optimization could have
accomplished this goal. The thermal power was inadequate until a Pu enrichment
of 5% was used in a 10 cm zone or 10% in a 6 cm zone width. Case no. 8

appears to be the best of those studied in this set. Further parametric
studies to increase tritium breeding and reduce Pu production were deemed

necessary.

Group B studies concentrated on achieving acceptable tritium breeding by further
increases in Pu enrichment (to 15 a/o) in the neutron multiplier zone,adding

5 a/o Pu enrichment in the thorium breeder zone,using stainless steel clad, and
increasing the width of the tritium breeding zone. These results are presented

in Table 5-5 and plotted in Figures 5-4, 5-5, 5-6 and 5-7. Only case 9 resulted in
sufficient T-breeding although cases 6 and 8 were marginal. A design range of T-BR
> 1.0 to <1.2 is shown cross-hatched on these figures. The other design criteria
are shaded in Figures 5-5, 5-6 and 5-7. The darkened area then shows the "design
space" meeting the previous criteria. Figure 5-7 shows that no point design will
meet all the criteria. The reduced width of the thorium breeder zone resulted in

some cases of unacceptable 233U production, thus indicating that a width of 5 to

10 cm is probably the minimum to consider. Pu production of 0.1 in case 9 is
considered a net of zero. It was noted that Pu burnup occurred in cases 4, 7

and 8. Adequate to extremely high (25 GW) thermal power was noted. The fuel rod
maximum power density was over 1000 w/cm3 for cases 7, 8 and 9. Although this is
less than the 2200 value used in FFTF, it may require further evaluation in the
hybrid applications, depending on coolant choice and fuel rod design. It was
concluded that although tritium and 233U breeding could be adequately achieved
with Pu production controlled, the high initial inventory of Pu (27 to 38 tonnes)
and the high thermal power may not be compatible with the probable fuel pro-
cessing and power conversion technologies of the year 2000. Alternate methods of
achieving tritium breeding would be necessary for nearer term applications.
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TABLE 5-5
BLANKET PARAMETRIC CALCULATIONS - GROUP B

ZL-s

. ()

ot | et one Midth oty ;:"*alﬁjgzs"‘°;:-‘ o |0 e e o Tt 41 o

Multiplier Breeder(c) Breeder u 233U 239Pu (BOL)  |pensity

U, PuC Th PuC Li,0/C GH (W/cnd)
1 5 15 35/15 5 15.3 72 214 0.68 2.9 0.2 5 513
2 10 10 35/1% 5 15.4 145 143 0.75 1.8 1.6 6 333
3 15 5 35/1% 5 | 154 219 72 0.80 0.8 3.0 7 542
4 o 5 15 35/15 10 19.2 68 214 0.74 3.2 -0.3 6 735
5 10 10 35/15 10 23.0 137 143 0.88 2.2 0.8 10 816
6 15 5 35/15 10 26.9 206 72 1.03 1.1 2.0 13 882
’—“;*""'-"~“ 5 15 35/15 15 23,0 65 214 0.8} 3.5 -0.9 8 1000
8 10 10 35/15 15 3.7 130 143 1.08 2.8 -0,5 15 1232
9 15 5 35/15 15 38.4 196 72 1.50 1.7 0.1 25 1520

(a) Zones are NM-neutron multiplier; FB - Fissile Breeding; TB - Tritium Breed;ng. Order listed is closest to plasma first and then
outward sequence. The fusion pover source density is assumed to be 4 MW/m2 at the first wall for a1l cases,

{b) Pu is assumed to be 69.6% fissile from LWR discharge. The Pu enrichment is in neutron multiplier zone.
{c) Pu is enriched to 5 a/o in Th, PuC.

(d) 1his group uses stainless steel clad in Vieu of TZM.

(e) These values are at 100% plant capacity factor.
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Figure 5-4. Tritium Breeding Ratio Versus Neutron Multiplier Width and Enrichment
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Figure 5-5. Plutonium Production Rate Versus Neutron Multiplier Zone Width and Enrichment
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Figure 5-6. Uranium 233 Production Rate Versus Neutron Multiplier Width and Enrichment
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Figure 5-7. Blanket Thermal Power Versus Neutron Multiplier Width and Enrichment



Group C studies evaluated the general blanket performance for the condition where
the tritium breeding zone was placed next to the plasma and the fissile breeding
zone became the outboard area. The results are summarized in Table 5-6 and
plotted surface responses are shown in Figure 5-8, 5-2, 5-10 and 5-11. As
expected, the tritium breeding was consistently over 1.0 although the thickness
(20 to 28 cm)*was not optimized with the 40.2% Li-6 enriched 1ithium material.
Optimization of a practical design for this 1ithium zone appears feasible since
the thinner cases (20 cm) showed slightly better T-breeding. The 233 breeding
was significantly reduced even with 15% Pu enrichment in the U, PuC neutron

multiplier zone. It appears that a thicker multiplier zone or higher Pu enrich-
ment would be necessary to improve 233U breeding and thermal power. Evaluation of
an LiZO T-breeder zone next to the plasma with thicker fissile breeding zones

may be worth exploring. Other changes such as using the less absorbant stainless

steel clad instead of TZM may also be beneficial, as done in Group B.

Group D represents a study which might be labeled a "Pu Convertor" concept. This
concept assumes that Pu is available from LWR discharge and can not be stored or
recycled for LWR's, etc. Therefore, it must be burned up (fuel transmutation).
Pu enrichment is permitted. The model retains the tritium breeding zone next

to the plasma as in Group C except varies the Li-6 enrichment, eliminates U from
the neutron muitiplier zone and increases the enrichment of Pu to 30 to 40 a/o.
The results are presented in Table 5-7 and are plotted in Figures 5-12 through
5-17. It can be seen that inventories of ~33to 47 tonnes of Pu can be burned up
at rates of 2.4 to 4.1 tonnes/yr while producing 3 to 5 tonnes/year of 233U with
thermal power outputs of 4 to 9 GW.**Tritium breeding self-sufficiency was
achieved with 24 to 40% Li-6 enrichment. High fuel rod power densities were
noted in some cases. Fuel rod power densities of 2400 W/cm3 were assumed for
EBR-II and ~2200 was used for FFTF. However, a specific coolant, fuel rod clad
and fuel rod design would have to be analyzed to set this limit. 4hile it is doubt-

ful that applications involving such large Pu inventories would be of interest in
the foreseeable future, the parametric trends shown do help to scope the upper
Timits of hybrid reactor performance capabilities. Case 13 depicts such a performance.

*Not a1l of the cases studied are shown in the Table.
**Data from Cases 4, 5, 7-9, and 15, which were the better all around performers.
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___ Blanket Zone Width, cm

Tritium
Brecder
Li, 40w Li-6
24
20

20

24

24

19

24
_ﬁﬁ___;a"_w_w

20

24

Zones are HM-neutron multiplier; fB - Fissile Breeding; T8 - Tritrun Breeding.

outward sequence.

Pu is assumed Lo be 69.6%4 fissile from LWR discharge.
Natural U is «0.7% 235U; gaseous diffusion plant tailings are .25

TABLE 5-6

(a)
Neutron E;;sile .
Multiplier] Breeder
U, PuC ThC
6 | w0
10 40
10 40
T T
6 40
10.9 40
6 a0
0 | a0
10 40
6 40

BLANKET PARAMETRIC CALCULATIONS - GROUpP C

Pu Enrich Initiol ]nventury,(d)
4235 | ment, . Yommes
in U afe Pu(b)

(c) Pu u Th
0.46 - 3.9 a —'Bi;_ _éTﬁd gg;~«
0.25 5 1.9 149 637
0.67 5 7.9 149 637

Toz0 | w0 | oes | oes | ey
0.46 10 9.5 85 637
6.46 10 17.2 154 637
0.71 10 9.5 85 637

1oz | 5 a7 | m | en
0.67 15 23.7 134 637
0.46 16 15.3 78 637

Tritiun
B8receding
Ratio

1.03

1.02

1.10
.
1.07

Fissile Production ?;2:;3%
BOL - {tonnes/year)(e) Power (&
233, 239, (?gb;
oo | 0 | oros
0.97 -0.50 1.48
0.95 -0.50 1.53
o | oone | a7
0.97 -0.16 1.18
1.09 -0.31 2.38
0.98 -0.16 1.19
*—‘}i:i;“’ —0.027“‘- 2.87

1.20 -0.02 2.93
1.0% 1.57

-0.02

The fusion power source density is assumed to be 4 Mi/m

This group uses TZM clad.

These values are at 100% plant capacity factor.

’ 235

Order listed is closest to

ab the First wall for all cases.

The Pu enrichment is in neutron multiplier zone.

i

plasma first and then

U in U; olher cases are mathematical selections.

Al1 cases nol shown had T-breeding zone of A28 cm width, 2 cwm width neutron multiplier zone and only 0.3 to 0.5 Gut blanket

powver.
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Figure 5-8. Tritium Breeding Ratio Versus Neutron Multiplier Width and Enrichment
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Figure 5-9. Uranium 233 Production Rate Versus Neutron Multiplier Width and Enrichment
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Figure 5-10. Plutonium Production Rate Versus Neutron Multiplier Zone Width and Enrichment
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Case Blanket Zone Width, cm(a) 4 Li-6 | Pu Enrich-] Initial Inventory,(d) Tritium Fissile Pfoduction Jlanket] Max,
oo | v | weutron Jrissite |0 foenty b T srecding | 0L (tomes/year) (c)ihernalf Pl o
‘Breequrv Multiplier |Breeder ‘ u Pu Th Th 233 219 (B0L) | Density
| Yer b T R TOC ][ reneFE zone) v P Ko | (wend)
4 6 30/20 23,9 28.9 27.0| o4 52 | 1.00 | 3z | ATl aa e
2 18 2 30720 10.4 w9l 2 572 0.76 2.3 -0.9 1.6 472
3 16 2 30/20 37.3 0 94| 2 572 0.93 2.0 -0.6 1.0 293
a 10 10 30720 10.4 10 46.6 | 105 572 R T Y R I BT
5 10 10 30720 37.3 30 6.6 108 572 1.20 4.6 -2.8 9.1 667
o) ooame L oaa fweo | o239 | s el w | s f oss }ozo |08 |09 | o
14 6 30/20 7.8 35 32,87 49 572 0.97 4.5 3,5 8.4 | 1013
8 14 6 36720 23,9 35 .8l s 572 1.08 3.6 2.8 5.5 648
e s e | aoz s fsea) sy f e |l | oss | o2a e | e
10 9.1 10.9 30720 23.9 35 59.11 6 572 1.67 7.1 -5.0 22.6 | 1516
1 18 2 30420 10.4 40 12.5] 18 572 0.79 2.6 1.7 2.1 652
2 | oaw |2l |o3s |40 12.5[ 8 572 0.95 2.1 1.1 1.3 304
13 1 10 30/20 10.4 40 62.2| o 52 | 2.5 ez | -15 55.6 | 4029
14 0 10 30/20 7.3 0 62.2] wo 572 1.70 7.3 5.6 19.3 | 1392
15 14 6 30720 23.9 1 B4 w3 572 1.18 a.1 4.1 7.2 840

TABLE 5-7
PARAMETRIC CALCULATIONS - GROuUp 0

Zones are HM-neutron wmultiplier; FB - Fissile Breeding; TB -~ Tritium Breedgng. Order listed is closest to plasma first and then
outward sequence. The fusion power source density is assumed Lo be 4 MW/u¢ at the first wall for all cases.

Pu s ausumed to be 69.67 fissile from LWR discharge. The Pu envichment 1s in neutron multiplier zone.
These values are at 1007 plant capacity factor.
fhye group uses TIM clad.
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Figure 5-12. Tritium Breeding Ratio Versus Lithium Zone Width and Neutron Multiplier Enrichment
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Figure 5-13. Blanket Thermal Power Versus Neutron Multiplier Width and Enrichment
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Figure 5-15. Tritium Breeding Ratio Versus Lithium Zone Width and Enrichment
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Figure 5-16. Blanket Thermal Power Versus Neutron Multiplier and Lithium Enrichment
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5.3 NEUTRON WALL LOADING DISTRIBUTION

The variation of the fusion neutron wall loading about the torus of the tokamak
nybrid reactor has been investigated in some detail. The results of the analysis
are discussed in this subsection.

The poloidal variation of the wall loading is useful for several reasons. For
example, it provides information on what fraction of the fusion neutron source
passes through various sections of the first wall, such as the inner section
where there may be no fissile blanket. It also provides information on the
peaking of the wall loading at various positions on the wall. This is useful
from a radiation damage standpoint as well as in indicating where more or less

shielding may be necessary.

The basic tool used in the calculation was a computer code named WALLOAD, which
allows a detailed three-dimensional calculation of the distribution of the angular
and scalar neutron flux and current {wall load) around the wall of a tokamak
fusion reactor. The effect of the toroidal geometry is implicitly included in

the analysis by numerically solving the integral form of the neutron transport
equation for streaming of neutrons from the plasma to the wall. The method uses

a ray-tracing process which is essentially independent of the plasma source
distribution and the shape of the first wall, so that it is applicable to nearly
any tokamak reactor design. The code has been applied to several tokamak designs
and is discussed further in Reference 14.

5.3.1 Application To The Hybrid Reactor

The WALLOAD code has been modified to facilitate analysis of various tokamak
hybrid reactor designs. An elliptical shaped plasma and wall have been modeled
for this first set of calculations, although this can be easily modified for

future versions of the code once a "reference" design is selected.

The following parameters were used in the initial calculation to be consistent

with the bundle divertor parameters in Section 4:

Major Radius, RO 5.0m

Plasma Half-Width, ap 1.25m

5-30



Wall Half-Width, a, 1.40m
Elongation Factor, K 1.6

A1l of the above parameters are input quantities to the code and hence, can
easily be changed.

Three different elliptical plasma neutron source spatial distributions have been
considered. The first is simply a uniform (constant) distribution throughout

the plasma volume. The second source distribution is peaked at the plasma center
and the volumetric source strength s (R, Z) is given by the equation

2

2
s (R,Z) = C 1-% (1)
a
where P
2
2 2 Z
o= (R-RO) + K—z (2)

and C is a normalization constant. Here R and Z are the usual cylindrical
coordinates. Note that this distribution has a maximum at the plasma center
(Ro’ 0) and is zero at the plasma edge.

The third neutron source distribution used was both peaked and outwardly shifted
to larger R values. This shifted source distribution is a fairly good representa-
tion of the outward shifting of the magnetic flux surfaces on which the plasma
density and temperature, and therefore the neutron source, are nearly constant.
Profiles of the shifted source strength are shown in Figure 5-18. The magnitude '
of the outward shift is given by the parameter e, which can be approximated15

by the expression

1+438
= : (3)

where ep is the polcidal beta and A is the aspect ratio. For these calculations
a value of ¢ = 0.3 was used; this value can be changed later when MHD equilibrium
caiculations are performed.
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For all the calculations the three source distributions - uniform, peaked, and
shifted - were normalized to the same total neutron source strength (plasma power).

5.3.2 Analysis Results

In Table 5-8 and Figure5-19 the fraction of the source neutrons which strike
different sections of the torus wall are given. For convenience the wall has been
divided into 8 segments, denoted by letters A-H, with boundary heights in the

Z direction of 0.5, 1.5, 2.0, and 2.24 m (top).

Table 5-8 shows that about 15.1% of the neutrons pass through wall section A
for the shifted source, but it is only 12.7% for the uniform source and 13.7%
for the peaked source. Similar differences are seen to occur at other wall
sections. Note that all values in Table 5-8 apply to the wall section both
above and below the midplane of the tokamak.

The fraction of neutrons which strike the inner blanket, divertor area and outer
blanket for each of the sources can now be determined. Considering sections A-C
as the outer blanket, D-E as the poloidal divertor area and F-H as the inner
blanket, the totals become:

Uniform Peaked Shifted

Source Source Source
Quter Blanket (A-C) 51.6% 52.7% 55.7%
Divertor Area (D-E) 21.8% 20.0% 19.5%
Inner Blanket (F-H) 26.6% 27.3% 24.8%

The shifted plasma source model is probably the most realistic and hence, the
results indicate that about 20% of the fusion neutrons will be lost in the divertor
region (if a poloidal divertor is used) and only about 25% will strike the inner

blanket.

The fact that only 25% of the fusion neutrons strike the inner blanket is the
reason for the difficulty that has been encountered in breeding sufficient tritium
from this area alone. Some Li bearing zones must also be put on the outer and

top areas of the blanket in order to breed enough tritium.
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Table 5-8. Fraction of Fusion Neutrons Striking Various Wall Segments

f

!

Percent of the Fusion Neutron Source

| Upper Passing through the Wall Section

Wall Height Uniform Pecked Shifted
Section Z (m) Source Source Source
A 0.5 12. 7% 13. 7% 15.1%

B 1.5 25.3% 26.0% 27.6%

C 2.0 13.6% 13.0% 13.0%

D 2.24 12.2% 11.3% 11.0%

E 2,24 9.6% 8.7% 8.5%

F 2.0 8.1% 7.6% 7.2%

G 1.5 12, 6% 13.1% 11.8%

H 0.5 5.9% 6.6% 5.8%
TOTAL: | 100.0% 100. 0% 100. 0%
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It should be noted that these calculations are only of the uncollided, virgin

14 MeV fusion neutron wall distribution. There willsof course,be some neutron
production in the outer (fission) blanket which will result in more neutrons striking
the inner wall. However, these would be lower energy neutrons with higher
probability of reflection from the inner wall. This situation can only be

analyzed with a two-dimensional transport calculation such as with DOT.

Nonetheless, these wall load calculations are of interest in understanding how

the fusion neutrons are distributed about the first wall.

From Table 5-8 we can also make an estimate of the fraction of the neutrons
Tost due to holes in the first wall for neutral beam injectors or a bundle
divertor. Considering wall section A on the first wall, the total wall area
covered by this strip 1.0m wide (0.5m above and below the midplane) is

2 x 6.4 x 1 = 40.2 mz. For the shifted source, 15.1% of the neutrons strike

this area; and thus for an area of 1 m2 the fraction of source neutrons lost is

4b 5 X 1.0 = 0.004

Thus, for each hole of area 1 m2 on the outer wall there is a loss of about
0.4% of the fusion neutrons.

A second quantity of interest is the actual magnitude of the neutron wall loading,
J about the wall, especially to determine where the peaking is most severe. The
wall load peaking factor is plotted versus wall position (as determined by the

R coordinate) in Figure 5-20 Here the wall load peaking factor is defined

as the ratio of the wall loading at a certain point to the nominal wall loading

J , where Jnom is the total plasma fusion neutron power divided by the wall

nom
area.

Figure 5-20shows a strong dependence of the peaking factor on the plasma spatial
distribution. The peaking can be as high as 40% for the shifted source on the
outer wall to as low as about 0.76 times nominal part way up the inner wall. The
overail peaking is less severe for the uniform source than for tne peaked and
shifted sources.
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I¥ the hybrid breeder is designed with a nominal wall loading of 3.0 Mw/mz,
then for the shifted source (which is most realistic) the wall load at the outermost

point will be about 1.4 x 3.0 = 4.2 MW/mz. This high a value could have a
considerable effect on the cooling requirements and structural integrity of the
wall at this point due to excessive heat generation and radiation damage.

At the innermost wall point, the wall load is about 93% of nominal indicating a
possible reduction in the inner side shield thickness requirement. This may
not seem like a great amount, but the peaking is even lower at other points on
the innerwall indicating further potential for reductions in the amount of
shielding. As is well known, any space on the inner side of the torus is very
valuable and a thinner shield could result in a significant cost reduction.

5.3.3 Summary

The fusion neutron wall load distribution for a tokamak hybrid reactor design
has been evaluated. Estimates of the source fraction striking various wall
segments have been made as well as of the peaking factor about the wall. Now
that the WALLOAD code is operational, similar calculations can be performed in
more detail in the future for various reference design configurations. Future

analyses could also include the angular variation of the neutron flux at various
wall points.
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