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ELMO BUMPY TORUS REACTOR AND POWER PLANT

CONCEPTUAL DESIGN STUDY

The EBTR Design Team

ABSTRACT

A complete power plant design of a 1200-MWe ELMO Bumpy Torus
Reactor (EBTR) is presented. An emphasis is placed on those
features that are unique to the EBT confinement concept, with
subsystems and balance-of-plant items that are more generic to
magnetic fusion being adapted from past, more extensive tokamak
reactor designs. Similar to the latter tokamak studies, this
conceptual EBTk design also emphasizes the use of conventional or
near state-of-the-art engineering technology and materials. An
emphasis is also placed on system accessibility, reliability, and
maintainability, as these crucial and desirable characteristics
relate to the unique high-aspect-ratio ' configuration of EBTs.
Equal and strong emphasis is given to physics,
engineering/technology, and costing/economics components of this
design effort. Parametric optimizations and sensitivity studies,
using cost-of-electricity as an object function, are reported.
Based on these results, the direction for future improvement on an
already attractive reactor design is identified.

1. EXECUTIVE SUMMARY

1.1. Introduction

The ELMO Bumpy Torus Reactor (EBTR) study has produced a complete power

plant conceptual design with a 1200-MWe output„ This toroidal reactor

utilizes the deuterium-tritium fuel cycle. Emphasis has been placed on those

features which are unique to the EBT concept. Several of the subsystems and

the balance of plant are very similar to the STARFIRE1 conceptual tokamak

power plant and were adopted for this EBTR design. Major features of the

design are steady-state and ignited operation, pressurized-water cooling with

steam power conversion, solid tritium breeder material, stainless-steel first-

wall/blanket structural material, a vacuum-pumped-limiter plasma-impurity

control system, a high geometric aspect ratio that provides for relative ease

in initial assembly and later maintenance, a fully remote maintenance system



within the reactor hall, and a moderate neutron wall loading (1.4 MW/m2). The

major design parameters are shown in Table 1.1-1, and the power plant layout

is shown in Fig. 1.1-1.

TABLE 1.1-1

EBTR MAJOR DESIGN PARAMETERS

Net electrical power (MW)

Gross electrical power (MW)

Total thermal power (MW)

Gross power-conversion efficiency (%)

Overall plant availability (%)

Major radius (m)

Plasma radius (average) (m)

Plasma volume (m3)

Number of sectors

Maximum field at magnet (T)

Field on axis (coil-plane/midplane, T)

Average toroidal beta

Midplane beta

Mirror *atio

Average*BT ion density (1020/m3)

Average DT ion temperature (keV)

Plasma burn mode

Plasma heating method (startup)

Ring heating method

Ring heating power absorbed (MW)

Plasma impurity control method

First-wall/blanket structural materials

Neutron wall loading (MW/m2)

Tritium breeding medium

Primary coolant

Thermal conversion method

1214

1430

4028

35.5

77

35

1.0

691

36

9.7

5.03/2.25

0.17

0.46

2.24

0.95

27.9

Continuous/ignited

Lower hybrid (rf, 0.5-1.4 GHz)

ECRH, (rf, 50 GHz)

42

Vacuum-pumped limiter

Advanced austenitic
stainless steel

1.4

natural a-LiA102

Pressurized water

Steam
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The economics are competitive with STARFIRE and other future sources of

power generation. It sho^d be noted that in comparing EBT to a tokamak that

the maturity of conceptual design for tokamak power plants is more advanced

than that of EBT. A higher potential for lowering costs is expected for EBT

as iterative trade studies and future conceptual designs are developed.

A major effort of this study has been developing and applying an

extensive systems and costing code. This activity is particularly important

for alternate confinement concepts, where an extensive data base from many

prior studies does not exist. The systems effort and the design development

were accomplished in parallel with little opportunity for feedback. The

results of the systems effort, however, confirm the selection of the design

point as reasonable, in addition to showing that economic benefits would be

realized by reducing the current in the aspect-ratio-enhancement (ARE) coils

from the point-design value of 22% of the current in the toroidal-field (TF)

coils to approximately 10% to 15%. Improvement would also result from

increased power density in the blanket, thereby reducing material quantities

and costs.

1.2. Design Point

The relatively large aspect ratio is an inherent advantage of EBT and

provides the potential for a highly accessible and maintainable reactor, ae is

illustrated in Fig. 1.2-1. Additionaly, related benefits are realized in the

initial construction, assembly, and checkout. The study has attempted to

capitalize on these advantages by developing a design that decreases the

incidence of failure and provides for quick repair when failure occurs. The

open torus structure is illustrated more explicitly by the plan and elevation

views given in Fig. 1.2-2. Figure 1.2-3 presents an even more detailed view

and component identification for one of 36 reactor sectors. The key features

of this EBTR are qualitatively summarized below.

• Steady-state operation that reduces thermal cycling, stresses, and
fatigue and provides a less complex design that is more suitable to
utility operations.

• Fully-remote maintenance of the reactor with a "remove-and-replace"
approach to maintenance and repair so that the power plant is returned to
service quickly. Most of the reactor supporting subsystems are located
external to the reactor cavity within the reactor building, where
personnel access for maintenance is planned.



o Highly modularized reactor design which facilitates initial construction,
assembly and subsequent maintenance. All reactor components, including
the magnets, are readily accessible and replaceable.

• The ARE coils are incorporated into the design to reduce the reactor and
facility size and the total number of components. These coils are
located within a common TF/ARE-coil dewar, with two ARE coils and one TF
coil forming one of 36 coil sets.

• The vacuum boundary is located at the outboard boundary of the coil
shield. Removable sections are sealed by thin flange weldments.

• Plasma-impurity control is provided by a nonmagnetic vacuum-pumped
limiter.

• Tritium inventory and radiation level for plant workers is minimized.

• A solid lithium compound is utilized as the tritium breeding medium and
water is used as the coolant, thereby avoiding the potential safety
problems and maintenance difficulties when liquid lithium is used as the
breeder and/or coolant.

o Power conversion is accomplished by current PWR technology.

1.3. Assessment

1.3.1. Physics. The current experimental basis for EBT is .• few orders

of magnitude away from the reactor regime. This situation has forced

extrapolations of the physics base that are plausible but unproven. The

principal physics uncertainties that affect the attractiveness of EBT as a

power system are: a) the ring losses, because these losses translate directly

into a recirculating-power requirement; b) the ability to achieve the plasma

beta required of economic reactor operation (midplane as in the range of

0.4-0.5 and average betas of ~ 0.15-0.20); c) the plasma impurity control

system, because the assumed steady-state operation is highly desirable from

the standpoint of system reliability and life; such a steady-state is

dependent upon adequate removal of impurities; d) the efficiency of the

aspect-ratio-enhancement approach in improving confinement time with reduced

major radius and increased power density; the magnet system is the major cost

contributor and these costs must be more than offset by reductions in other

costs (i.e., the reactor building); e) the ability to heat the plasma to

ignition arid to maintain a controlled, stable, and steady-state burn; and f)

the ability of the high-beta plasma to contain efficiently the energy of the

fusion-product alpha particles while allowing acceptable transport of this

helium "ash" from the plasma once it is thermalized. The current
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experimental2 and theoretical efforts are expected to reduce significantly the

physics uncertainties in the near future.

1.3.2. Engineering. Particular attention has been placed on developing

design concepts for the reactor that result in attractive engineering systems.

The building layout and arrangement are efficient of space and volume and are

directly supportive of the assembly and maintenance plans for EBTR. The

approach adopted by this study utilizes state-of-the-art engineering practices

and systems to the maximum extent possible. An example is the

pressurized-water coolant used in conjunction with a conventional steam-driven

turbine/generator. Areas requiring advancement of the state-of-the-art

include: remote maintenance, plasma heating, solid tritium breeders,
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first-wall/blanket coatings and seals, and overall subsystem reliability.

Many of the reactor systems needing engineering advancements, however, are

common to the development of magnetic fusion in general; the demands for EBT

in this area are no greater, and sometimes are less, than those required for

other approaches. For example, life-of-plant TF coils are also assumed as a

design requirement in commercial tokamak conceptual design.* Although this

sanu assumption is made for this EBTR design, llfe-of-plant magnets are not

necessarily a requirement for EBT since the TF/ARE-coil sets could be replaced

in a reasonable time because of the modularity afforded by the EBT

configuration^

1.3.3. Economics. The cost estimates and economic analysis developed in

this study show that EBTR can be economically competitive. The cost of energy

is predicted to be approximately the same as that for the STARFIRE tokamak

power plant. Additionally, it is shown that these costs will be competitive

with future costs of energy from both coal and fission power plants. A

maximum effort has been made to develop credible cost estimates for EBTR.

However, considerable uncertainty exists because of the early state of

development of major fusion systems. This study has identified areas for

future cost improvement in subsequent design efforts so that competitive costs

should be realizable with even more certainty. For EBTR specifically, the

magnet sets appear to represent a major cost driver. Contributing to this

cost is the excessive use of aspect-ratio-enhancement coils needed to obtain

acceptable plasma confinement in systems of moderate size and economic power

density; a clear-cut coupling between economics, means and degree of aspect-

ratio-enhancement, and overall systems size and power density has been

identified that both interfaces with key physics goals and points the way to

future system improvement.

1.4. Conclusions

The objective of the study has be'jn to develop a conceptual design for a

commercial power plant utilizing the EBT confinement concept. The design is

based upon the current status and understanding of EBT physics, as

extrapolated to a reactor regime, and upon credible engineering approaches.

The composite result presented herein meets this objective and forms the base

for an attractive fusion power system. Further conceptual design and systems

efforts should prove fruitful in improving the prospects of EBT as a power

13



system. Much has been learned from the present design activity that can be

built upon to improve future designs.
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2. INTRODUCTION AND BACKGROUND

As part of its overall program for assessing the reactor potential of a

number of alternative fusion concepts, the Office of Fusion Energy, Department

of Energy, has funded systems studies according to a three-tier structure.

These studies are categorized in order of decreasing level of effort and detail

as Level I, Level IIS and Level III. The highest level of study (Level I) would

include, in a multiman-year effort, considerable conceptual design and economic

analysis, in addition to sophisticated, state-of-the-art physics and operating-

point analyses. The lowest level of study (Level III) would characterize less

understood and developed confinement schemes by means of relatively simple

physics models and parametric analysis of potential reactor operating points.

The ELMO Bumpy Torus Reactor (EBTR) study described here is a Level I study.

The ELMO Bumpy Torus (EBT) concept1 is a toroidal array of simple magnetic

mirrors. The addition of an rf-generated, low-density, energetic electron ring

at each position between mirror coils (i.e., midplane location) is needed to

stabilize the bulk, toroidal plasma against well-known instabilities associated

with simple mirror confinement. This combination of toroidally linked simple

mirrors and electron rings promises a steady-state, high-beta reactor that

operates at or near DT ignition. The EBT was first examined as a reactor over

four years ago.2 Interim revisions of this first design have been made during

the intervening years.^"^ The utilization of advanced fusion fuels in a bumpy-

torus reactor has also been considered.7 Interim results from the study reported

here have been reported elsewhere.

2.1. Objective of Study

The objective of this study is to develop, on the basis of recent physics

understanding, a conceptual design for a commercial fusion power plant based on

the EBT confinement scheme. This design is to generate 1200 MWe(net), and the

fuel cycle is deuterium/tritium/ lithium. The systems approach and cost-

sensitivities studies about the design point are presented here; a thorough

systems analysis of the parameter space in which an EBTR may operate is

presented. Conceptual designs of major reactor and balance-of-plant systems

have been made, upon which physics, technology, and economic assessments are

based. Whenever possible, a clear statement of all physics and engineering

assumptions and computational models is given.
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2.2. Physics Background

Because of the susceptibility of a confinement system based on simple

mirrors to MHD instability (i.e., flute-like modes), this approach to magnetic

fusion energy was largely abandoned in favor of toroidal systems or open mirror

systems that rely on more sophisticated field structures needed to create

average minimum-B configurations. The discovery1 that an rf-generated and

sustained electron ring of low density but considerable energy (> 100 keV) and

beta (> 0.1) could be stably formed in a simple mirror configuration changed

considerably the outlook for fusion power from a simple mirror. By coupling the

still unacceptably lossy simple mirrors, because of the particle/energy endloss,

into a high-aspect-ratio torus, the overall system energetics is considerably

improved. Figure 2.2-1 gives a schematic representation of the EBT concept,

demonstrating the essential elements of a large number of mirror cells,

high-aspect-ratio torus, simple magnetic coil geometry, and relativistic

electron rings azimuthally imbedded in the bumpy toroidal plasma at each

position midway between toroidal field coils.

RELATIVISTIC
ELECTRON RING(ER)

RF POWER TO CREATE/SUSTAIN
ER AND TO HEAT BULK PLASMA

'PLASMA

'MIRROR COILS

Fig. 2.2-1. Simplified schematic drawing of EBT concept



The presence of the high-beta electron ring at each midplane position is

crucial to the MHD stability of the bumpy torus; a simple bumpy torus is

unstable to drift and MHD modes. These instabilities would grow with a

frequency equal to the classical drift frequencies associated with local field

gradients. Diamagnetic currents, however, flow in each highly conducting,

high-beta electron ring, each playing the role of a pair of "coils" with

oppositely directed currents positioned within the toroidal plasma at each

midplane location. The resulting depression in the magretic field at the

electron-ring location is illustrated in Fig. 2.2-2. A local region of minimum

average field is created, giving an MHD-favorable decrease in the quantity

<£ dJl/B with increasing radius. Although this region of minimum-average field

does not extend to the centerline of the toroidal plasma, it can be argued that

a region of stable bulk plasma extends to the magnetic ^ " 1 ^

VACUUM
WALL

0.2

MJDP.LANE c

RF POWER

COIL
PLANE

RADIUS IN MIOPLANE

Fig. 2.2-2. One EBT sector and magnetic field profiles in a simple mirror as
perturbed by the presence of a high-beta electron ring.
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The EBT-I11>12 experiment demonstrated the stabilizing effects of the

high-beta (8R ~ 0.1) electron rings for a very low toroidal plasma beta

(8 ~ 0.003). The stability of the electron rings, particularly against

hot-electron drift waves, has been shown2'13 as long as the gradient-B drift

frequency exceeds the ion cyclotron frequency, implying that the electron-ring

temperature and local magnetic field gradients produced by diamagnetic currents

are sufficiently large. The stability of the high-beta toroidal plasma has

been inferred10 to be limited by a value of the bulk-plasma beta that

approximately equals the electron-ring beta. Although it is emphasized that

these stability-related beta limits are based upon the assumption of rigid

rings and are sensitive to the assumed pressure profiles, these results serve

as the primary stability constraint applied to this EBTR study. It should be

noted that more recent computations11+ have raised some question with respect to

this simple stability criterion. Until this issue is better resolved, however,

the rigid-ring stability criterion is used.

Neglecting, therefore, plasma energy and particle losses associated with

instabilities, the dominant loss mechanisms from the toroidal plasma can be

attributed to diffusive processes and to unconfined particle orbits (i.e.,

particle orbits that intersect structural walls). The number of orbiting

particles that intersect structural walls and are lost directly from the plasma

can be minimized by careful optimization of the magnetic and structural wall

configurations, although direct losses are important in determining the usage

efficiency of plasma volume and alpha-particle confinement/heating. These

latter issues are addressed quantitatively in Sec. 4.3. and the associated

Appendix D.

The diffusive loss of particles and energy from the nonaxisymmetric

bumpy-torus configuration is determined by neoclassical processes in which the

fundamental diffusive step size is influenced significantly by the magnitude

and direction of guiding-center particle orbits in a toroidal geometry.

Because the magnetic field is higher on the inboard side of a purely toroidal

configuration than on the outboard side, the gradient-B drits cause a radial

charge separation and electric field that, through the resulting E x B force,

induces particles to drift rapidly outward perpendicular to the toroidal axis

and out of the torus; equilibrium for a purely toroidal system does not exist.
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Toroidal systems like the stellarator or the tokamak induce a rotational

transform in the confining toroidal magnetic field, and as plasma particles

gyrate around the minor cross section in the poloidal direction while migration

in the toroidal direction occurs, the outward toroidal drift velocity is

partially cancelled. This cancellation would be complete in the absence of

Coulomb collisions.

Confinement for the bumpy-torus concept, on the other hand, relies on
•y -y

inducing gradient-B and E x B poloidal drifts onto the normal gyrofrequency and

toroidal drifts experienced by the plasma species. In this way, the poloidal

precession of the guiding-center orbits allows both inboard and outboard

regions of the toroidal plasma to be sampled, resulting in a partial

cancellation of the toroidal drift without internally (tokamak) or externally

(stellarator/torsatron) inducing currents and a rotational transform in the

magnetic field. The gradient-B poloidal drift velocity is driven by the

bumpiness of the simple mirror, which is characterized by a parameter, Rc, that

measures the local field curvature that drives the gradient-B drift.

Additionally, a radial electric field, E r, can be established by ambipolar

(radial) diffusion; this electric field gives rise to an additional component

to the poloidal drift velocity, because of resulting E x B forces. The net

drift frequency, ft, in the poloidal direction, ~ (kgT/qr RCB)(1 + ErR q/kgT),

where r is the average plasma minor radius and T is the plasma temperature, is

used to determine the diffusive step size, Vj,/Q, where v̂ , = kgT/qR^B is the

upward drift velocity caused by the toroidal drift. If v is an appropriate

small-angle collision frequency, the associated particle diffusion coefficient

can be approximated by D = (Ar) v. Figure 2.2-3 describes graphically this

approximation to neoclassical diffusion theory as applied to the bumpy torus.

The following expression for a particle confinement time, T_, results.

vxp „ v r p 2 / D a (1^/^)2 (1 + qErttc/kBT)
2 . (2.2-1)

Using a more exact approach,15 which nevertheless applies only to the case

where E x B drifts dominate the gradient-B drifts, the following expression for

the particle confinement time of the jth species results.16
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(1 +

= (3/4)(RT/Rc)
:

+ (Vj/QVB )<

(2.2-2)

The theory of EBT transport is receiving considerable attention, and the

role of "plateau" (resonant) and "banana" (crescent) diffusion in the

collisionless regime is being quantified.17"20 The transport model embodied in

Eq. (2.2-2) for the electrons (j = e) as well as an equivalent formulation for

plateau ion transport have been used in the EBTR burn calculations (Sec. 4.2.

and Appendix B). Using the classical collision frequency, v̂^ =

(*nA/7.15(10)17)(n/T3/2), Eq. (2.2-2) can be expressed as

m (s/m3) = 3.16(10)16T3/2(RT/Rc)
2 (1 - eErRc/kBT)

2/(l - eErr /k BT),
(2.2-3)

where the Coulomb logarithm, £nA, has been taken as 17 and

Although approximate, Eq. (2.2-3) clearly reflects a favorable scaling for the

Lawson parameter: nx increases with temperature to the 3/2 power and with the

square of magnetic asp. ct ratio,

Ar, DIFFUSION STEP LENGTH

TOROIDAL(VERTICAL) DRIFT
vT a I /RT

POLOIDAL DRIFT
v VVB VEXB

ACTUAL PATH

Fig. 2.2-3. Schematic representation of neoclassical diffusion as applied to
EBT.
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It Is a transport scaling of the kind depicted by Eq. (2.2-3) and examined

in more detail in Appendix B that lies at the center of this EBTR study. This

transport couples with the magnetics design through the parameters R^ and Rc and

with the system energy balance with the electron-ring model (Appendix E) to give

a reactor design point upon which key engineering systems have been subjected to

conceptual design. Section 2.4. describes the physics/technical approach

adopted by this study to reflect the close coupling between unique

EBT physics and engineering design.

2.3, Comparison with Other EBT Reactor Studies

On the basis of the preceding qualitative discussion of EBT physics and the

approximate result that nt is proportional to T '2(RT/R(;) , a conceptual

reactor embodiment has been proposed.2"^ The attractive features of this reactor

include:11

• steady-state operation at high beta

• high aspect ratio, Rj./r , leading to modular construction and favorable
geometry for ease of maintenance

• modest technological requirements

• high-Q operation (i.e., at or near ignition)

• good economic projections6

The favorable ni scaling indeed promises an attractive reactor embodiment,

when coupled with experimental evidence that most dimensionless parameters

measured for the EBT-I experiment, with the exception of the toroidal beta, is

close to that projected for reactors. These positive predictions, however,

depend crucially upon certain physics assumptions.

Past EBTR studies2"6 clearly illuminated the contrast between the positive

reactor potential and the then embryonic state of EBT physics when applied to

the description of a reactor-grade plasma. Although previous RBTR studies and

conceptual designs have qualitatively integrated key physics issues, the design

parameters presented in Refs. 2-6 are largely based on parametric analyses. In

essence, these analyses specify a fusion neutron wall loading and, using scaling

relationships of the kind given in Sec. 2.2., the appropriate plasma density,

temperature, and aspect ratio were estimated. Table 2.3-1 summarizes the

results from earlier design studies. Although the results of numerical plasma

simulations21'22 have been incorporated indirectly into previous EBTR design
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TABLE 2.3-1

SUMMARY OF AND COMPARISON WITH PAST EBTR DESIGN PARAMETERS

Parameter

Plasma radius, r (m) 1.0

77(b)

1.0

60

60

1.8

1978(c)

1.0

20-30

30

2.0

1978(d)

1.0

30-60

30-60

1.8

Los
Alamos/MDAC

1.0

35

35

2.2

Aspect ratio, A = R^V*- 60

Major radius, Rj,(in) 60

Mirror ratio, M 1.78

Ion temperature,
T^keV) 15 15 15 15 28

Ion density,

1.2

0.25

2.5/4.5

48

1.4

0.27

2.5/4.5

48

>

0.

2.

1.4

20-0.35

5/5.0

24

1.4

0.27

2.5/4.5

24-48

0.95

0.17<8)

2.2/5.0

36

Toroidal beta, 3

Field on axis, B(T)

Number of coils, N

Total thermal power,

PTH(MWt) 4000(e) 6000(f> 1500-4000 3000-6000 4000

Neutron wall loading,
2) 1.13 1.47 1.0-3.0 1.47 1.40

Ref. 2, based on simple plasma model, plasma size determined by plas.na
gyroradius.
Ref. 3, some input from point model.
Ref. 4, based on use of ARE coils and on anomalous transport factor of 50.
Ref. 5.
Based on 17 MeV per fusion, no blanket multiplication,

(f) Based on 21 MeV per fusion.
(6) The average beta is lower for the present study because of the higher

mirror ratio used relative to the earlier studies, given that a maximum
midplane beta in the range 0.4 - 0.5 is established by stability
considerations.

studies, these simulations were not used directly in the selection of the final

design parameters.

The first EBTR designs3"'* indicated that large aspect ratios, Rj/r = 60,

resulted in relatively large power plants with nominally low neutron first-wall

loading (~ 1 MW/m2). The concept of aspect ratio enhancement (ARE) was

introduced^ to gain approximately a factor of two between the physical aspect
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ratio (and total power) and the magnetic aspect ratio that actually determines

the plasma transport. However, at that time, a detailed physical and magnetic

design of the ARE coils and the compatibility of that design with blanket/shield

requirements for the EBTR were not reported. The present design attempts to

quantify better the complex interaction and tradeoffs associated with the use of

"conventional" ARE coils;5 the potentially more attractive concept of

symmetrizing coils23 could not be incorporated into this design and represents

an interesting topic for future study.

A comparison of the baseline reactor parameters from past EBTR designs with

those that have emerged from this study shows no startling surprises. In

essence, the past operating parameters have been verified. Hence, starting with

a reactor operating point that is similar to past designs, this study moves

forward to examine in more detail both the technological and economic

implications of the assumptions and subsystem interrelationships that are

required to achieve the baseline operating point summarized in Table 2.3-1; the

approach adopted to quantify these tradeoffs is described in the following

section.

2.4. Study Approach

2.4.1. Task Identification and Organization. The EBTR study has been

divided into the four major tasks identified and elaborated upon in Table 2.4-1.

Task 1 (Physics Design) was performed by Los Alamos during 1979 to develop and

to evaluate key reactor physics models that were subsequently used to generate a

reference design point. Tasks 2,3, and 4 were performed in partnership with the

McDonnell Douglas Astronautics Company (MDAC) during 1980 and comprise the

design, integration, and evaluation of all major reactor subsystems; the tools

developed during Task 1 (Physics Design) were updated, improved, and utilized

during a design interation process that occurred throughout the 1980 study

period. This process of subsystem design iteration and optimization is

illustrated in Fig. 2.4-1. Expertise in <"v>e area of magnet design,

balance-of-plant (BOP) design/operations, and one-dimensional plasma modeling

was obtained under subcontracted study by General Dynamics Convair (GDC), The

Ralph M. Parsons Company (RMP), and JAYCOR, respectively. The JAYCOR

contribution was maintained as a developmental effort conducted in parallel with

the engineering tasks, whereas the remainder of Task 1 (Physics Design) was

continued in series/parallel with Tasks 2, 3, and 4 after its initial milestone

(i.e., a reference reactor design point) was accomplished.
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TABLE 2.4-1

STUDY TASK IDENTIFICATION AND RESPONSIBILITIES^

Task/Subtask Identification
Los
Alamos MDAC GDC RMP JAYCOR

Task 1 Physics Design
Simple parametric analysis
Toroidal plasma burn simulation

• zero-dimensional model
• one-dimensional model

Magnetics/transport
Electron rings
Preliminary first-wall/blanket/shield

Task 2 Preliminary Subsystem Design
Physics interface
First-wall/blanket/shield
Magnets and support structures
Plasma heaters
Refueling and ash removal
Vacuum and cryogenics
Primary containment and structures
Tritium handling

Primary and secondary coolant systems
Maintenance systems
Steam and turbine generator systems
Power conditioning and distribution
Equipment
Other BOP systems

Task 3 Systems Integration and Plant Layout
Systems integration
Systems code development
Plant layout

Task 4 Economic and Technology Assessment
Plant cost estimate
Technology assessment

P

P

P
P
P

P
S

J
S
S

S
P
S
P
P
P
P
P
P
P

J
P

s

p
J

p
p

Joint Responsibility, P » Primary Responsibility, and S » Major Support.
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Fig. 2.4-1. Schematic diagram of EBTR systems design procedure.

2.4.2. Physics/Technical Approach. As for all conceptual fusion reactor

designs, the determination of an operating point requires the unique

combination of applied plasma physics (particle/energy transport, stability,

equilibrium) and plasma engineering (burn simulation and control, fusion yield

and first-wall energy fluxes, fueling, impurity control). For all EBTR

studies, average-property zero-dimensional models are used with some guidance

being derived from one-dimensional (radial) plasma simulations. In arriving at

a relatively self-consistent operating point for EBTR, these approximate

theories and models must be applied while assuring within an acceptable margin

of uncertainty that the following constraints are met.

• Radial electrical fields computed from an ambipolar diffusion condition
(T = T f) and used to model the particle/energy transport must be of an
appropriate sign (negative) and magnitude ($ ~ T.).

• The magnet design must give appropriate bounce-averaged field curvatures
with which to estimate plasma losses while simultaneously satisfying
engineering limits associated with blanket/shield designs (tritium
breeding, radiation damage) e id peak fields at superconducting windings
that support an appropriate .urrent density.

• A realistic first-wall geometry must be selected (shape and position
relative to the magnetic axis) that maximizes the number of closed drift
surfaces in a plasma that delivers a desired neutron yield while being
close to ignition.
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• The magnetic field strength should be suitable at the midplane for
electron-ring formation (i.e., rf coupling and cutoff at reasonable
frequencies) .

• The bulk, plasma beta at the electron-ring location should lie within limits
established by stability constraints, which in turn are related to the
electron-ring beta, while simultaneously giving an average bulk plasma beta
that meets power-density and wall-loading goals for a given average field
(i.e., mirror ratio and midplane field).

• Impurity control by either a magnetic divertor or an actively-pumped
limiter must be used for this steady-state system. The auxiliary fields
needed for the magnetic limiter must not perturb the field-line curvature
needed to assure acceptable transport, while the edge-plasma and limiter-
slot physics associated with the pumped-limiter must be controlled to
assure selective He-ash pumping, high DT recycle, and an acceptable
engineering (thermomechanical) response of the limiter surface and
structure.

• The electron ring per se must be formed by electron cyclotron resonance
heating (ECRH) in the midplane region with sufficient beta to support the
bulk plasma (i.e., bulk plasma pressure is flat near the plasma center and
pressure gradients occur at the electron-ring location), while assuring an
average-minimim-B configuration for bulk plasma stability.

• The electron rings must be sustained with a density and volume relative to
the bulk plasma that is sufficiently low to preclude a serious energy drain
(drag, loss-cone scattering, radiation) on the total reactor system.

In order to meet these requirements simultaneously, the determination of an

KBTR design point must couple burn, transport, magnetics, electron-ring, and

blanket/shield models that represent a simplification of a non-axisymmetric

three-dimensional geometry. The primary goal of Task 1 was to quantify by means

of analytic and computer models the complex interaction between burn dynamics,

magnetics, transport, equilibrium/stability, electron-ring losses and first-

wall/blanket/shield design. Figure 2.4-2 schematically depicts this

intercoupling and the resulting technological implications for the reactor. The

total EBTR systems approach that was evolved throughout the course of this study

is depicted schematically in Fig. 2.4-3; separate, detailed computer models

developed in the course of Task 1 were used to compute the DT burn and reactor

energy balance, magnetics/transport, the electron-ring power balance, and the

first-wall/blanket/shield responses. The iterations indicated in Fig. 2.4-3

continued as part of Tasks 2 and 3. This process of iteration and optimization

occurred with the concurrent numerical evaluation of models describing the

mechanical/stress response of the magnets, the performance of the impurity

control scheme, and the thermal-mechanical response of the blanket.

Simultaneously, key physics and engineering constraints were monitored in
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Fig. 2.4-2. Physics/technology coupling and interface for EBTR.

conjuction with those aspects of plant layout that might interfere with the

goals of system access and maintainability. ^Lastly, a fully parametric systems

code was developed and used in parallel to the iterative scheme depicted in

Fig. 2.4-3 in order to estimate and optimize tocal system cost and cost-of-

electricity (COE). This process continued until a relatively self-consistent

design point emerged, with major uncertainties being quantified and documented

wherever possible.

2.4.3. Design Assumptions and Bases. The major physics assumptions and

design bases adopted by this study are:

o neoclassical transport modeled in zero-dimensions (Kovrizhnykh electrons,
plateau ions, and assumed density and temperature gradient lengths)

© vacuum magnetic field model in toroidal geometry to describe the toroidal
field and ARE coils; averaging used to reduce to zero-dimensional
transport parameters

• classical theory describes relativistic electron-ring losses

• first-harmonic electron-ring heating

• stability limit given by average plasma beta of < 0.20 (midplane beta
< 0.45)

• steady-state plasma operation (alpha particles are thermalized
classically and transported neoclassically) after a simulation of plasma
startup

• use of circular and off-set ARE-coil configurations
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EBTR PLASMA ENGINEERING AND
SYSTEMS TRADEOFFS

TF/ARE COIL
ENGINEERING

•STRESSES/FORCES
•STOREO ENERGY
• ACCESSIBILITY
• LOC ACCIDENT

INPUT

INPUT

O

, rc , i^p.J.ARE/GEOM,

/C ITERATION") \ \
I i—r~i > i

' 1 1 1 I \ 1

f i t 1 " * X TF'̂ I

MAGNETICS TASK

• PASSING/TRAPPED
FRACTION

• LOSS OF ARE ACCIDENT
• TOROIDAL DEPENDENCE

OF NEUTRON FLUX

o O ' DPA,HTG,HN,BRCP,BRHP

;-D PLASMA
SIMULATION
OR ANALYTIC
GUESSES

Q

•START-UP TRANSIENT
• BURN CONTROL

STABILITY AND
ELECTRON-RING
CRITERIA

DT BURN TASK
( 0 - 0 MODEL)

JNPUT|fp,in,H.BMP

THERMOHYDRAULIC
ANALYSIS I

Fig. 2.4-3. Schematic diagram of iteration procedure used to quantify EBTR
design point. Table 2.4-1 identifies a l l notation.
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TABLE 2.4-1

NOTATION FOR FIGURE 2.4-3

Average magnetic field
Magnetic field at coil
Magnetic field at midplane
Total tritium breeding ratio
Tritium breeding ratio in coil plane

MP Tritium breeding ratio in midplane
DPA Displacement per atom in magnet
fa Fraction of alpha particles that survive a first orbit
fp Density profile factor (average-to-edge value)
f-r Temperature profile factor (average-to-edge value)
HTG TF-coil heating
I-pp Toroidal-field coil current

Aspect-ratio-enhancement coil current
y Neutron wall loading
J Current density in superconducting coil
£ T F Axial length of toroidal field coil
#n Density scale length
#T Temperature scale length
* E Electric-field scale length
M Average magnetic mirror ratio
MN Neutron energy multiplication
N Number of bumps in toroidal field
P.pjj Total thermal power
PRAD Radiated power from plasma
^COND Conduction power from plasma
7 Microwave power

rc Radius of toroidal field coil at current center
r̂ Q, Plasma radius at midplane
Rc Bounce-averaged radius of field curvature
r Average plasma radius
rw Average first-wall radius
R̂ . Major toroidal radius of toroidal field coils
R Major toroidal radius of field curvature
T Control value for plasma temperature
Ab Average thickness of blanket and shield
Ce Electron collisionality factor
6 Average plasma beta value
er Normalized radial electric field
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In performing the design and integr ;ton of key reactor subsystems, the

following ground rules were adopted.

• 10th commercial plant, 1200 MWe

• Steady-state operation (80% plant factor)

• Pressurized-water-cooled, solid-breeder blanket

• Pumped liiriter for impurity control

• Life-of-plant superconducting coils

• ARE coils used to minimize physical size of power plant

• RF bulk heating for startup and electron rings

• Fully remote maintenance

Because of study resource limitations, many of the systems and concepts

developed in the course of the STARFIRE tokamak study21* were adopted. These

concepts include the blanket/shield system, a pumped limiter, the

vacuum/cryogenics system, and most aspects of the BOP arrangement that were

evaluated for a "standard" 1.4-GWe power plant. Also, by adopting those

STARFIRE technologies that could reasonably be applied to EBT, a "bottomline"

comparison between the two concepts was better facilitated. This comparison is

included in Sec. 8.3.
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3. SUMMARY AND CONCLUSIONS

3.1. Overview of Design Approach

The ELMO Bumpy Torus Reactor (EBTR) power plant is based on a DT fusion

reactor producing 1200 MWe (net) as a central-station generating power plant.

This conceptual design is representative of a fusion power plant in a mature

fusion industry. The costing (Appendix G) is based on a plant that is located

in a midwestern U.S. location with the application of appropriate labor rates.

The design life of the plant is 40 years, although the costing base is defined

in terms of 30 years. Using the existing body of knowledge for fusion, the ELMO

Bumpy Torus (EBT) concept, and related plasma theory, the EBT reactor is

designed to produce economic power at a reasonable size. The more important

engineering features, criteria, and assumptions necessary to develop this

conceptual design are summarized below.

• Power plant designed for an electric utility.

• EBT magnetic confinement.

• Deuterium/tritium/lithium fuel cycle.

• Nominal 1200-MWe output.

o Conventional steam turbine/generator power conversion.

• Mature fusion industrial base.

• Based on a lOth-of-a-kind plant.

o A 40-year design life.

• A single plant at a site.

• Midwestern U.S. location.

• Cooling towers required.

• Use of STARF1RE tokamak design1 where applicable.

- Buildings except reactor and electrical equipment
- Turbine and electric plant equipment
- Tritium handling equipment
- Basic design concept for blanket/shield
- Basic design concept for pumped-llmiter impurity control and
vacuum systems

• Totally remote reactor maintenance scheme.
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• Minimum vacuum volume.

• Use of PWR heat-transport system.

• Fully remote maintenance.

In order for this EBT power plant to be commercially successful, it must be

competitive with other energy sources that may exist at the time of

commercialization. An economy of scale exists in central generating facilities

that Indicates the cost-of-electricity (COE) and the unit cost of generating

capacity ($/kWe) are lower for the larger-sized systems. However, financing and

system-capacity limits also exist for Individual utilities. These factors

generally set an upper limit on net generating capacity of a power plant at

1200 MWe.2 This limit reflects the capacity range most preferred by prospective

utilities and is likely to remain unchanged within the time frame when fusion is

introduced and commercialized. Furthermore, in order to maximize the overall

design credibility, many conventional fission and fossil power-plant system

designs and concepts, such as an existing steam turbine/generator power

conversion system, are incorporated into the EBTR design. This design

philosophy allows more design effort to be focused on systems that are unique to

fusion and illustrates that the fusion process is not dependent upon a

completely new power-conversion technology, but instead is compatible with

present technology. Given that this design utilizes a Rankine power cycle, the

gross power output is in the range of 4000 MWt for a nominal electrical output

of 1200 MWe(net).

Because the purpose of this study Is the design of a commercial power plant

rather than a demonstration power reactor,"the assumption is made that a mature

fusion industrial base exists with no developmental requirements or costs for

components and systems. For purposes of an economic evaluation, the plant is

assumed to be the 10th of a specfic kind. Only one plant is assumed to be

constructed on the site for costing purposes; the site is located in a

midwestern U.S. location close to a river. Although the plant is in proximity

to a river, environmental considerations are assumed to require the use of

cooling towers to dissipate waste thermal energy. The river also provides a

means to transport large, heavy components.

The recent completion of a similar but more extensive conceptual design of

a commercial tokamak power plant1 by a majority of the EBTR design participants

was of great benefit to this study. This overlap allowed the utilization of
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applicable experience and analysis for similar systems while maximizing the

design effort on systems that are unique to EBTR. This combination of design

resources produced a more comprehensive EBTR design than otherwise would have

been possible, thereby allowing quantitatively meaningful comparisons to be made

between the EBTR design and the more extensive STARFIRE design.1 Most of the

buildings envisaged for both concepts are identical in function and form, except

for the reactor and electrical equipment buildings. All other site buildings

either are identical or can be scaled based upon individual needs. The site

requirements and boundaries for all commercial magnetic fusion power

applications are considered to be identical. The turbine plant, electrical

plant, and miscellaneous plant equipment for EBTR are identical to that selected

for tlie STARFIRE fusion power plant and a majority of analyses and requirements

are applicable or scalable. The tritium fuel handling and storage system

developed for the STARFIRE design is also applied to the EBTR concept.

For the output power regime considered by this study, past studies3 have

found EBT reactors perform well from a physics standpoint at a major radius of

60 m and plasma minor radius of 1 m. This major radius results in a fusion-

neutron wall loading of i MW/m2, which is somewhat lower than is economically

desirable. Aspect-Ratio-Enhancement (ARE) coils'* are utilized in an attempt to

decrease the major radius to the range of 30-40 m and to increase the neutron

wall loading and the blanket power density. The more precise selection of the

reactor parameters used in the present design are based on an engineering

systems code (Sec. 5.) and a zero-dimensional burn code (Sec. 6. and Appendix

B).

One of the major advantages of the EBT reactor design is the high toroidal

aspect ratio, which allows reactor maintenance schemes that are easier than for

the tokamak concept. The effective utilization of the access area around the

torus is a major design goal. The torus elements (i.e., coil sets,

first-wall/blanket/shield sectors) are wedge-shaped, requiring the blanket

and/or shield components to be removed radially outward. In order to provide

accessibility for maintenance and assembly, the structure needed to restrain

induced magnetic loads is incorporated largely on the inboard side of the

reactor, resulting in minimum interference in the outboard region where a

majority of maintainence operations occur.
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Another key design premise is the minimization of the vacuum volume to an

extent that is practical and consistent with the reactor-design approach. A

realistic design that allows a vacuum boundary at the first wall could not be

identified, because of radiation damage to a welded joint or vacuum seal located

at or near the first wall and the inaccessibility of the vacuum seal for

maintenance purposes. At the other extreme, the use of the reactor containment

room as a vacuum vessel has the disadvantage of large vacuum environment and

pumping requirements, extensive surface areas for tritium entrapment, and the

difficulties of operating support equipment under vacuum conditions.

Elimination of these options places the vacuum boundary within the blanket and

shield region. Specific definition of the vacuum system is dependent upon

design approach and configuration (e.g., use of a pumped limiter) selected for

this design.

Again, to maximize the system credibility and to utilize effectively the

relatively small design effort allocated to this study, a conventional PWR heat

transfer and transport system is utilized. Specific design details were

modified relative to the similar STARFIRE tokamak design1 in order to

accommodate the unique aspects of the EBTR approach (e.g., incorporation of the

pumped-limiter/feed-water heating scheme).

The philosophy of fully remote maintenance in the reactor and hot cell

buildings has been adopted as a major ground rule. This premise is predicated

upon the current trend for reduced radiation exposure to maintenance personnel,

which will probably result in a requirement for totally remote operations in a

nuclear reactor environment by the year 2000. This maintenance philosophy will

require a high level of modularization, component accessibility, and

components/subsystems interchangeability, requirements that are easily met by

the high aspect-ratio EBT configuration.

3.2. Reactor Design Point

Utilizing the EBT background summarized in Sees. 2.2. and 2.3., and

implementing the overall study approach described in Sec. 2.4., a set of

comprehensive physics, engineering, and economic models were developed and

implemented. These models were used to examine a range of reactor operating

points that promise economic power near the 1200-MWe(net) level, while

simultaneously satisfying key physics and technology constraints. The physics

basis for this study is summarized in Sec. 4.; the engineering, costing, and

systems model is described in Sec. 5.; and the procedure used to select a
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Net electric power,

Engineering power density (MWt/m3)

Major radius,

specific reactor design is given in Sec. 6. Section 7. describes the

engineering analyses that have been used to quantify this design point, with

detailed model development and results being given in the Appendices.

Table 3.2-1 summarizes the specific EBTR design that has emerged from this

study.

TABLE 3.2-1

SUMMARY OF EBTR DESIGN STUDY

General Parameters

1214.

0.23

35

1.0

0.17

27.9/29.0

0.95

1.4

2.24

T F -0.22

3.64

Be/LiA102 (natural)

H20(A)

B-H2O/SS/Pb-W/TiB2/TiH2

691.

838.

1108.

1537.

36.

220.

Average minor plasma radius, rD(m)

Average bulk-plasma beta, 3

Plasma temperature, T^/T (keV)

Average ion density, n-(1020/m3)

Fusion neutron wall loading,

* ;<_i-ige mirror ratio, M

AKii-co" .'T^-coil current ratio,

..ver?-,e "ugnetic field, B(T)

Biŝ .k'.t multiplier/breeder

Primary coolant

Shielding

Plasma volume, V (L.')

Plasma chamber volume (m3)

Blanket volume (m3)

First-wall area (m2)

Number of sectors, N

Machine circumference (m)

Plasma Parameters

Transport

Major radius, Rrp(m)

Average minor radius, r (m)

Coil-plane plasma radius, r^p

Midplane plasma radius, rj,jp

Average ion density, ni(10
20/m3)

neoclassical/plateau

35.

1.0

0.76

1.24

0.95

41



TABLE 3.2-1 (contd)

Average plasma temperature T^/T^keV)

Electron/ion particle confinement time, Tp(s)

Energy confinement time, ^g(s)

Core-plasma Lawson parameter, niiE(10
20s/'n3)

Average mirror ratio, M

Average magnetic field, B(T)

Average core-plasma beta, 3

Maximum (midplane) core-plasma beta, 0̂ p

Electron collisionality, £e = ̂ e/^g

Plasma fusion power density at
17.6 MeV/fusion, pF(MW/m

3)

Plasma Q-value, Q

27.9/29.0

A.21

1.80

1.71

2.24

3.64

0.17

0.46

0.26

4.13

> 100. (ignited)

Electron-Ring Parameters

Heating

Frequency (GHz)

Temperature, TR(keV)

Density, nR(l0
20/m3)

Length (m)

Average minor radius (m)

Thickness (m)

Total volume, VR(m
3)

(a)

(b)
Distance between tips of limiter.

Ten electron Larraor radii.

First-haruonic ECRH

52.

M500.

0.05

2 . 4 (a )

1.1

14.1(VR/Vp - 0.02)

Output/Input Power Flow

Plasma fusion power at 17.6 MeV/fusion, Pp(MWt)

Thermal power from wall/limiter/blanket (MWt)

Total recoverable thermal power, PTH(MWt)

Power to electron rings, PR(MW)

Total electrical power (nTH = 0.355), PET(MWe)

Net electrical power, PE(MWe)

First-wall fusion neutron loading, 2

Blanket thermal power density (MWt/m3)

Engineering power density (MWt/m3)

42

2857.

644./300./3048.

4028.

42.

1430.

1214.

1.4

3.33

0.24



TABLE 3.2-1 (contd)

Magnet Coll Parameters

Major radius of TF-coil set, Rj,F(m)

Average, midplane, and coil-plane fields, B/Bĵ p/

Number of coils, TF/ARE

Mean coil radius, TF/ARE(m)

Peak field at conductor, TF/ARE(T)

TF-coil length/width, £TF/wTF(m)

Coil currents, I A R E ^ T F ^ * ^

TF/ARE-coil mass/volume (tonnes/m3 per coil set)

Total stored energy (GJ)

Superconductor current density (MA/m2)

35.08

3.64/2.25/5.03

36/72

2.90/4.44

9.7/6.6

1.98/0.99

-6.97/31.35(-0.22)

726/164

131.

16.

Blanket/Shield/Coil Neutronics Parameters

Theoretical tritium breeding ratio, T 1.06

Energy multiplication, MN 1.50

First-wall radiation damage [(dpa/yr)/(ppm He/yr)] 17.4/164

Peak coil nuclear-heating rate (W/m3) 14.0

Peak coil radiation damage and doses [(dpa/yr)/(Gy/yr)] 9.6(10)~6/18.l(10)4

Reactor Plant Operational Characteristics/Parameters

Impurity control

Refueling

Vacuum volunu; (m3)/pressure (Pa)

Plasma startup power [t/pe/power(MW)/frequency(GHz)]

Electron-ring power [type/power(MW)/frequency(GHz)]

Blanket structure/multiplier/breeder/coolant

Blanket and shield thickness at
coil-plane/midplane locations (m)

Basic radiation shield materials

Blanket coolant outlet temperature (K)/pressure
(Pa)/flow rate (kg/s)

Number of sectors/modules

Weight of blanket coil-plane/midplane modules (tonnes)

Weight of coil-plane/midplane shield modules (tonnes)

pumped-limiter

pellet injection/
edge refueling

15O6/1O"3

LHH/69./0.55-1.4

ECRH/42./50.

PCASS/Be/LiA102/H20(£)

1.12/1.44

B-H2O/SS/W-Pb

593/15.1/2420.

36/72

44.4/69.9

160.9/203.4
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TABLE 3.2-1 (contd)

Reactor building height/diameter/volume (ta/m/m3) 36./107./167.000.

Thermal-conversion efficiency, nTH 0.355

Recirculating power fraction, e 0.15

Net plant efficiency, np » n T H (1-e) 0.302

Availability of reactor/plant 0.85/0.77

Plant life (yr) 40.

A more extensive compilation of design-point parameters, along with explanatory

footnotes, appears in Appendix A. An assessment of the physics, engineering,

and economics related to this design point is presented in Sec. 8., as well as a

cost comparison with the recently completed STARFIRE tokamak reactor design.

Although considerably more effort was devoted to the latter study, the fact that

the costing data base and costing/design procedures are similar makes such a

comparison meaningful.

A summary of EBTR costs (Appendix G and Sec. 8.3.) is given in Table 3.2-2,

which also compares the major costs accounts with the predictions of the

STARFIRE tokamak reactor design.1 Figure 3.2-1 continues this comparison on the

basis of percentage direct cost. Although this EBTR design operates with lower

plasma, first-wall, and blanket power densities than STARFIRE, the total direct

costs are similar.

Table 3.2-3 represents a distillation of key engineering parameters (sizes,

powers, power densities) from Table 3.2-3. and presents a comparison with similar

parameters for the STARFIRE tokamak reactor design. It is noted that although

the blanket power density for STARFIRE is over twice that for EBTR, the system

power densities are comparable.

The parameters given in Table 3.2-1 were obtained from a zero-dimensional,

time-dependent burn code (Appendix B) that was used iteratively with a separate

magnetics/transport code (Appendix D) to generate parametric design curves

(Sec. 6.2.2. and Appendices B and D). These parametric design curves were used

to select the design point given in Table 3.2-1 on the basis of plasma Q-value,

beta, mirror-ratio, and magnetic-field constraints. The engineering systems

code (Sec. 5.) became operational in the latter phases of this study and was

used to verify the economic acceptability of the design point. The engineering

systems code is based on simplified physics and magnetics models, relative to
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TABLE 3.2-2

SUMMARY OF EBTR COST ANALYSIS AND COMPARISON WITH

THE STARFIRE TOKAMAK REACTOR DESIGN1

Cost Parameters

Land and land rights

Structures and site facilities

Reactor plant equipment

Turbine plant equipment

Electrical plant equipment

Miscellaneous plant equipment

Special materials

TOTAL DIRECT COST

Construction facilities,
equipment and services, 10%

Fngineering and construction
management services, 8%

Other costs, 5%

SUBTOTAL

Interest during constructicii (M$) 278.06

Escalation during
construction (M$)

TOTAL CAPITAL COST (M$)

UNIT CAPITAL COST ($/kWe)

COST-OF-ELECTRICITY (mills/kWeh)

(M$)

3.30

289.76

1425.73

249.68

100.50

39.60

0.25

2108.82

210.88

168.71

105.44

2593.85

Constant
1980

Dollars

278.06

0.0

2871.91

2366.

38.9

EBTR

(%)

0.16

13.74

67.61

11.84

4.76

1.88

0.01

100.00

Then-
Current

1985
Dollars

650.80

403.08

3647.73

3005.

71.7

STARFIRE

(M$)

3.30

346.58

968.62

249.68

117.28

40.77

0.25

1726.48

172.65

138.12

86.32

2123.57

Constant
1980

Dollars

276.70

0.0

2400.27

2000.

35.1

(%>

0.19

20.07

56.11

14.46

6.79

2.37

0.01

100.00

Then-
Current

1986
Dollars

671.69

402.63

3197.89

2665.

67.1

the models used by the burn code, to specify the reactor operating point. The

systems code, however, p.-oved invaluable in performing tradeoff and sensitivity

studies about the design point. Figure 3.2-2 gives the results of a hyperspace

optimization of COE with the variable application of ARE-coil current. These

and other results from the systens code are given in Sec. 5., although,

unfortunately, the scope of this study did not allow a comprehensive iteration

between the bur ii/magnetics codes and the systems code. Nevertheless, the
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designs.

operating point determined by the parametric evaluation of the burn code is

close to the economic optimum projected by the systems code.

A major uncertainty in evaluating the plasma and, hence, reactor

performance by means of a zero-dimensional burn model is the proper selection of

density, temperature, and electric-field gradient scale lengths needed to reduce

the plasma to one with "point" properties. These gradient length and profile

effects not only affect (or are determined by) particle/energy transport within

the bulk plasma, but also strongly influence the electron-ring energy losses as

well as edge-plasr-" phenomena' related to the pumped-limiter, neutral-gas

refueling, and first-wall thermal and sputtering responses. To obtain a
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e 3.2-3

EBTR/STARFIRE POWER AND SIZE COMPARISON

Plasna volume, V (m3)

Plasma chamber volume, V (m3)

Blanket volume, Vg (m3)

Volume enclosed by TK coil, V (m3)

Fusion power, Pp (MWt)

Primary-coolant power, Pp^ (MWt)

Total thermal power, P̂ ,̂  (MWt)

Plasma power density, Pp/V (MWt/m3)

Chamber power density, Pp/V (MWt/m3)

Blanket power density, Pp(;/Vg (MWt/m3)

Effective blanket power density, P-ĵ /V

System power density, PT[|/VC (MWt/m
3)

N'uutron firbt-wall Loading, Iw ( ^

Neutron multiplication, M..

Average first-wall radius, rw (TI)

Major radius, R^ (m)

effective ^pometric aspect ratio,

(MWt/m3)

EBTR

691

838

1108

7973/16441(a;>

2857

3692

4028

4.13

3.41

3.33

3.64

O.50/0.24(a)

1.4

1.5

1.10

35.0

31.82

1.73

STARFIRE

781

950

543

13443

3510

3800

4033

4.50

3.70

6.46

7.43

0.30

3.6

1.14

2.72

7.0

2.57

1.81

Without/with ARE-coil volume.

preliminary assessment of these radiaL effects, a small parallel effort was

devoted to the development and evaluation of a one-dimensional bounce-averaged

bur.i code (Appendix C). Preliminary results from the one-dimensional

computations show that the zero-dimensional and one-dimensional burn results are

compar-ible given the selection of mutually compatible gradient lengths. The

preliminary one-dimensional results demonstrate the extreme sensitivity of

plasma performance to both the physical and numerical constraints enforced at

the plasma boundary. A clear resolution of these complex plasma/neutral-atom

interactions in the plasma-edge and scrape-off regions could net be made within

the context ;>f this study, however. Related phenomena are expected to impact

both the physical and technical feasibility of the passive, pumped-limiter

approach to impurity control used in this reactor design.

47



2000

1900

13-4320

0.05 0.10 '0.15 0.20 0.25

Fig. 3.2-2. Capital costs for optimized 1200-MWe reactor configurations at
various values of ARE-coil current (Sec. 5.6.4.).
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3.3. Reactor and Balance-of-Plant Layout

The plant shown in Fig. 3.3-1 contains all the necessary elements of a

central generating facility: reactor, turbine plant, electric plant, control and

administration areas, maintenance services, heat-rejection systems, and

supporting utilities. A nominal 1000-acre tract was selected for the plant that

provides adequate space for additional generating units. The Reactor Building

is centrally located within the plant site. The turbine, Hot Cell, cryogenics,

and fuel handling equipment are located close to the Reactor Building in order

to minimize piping lengths. Wet, natural-draft (hyperbolic) cooling towers are

used. The site is located near a river to provide both adequate makeup water

and the means to ship the large, heavy components to the site during

construction.

Early EBTR concepts3 were considered to be large aspect-ratio devices, with

a major radius of 60 m or more. For a device of that radius, the Reactor

Building dominates the site plan and the plant economics. In this study, a

concerted effort is made to reduce the size of the reactor in order to enhance

the economics while preserving the attractive maintenance features of a

high-aspect-ratio machine. The ARE coils are incorporated explictly into this

design to reduce the major radius by a factor of ~ 2 while maintaining the same

magnetic aspect ratio and acceptable plasma 'ransport. A perspective view of

the EBTR site plan is given in Fig. 3.3-2, illustrating that the Reactor

Building is comparable in size to the other plant buildings.

Figures 3.3-3 depict two of 36 reactor sectors that form the EBTR torus.

Each reactor sector is comprised of two different modules: a midplane

blanket/shield module, located between the TF coils, and a coil-plane

blanket/shield module. All 72 modules are physically and thermohydraulically

isolated from each other except for a welded, intersector vacuum seal located

outside the shield. By disconnecting coolant lines, vacuum lines, and

rf-heating waveguides, the midplane module can be withdrawn radially outward.

After the midplane module is removed, the coil-plane module can be withdrawn

toroidally from the TF/ARE-coil assembly followed by a radial translation

outward. This design approach allows the TF/ARE-coil assembly, which requires

precise alignment, to remain fixed while blanket/shield replacement is

accomplished.
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•MUST WALL/
BLANKET

J / - PLASMA
/ . / BOUNDARY

•— VACUUM SEAL

VACUUM DUCT

CRVOBENJC VACUUM
PUMPS

Fig. 3.3-3A. Equatorial cross section of the EBTR showing two of 36 reactor
sectors, each of which is comprised of two modules (i.e., a
coil-plane and a midplane roodule).

L-1X-M

FROM PLASMA BOUUUMJi

Fig. 3.3-3B. Dimensional stackup of TF-coil, shield, and blanket components
illustrating wall-plasma relationships, module lengths, and vacuum
plenum dimensions.
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Figure 3.3-4 gives a larger view of the reactor from a top and a side

perspective, showing the general spatial relationship of the major systems. The

plan view illustrates the 35~m radius of a reactor structure that is supported

off the 30-m-radius inner wall and the floor. View A-A shows the coil set

closely fitting around the blanket/shield module. View B-B shows a section

through a midplane module with the cryogenic vacuum pump attached to the outer

surface of the shield. This view also shows the proximity of the reactor to the

crossed-field amplifiers (CFAs) used for lower-hybrid (startup) heating and the

electron cyclotron resonance heating (ECRH) gyrotron for electron-ring heating.

View C-C defines the limiter array and the coolant plumbing. To visualize the

size of the reactor, a 1.8-m-tall person is shown in the elevation view.

The use of the ARE coils to produce a factor of approximately two in

aspect-ratio enhancement dictates a high ARE-coil current and, hence, large coil

cross section (Sec. 7.4. and Appendix D). To minimize the support structure

connecting the ARE and TF coils and to eliminate the transition between cold and

warm structure, the set of one TF and two ARE coils is enclosed in a single

cryogenic vessel with interconnecting cryogenic support structure. Although

this approach creates a large and heavy coil set, it reduces the interconnecting

and mounting structure, alignment and installation problems, cryogenic

requirements, and manufacturing and quality-control needs. The coil casing also

supports and aligns the coil-plane blanket/shield module. The two ARE and one

TF coils within each coil set are connected electrically in series to reduce the

out-of-plane loads that would occur if one of the coils should fail

(Sec. 7.4.5.).

Ideally, for an EBT the first wall should closely conform to the outer

surface of the plasma (Appendices B and D). The manufacturing difficulties,

particularly in the coil plane, inherent in making the first wall conform to a

bumpy plasma suggest that a cylindrical coil-plane first wall/blanket/shield be

adopted. The midplane sectors can be fabricated using a conformal wall design.

The blanket/shield design approach illustrated in Fig. 3.3-3, where each

reactor section is comprised of two modules (i.e., a coil-plane and a midplane

module), results from constraints imposed by maintainability as well as those

imposed by design constraints. In order to achieve acceptable transport in a

relatively small torus with ARE-coil currents that are not excessive, it is

desirable to locate the TF coils as close to the plasma as is possible. Hence,

the thinner inboard coil-plane blanket/shield design emphasizes the shielding
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function, with that portion of the blanket having a tritium breeding ratio below

unity. A net tritium-breeding ratio greater than unity (i.e., T = 1.06) is

achieved by enhancing tritium production in the outboard coil-plane and midplane

blanket/shield regions (Sec. 7.3.3.1.). This results in a blanket/shield design

that consists of offset cylinders and wedge-shaped sections in the coil plane

and concentric cylinders in the midplane. The (axially) two-region blanket

design is described in Sees. 7.3.2. and 7.3.6.

The philosophy of keeping the reactor simple supported the selection of a

pumped-limiter impurity-control system instead of a magnetic ciivertor. Several

configurations and locations of pumped limiters were assessed. The selected

configuration utilizes two poloidal limiters for each sector in conjunction with

vacuum slots located at the junction between the coil-plane and midplane

modules. Impurities and neutralized DT atoms are pumped from these poloidal

limiter slots into an annular plenum formed between the blanket and shield

assemblies. The vacuum cryopumps are attached directly to the shield, thereby

providing an acceptable pumping path with high vacuum conductance. This

physical arrangement is also shown in Fig. 3.3-3 and is discussed in Sec. 7.5.

The first-wall/blanket configuration and material choices are based on a

PWR coolant and heat-transport system. The structural material is a Primary

Candidate Alloy Stainless Steel (PCASS). The neutron-multiplier is metallic

beryllium, and the solid breeder is natural LiAlC^. On the basis of these

configurational and material choices, the blanket has a theoretical breeding

ratio of 1.06 and an energy multiplication of 1.5 (Sec. 7.3.3.2.). The actual

tritium breeding ratio is reduced to a value slightly above unity as a result of

tritium leakage, tritium decay, and a wall coverage that is somewhat less than

the ideal 100%. The shielding configuration under the TF coils in the inboard

region is most critical because of the need to minimize transport losses by

locating the coils as close as possible to the plasma surface; a compact but

effective shield is used in this region. This design goal is accomplished by

using a small amount of tungsten/lead mixture as a local shielding material in

the inboard coil region. The shield elsewhere is stainless steel, TiH2, TiB2,

and water. Local regions are provided with extra shielding to assure minimal

neutron penetration through joints and ducts. More detailed information about

the shield design can be found in Sees. 7.3.3.3. and 7.3.6.2.
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The EBT plasma is driven to ignition by lower-hybrid heating (LHH) with a

variable (tunable) frequency of 0.55-1.40 GHz; the LHH is applied symmetrically

in four sectors around the torus. After ignition the plasma does not require

bulk heating. The electron rings require continuous energy input as sustenance

against radiation and collisional-drag losses (Sec. 4.4. and Appendix E).

This power is supplied by ECRH at a frequency of 50 GHz (first harmonic) in each

of the 36 sectors. Gyrotrons and CFAs are located directly inboard of the

reactor to assure minimal power losses in the respective waveguides. Although

the design point is based on an "ignited" plasma (i.e., the LHH bulk-heating

power is reduced to zero), a "numerically" ignited plasma was not simulated.

Instead, a high-Q driven mode is reported (Table 6.2-1), wherein the required

LHH power is comparable to the ECRH power needed to drive the electron rings

(i.e., ~ 40-50 MW delivered to the plasma).

A three-dimensional cutaway drawing of the reactor building and the key

reactor and support subsystems is shown in Fig. 3.3-5. Sections of the reactor

are shown both during construction and in a completed state. This cutaway view

illustrates the close fitting of the reactor to the reactor building inner wall

in order to reduce building costs and reactor structural supports. The reactor

support structure, including the pedestal that supports the midplane module,

coil support arms, and coil gimbal supports, are shown both prior to and

following installation of the coil sets and modules. The more massive arms

support the coil sets, while tension struts support the midplane modules. One

coil set and coil-plane blanket/shield module is shown in section in order to

illustrate the blanket/shield closely surrounded by the TF coil. The cryogenic

intercoil structure consist of I-beams and trusses and can be seen in the

sectioned view of the coil set, although the ARE coil is largely hidden from

view. Positioned between the elevated (1.2-m) concrete support bases, needed

for the coil sets, are the TF/ARE-coil dump resistors. Ample maintenance access

is provided outboard of the reactor for maintenance machines and module

transporters that are mounted on monorails. Overhead in the reactor hall are

two bridge cranes (a portion of one is shown); these cranes assist in

construction and maintenance of the reactor. The illustrated arrangement of the

reactor and associated systems is designed to provide a synergistic and

cost-effective utilization of space. More complete descriptions of all the

buildings and reactor plant systems are included in Sees. 7.12. - 7.14.
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3.4. Conclusions

Study conclusions are summarized below and are presented as a more detailed

asssessment in Sec. 8.

o The economic evaluation indicates that the capital cost and COE for an EBT
commercial power plant are comparable to the better developed and
understood tokamak concept.1 Additionally, the COE is considered to be
competitive with energy produced by new fission or fossil power plants. As
future refinements are incorporated, the competitive position for EBT is
expected to be further enhanced.

9 The high-aspect-ratio feature of the EBT assures a highly accessible and
maintainable reactor with totally remote maintenance operations, while
promising a plant availability equal to or greater than present fission
plants.

• A compact, integrated reactor building was developed based upon the unique
reactor features of the EBT concept. The use of conventional power-
conversion and balance-of-plant systems is possible, illustrating a
compatibility with conventional power systems.

o Blanket material selection and configurational tailoring accomplished
adequate tritium breeding, while maintaining a magnetics geometry needed to
obtain the required plasma confinement. This blanket/shield configuration
was achieved using a natural LiAlO^ solid breeder because of cost and
safety considerations.

o An integrated TK/ARE-coil design is proposed that meets all major
magnetics/transport requirements. This TF/ARE-coil set adequately reacts
the induced magnetic-force loading and retains a fully remote maintenance
capability, although the coils are designed to function as llfe-of-plant
components.

o Magnetic aspect ratios of 15 to 20, required for adequate plasma
confinement, can be achieved for a reactor with a 35-m major radius, while
meeting necessary engineering constraints. This configuration Is
accomplished using a significant amount of ARE current (IADF/ITF ~ -0.22)
for the design point. Alternatively, this configuration may be achieved by
designing for larger mirror ratios, as is indicate.4 by the system code. A
definite physics/engineering/cost tradeoff exists, which requires further
study.

9 The pumped limiter is an attractive impurity-control concept for EBTs.
Although many of the coupled plasma/scrape-off/limiter/slot processes
remain to be demonstrated experimentally, the results of the
phenoraenological description provide promising indications of feasibility.

« Trends derived from the systems code analysis are evident that promise an
improved competitiveness of future designs. These trends include the
following.
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- Cost optimizes on the maximum average beta, d, consistent with the
mirror ratios used (i.e., maximum allowed midplane beta,
& = ^ M p/(1 + M)

2).

- Indications of a strong dependence of cost on maximum allowable mirror
ratio, which should lead to more attractive systems for mirror ratios
greater than 2.5, should plasma stability and coil-design constraints
allow.

- Cost-optimized designs for constant beta are found when the number of
sectors and ARE-coil current are reduced and, simultaneously, the
toroidal magnetic field and plasma radius are increased.

- EBT exhibits a stronger economy of scale than a tokamak at the
l200-MWe(net) design point.

- The optimum value for ARF.-coil current appears to be in the range
|IA^g/ij.p| = 0.08 - 0.16, where a broad minimum occurs. Lower values
tend to increase cost because of increased torus radius and higher
values tend to increase cost because of higher magnet costs.

• Several physics issues/questions/uncertainties can significantly affect the
EBT reactor viability: magnetics/transport in high-beta plasma, alpha-
particle dynamics in a bumpy torus, electron-ring energy losses and general
stability, profile effects, edge-plasraa physics, plasma heating/fueling
during startup and approach to ignition, and steady-state plasma bum
control. Many of these issues/questions/uncertainties are interrelated; as
such, future studies must attempt to integrate more thoroughly these items
into a composite assessment of reactor viability. A brief assessment of
these issues is given in Sec. 8.1.

• Although many of the models and design bases used to generate this
promising EBTR design are beyond the present experimental state-of-the-art,
the extrapolations seem reasonable and consistent with the present
theoretical understanding of the EBT.
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4. PHYSICS BASIS AND MODELS

—'Li— ^A^JAly and Confinement

The stability of the EBT plasma results from the presence of the high-

beta electron rings embedded in a background core plasma. As shown in

Fig. 2.2-2, the electron rings form a magnetic well near the plasma edge to

give stability against flute and interchange modes; stability against

ballooning modes is also provided at higher plasma beta. In defining a viable

reactor concept, areas of parameter space where stable operation is possible

need to be identified. Early estimates of core stability were made on the

assumption that the electron ring was rigid.1 Stability limits for the ring

itself were obtained for electrostatic modes in a slab geometry with a kinetic

model for the hot electrons and a fluid model for the background cold

electrons and ions. These results predicted core beta limits that were

approximately equal to the increment in ring beta above the minimum required

to reverse the variation of ^d£/B at the ring location (Fig. 2.2-2).

Recently, stability studies of the coupled ring/core system have been

initiated.^ fc Presently these studies use a finite-beta, Vlasov-Maxwell model

consisting of three species in an inhomogeneous slab geometry. In addition to

explaining the beta limits for EBT, the goal of these studies is to understand

the operational limitations associated with the T-M transition. The latter is

inportant because in the T-mode, where EBT experiments normally operate,

reductions in operating pressure at the plasma edge improve the plasma

performance. This improvement is limited, however, by the onset of the T-M

transition, where noticeable increases in the plasma/field fluctuation level

accompany decreases in operating pressure. For EBT-I the fluctuations peak in

the 50-150 kHz frequency range and are strongest in the radial region near but

outside the hot electron rings. This frequency range is consistent with drift

f requencies and modest poloidal mode numbers in the neighborhood of the hot

electron rings.

Theoretical investigations are also underway to study the higher

frequencies associated with the .iot electron poloidal drift. An early result7

showed that the stability properties of EBT depended on the hot electron drift

frequencies being comparable to the ion cyclotron frequency. Recent

calculations2"6 have also demonstrated the importance of compressional Alfven

wave frequencies, which again are comparable to the ion cyclotron frequency.

In addition, the electron bounce frequency in the EBT-I/S experiment is also
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of this order. To date, however, pronounced fluctuations have not been

observed experimentally in the range of these four frequencies. These more

recent theoretical investigations,2"6 therefore, have yet to provide any

confirmed scaling laws from which to predict the core beta.

For the purpose of this study the high-beta toroidal plasma has been

inferred to be limited by a value of the bulk-plasma beta at the midplane

location that approximately equals the electron-ring beta. These stability-

related beta limits are based upon the assumption of rigid rings and are

sensitive to the assumed pressure profile. Typically, for a midplane beta in

the range 0.3-0.5, the average toroidal beta (defined here with respect to the

average magnetic field) would be in the range 0.13-0.22 for a mirror ratio of

~ 2; as will be shown (Sec. 6.2.), these latter values appear acceptable from

the viewpoint of system power density, superconducting magnet technology, and

plant economics. Specifically, the raidplane beta limit has been established

at 0.5, which for a mirror ratio of 2.0-2.2 gives an average beta of ~ 0.2.

As is shown in Appendix B, however, this beta limit, together with the

1200-MWe limit on output power, constrains EBTR to operate with neutron wall

loadings below ~ 1.5 MW/m2. Small increases in this stability-related beta

limit will lead to increased power densities and a concomitant improvement in

what already appears to be an economic power system.

4.2. Transport Mod el for Co re Pla s_ma

In performing the EBTR study, a time-dependent, three-species (electrons,

DT ions and alpha particles) point-plasna model, was developed. This reactor

code has been adapted from a similar code used in past studies of the

Reversed-Field Pinch Reactor (RFPR)8 and is similer to other codes developed

to describe EBT.9"10 In addition to a Kokker-Planck treatment of alpha-

particle therraalization, the point-plasma reactor model treats the

neoclassical transport with an ambipolar condition being used to compute the

radial electric fields. Options have been developed in conjunction with

ongoing theoretical work11'12 that incorporate the "plateau" transport regime

within the context of a point model. For all parametric analyses using the

point-plasma burn code, the magnetics/transport subtask interfaces with the

burn computations only through the averaged field curvatures, R and RT,

generated by the magnetics/transport subtask (Sec. 4.3. and Appendix D). A

detailed explanation of the point-plasma model Is given in Appendix B, which

also gives the detailed development of both Kovrizhnykh and plateau (ion)
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expressions for the point-plasma transport. This section summarizes the

essential points that are developed in Appendices B and C.

4.2.1. Transport Coefficients for Ions and Electrons. The formulation

of "point" or average-property models from the time/space dependent transport

equations depends on the identification of reasonable, yet workable, density,

temperature, and electric-field profiles. This issue is addressed in

Sec. B.2.1. The primary assumptions made in the course of this study are that

the density scale length, tn = -<n>/(3n/3r)r , is of the order of one-half the

plasma radius, r /2, and that tne temperature scale length,

I-. = - vT>/(3T./3r) , is very large. Introducing the profile factors,
P

f = <n>/n(r=r ) and f̂ .. i <T>/T.(r=r ), into the expressions for the radial

components of the particle and energy fluxes11"15 leads to the following

expressions for the particle and energy confinement times, T . and Tg.,

respectively.

'p \ tTJfp

7/3fTjin + 10I/3fptTj + yqjE./Bfp^Tj

f^T '

(5/2 - fTj*er)/fT1tn + (7/2)eEr/fpkBTi+(5 + (7/2)fTiXer + (fTiXcr)
2)/f

l/ln + fTieEr/fpkBTi + (fTi/fptT1)(l + fTiXEr)

In the above expressions e r = eErRc/kpTe, Rc is the averaged local curvature

of the magnetic field, and E is the radial electric field established by

ambipolar diffusion. Equation (4.2-1B) applies to the Kovrizhnykh case (E x B

forces dominate polodial drifts) and Eq. (4.2-1C) applies only to resonant ion
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(i.e., plateau) transport. In the case of plateau transport, which is the

scaling used in this study, Eq. (4.2-1B) applies only to the electrons (j = e,

Summarized below are the Kovrizhnykh and plateau (ions) expressions for

the particle dif f usivities, Dn .= and Dn^, respectively.

where iiQj E kgTj/r qjRcB is the gradient-B drift frequency, and for plateau

scaling, Eq. (4.2-2A) applies only to the electrons. In Eq. (4.2-2B), a is a

constant12 (= 2.1), X = Te/Ti, and v. is the collision frequency. The density

and temperature profile factors, f and f-j., respectively, are the ratios of

peak (centerline) to edge values. Combining Eqs. (4.2-1) and (4.2-2) in the

limit where £n = r_/2 and l/Hj; * 0 gives the following expressions for the

particle confinement times.

1 r2 R 2 i - (r /2Rc)er

= i ^ J (4.2-3A)
- e r )

2

(4.2-3B)

The ion collisionality is t, - vi/floj, and the electron collisionality is

5e = ^e/noe = £/A
5/261/2, where 6 - mg/mj. It is noted that Eq. (4.2-3B) is

independent of collisionality for plasma scaling (v^ appears only for

dimensional convenience). Assuming once again that the temperature scale

length, lj , is much greater than the density scale length, ln, application of

the ambipolar condition results in
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TEe = (3/7) rPe ' (4.2-4A)

TEi
Xer(rp/2RC)]

[(5/2 - XEr)~ + (7/2)Xer(rp/2Rc)]

(lV3)TE e[l + X£r(rp/2RC)]

[(5 - 2Xc r)T 7Xer(rp/2Rc)]
(A. 4B)

Equation (4.2-3B) is applied to the ions, whereas Eq. (4.2-3A) is applied

to the electrons, in accordance with the arguments given in Ref. 12.

Specifically, the region in electron phase space where particles are in

resonance (i.e., ft = ft(jrxg\ + ^ ( V B ) ~ 0) i
s small, and this region is situated

at higher energies than for the ions. On the other hand, ions with thermal

energies on the order of electrostatic ambipolar potential can experience a

poloidal drift cancellation, and transport for the ions will be dominated by

such resonant particles. The ambipolar condition that T = T - is used to

determine the magnitude of the radial electric field, the plateau model

being restricted to negative roots (Sec. B.2.5, Appendix B).

4.2.2. Ambipolar Diffusion and Self-Consistent Electric Fields. Appli-

cation of the ambipolar condition, T . = x , to the case of resonant ions and

Kovrizhnykh electrons imposes the following condition on the radial electric

field.

3 , 2e
r
 + Pe

r
 + 1€r + r =

4/a"

9Ti(l+l/a)2
(C2/x56)l^(2Rc/rp)(l - errp/2Rc) e

X'erl , (4.2-5)

where

P = 2Rc/rpX - 2 (4.2-6A)
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= 1 + £2/A56 - 4Rc/rJl , (4.2-6B)

r = (2Rc/rpX)(l + iZ/X56) , (4.2-6C)

and, again, a = 2.1. It is easily shown that the roots for ef approach

-2Rc/r A, 1, 1, as C approaches zero, although only the negative root has

physical meaning for the plateau formulation used here. Experimental evidence

from EBT-I16'17 suggests the existence of a negative, inward-pointing, radial

eleccric field. If, in fact, the ions in the EBT-I experiment diffuse more

rapidly than the electrons and the bulk plasma becomes negative relative to

its edge, the more negative root for er should be used; if the less negative

root were initially established, stochastic fluctuations would tend to drive

the plasma potential towards the more negative root.16 For this reason the

time-dependent plasma simulation, which solves Eq. (4.2-5) at each time

interval, selects the most negative root for er# This root is then applied to

Eq. (4.2-3) to determine i - T
pi(j

 = e,i). Examples of the solution to

Eq. (4.2-5), as well as for the Kovrizhnykh case (i.e., only Eqs. (4.2-1A) and

(4.2-2A) are used for x = x • ) , are given in Sec. B.2.5. of Appendix B.

The sensitivity of er to the value of A = Te/Tt and Rc/rp is also shown.

GeneralLy, if A becomes too large (i.e., > 2-3), the negative-root solutions

to Eq. (4.2-5) are lost, and the impact of this behavior on modeling the

reactor startup towards ignition is reflected by the need to maintain some

control on A by properly mixing electron and ion microwave heating. These

issues are also addressed in Appendix B (Sec. B.4.).

4.2.3. Zero-Dimensional Plasma Model. The zero-dimensional (i.e.,

point-plasma) model used to simulate the transient startup to ignition is

described in Appendix B (Sec. B.I., with sample burn results given in

Sec. B.5.). This model is similar to the Oak Ridge National Laboratory (ORNL)

code9'10 except for the treatment of alpha-particle therraalization and

particle/energy transport. The model used in this study includes the

following.



Three species plasma.

- Maxwellian ions and electrons.

- Fokker-Planck description alpha-particle dynamics.

- The ion species are described by an average DT particle, except the ion
transport is first computed individually for D + and T + and an
appropriate average is subsequently taken.

Option for either microwave or neutral-beam heating.

Conservation of particles with an option for programmed fueling and
buildup of toroidal plasma density (e.g., startup with fixed
collisionality, constant n/x constant power, or constant beta).

• Classical ion-electron equilibration.

• Radial transport described by the aforementioned neoclassical scaling laws
using a self-consistent determination of radial electric fields.

- "Kovrizhnykh" scaling optioii ^that evaluates both ion and eLectron
transport in the limit where ExB poloidal drifts dominate gradient-B
drifts.

- "plateau" scaling option, wherein the ions transport is assumed to be
dominated by resonant particles (i.e., fi = ^gxg + flyg - 0) and electrons
are scaled in accordance with Kovrizhnykh transport.

- the fraction, f , of alpha particles that survive first orbit losses are
transported according to neoclassical theory in conjunction with the
time-dependent alpha-particle temperature. For the purposes of this
study, however, the alpha particles are transported with the ion
confinement time.

• Pressure balance is generally used only to compute beta as a function of
time, with a post facto application of a stability beta limit being used
to accept or reject r° lain ope;;-ing points.

• Radiative loss channels include bremsstrahlung, line, and cyclotron
losses.

• Electron-ring physics and energy losses .ire not explicitly incorporated
into the plasma energy balance used to model the core plasma.

• Charge-exchange and ionization processes are r.ot modeled, under the
assumption that these phenomena for reactor-grade plasmas become purely an
edge effect that is adequately modeled by the cold-gas fueling scheme.

• Complete plasma and reactor-plant energy balances are performed.

• Time-dependent structural/mechanical analysis of the first-wall response
is computed.
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For a given burn simulation the parameters B, R™,, R , and r serve as

primary input from which the plateau transport using "self-consistent" radial

electric fields is computed. It is through these parameters that the primary

iterative connection is made with the magnetics, magnet design, and first-

wall/blanket/shield designs. The magnetics model (Sec. 4.3. and Appendix D)

also provides an estimate of the prompt alpha-particle losses. For all

calculations the prompt-loss fraction, l-fa, is set to zero, pending a more

detailed analysis of this complex problem. Although at the centrum of the

EBTR design point determination, the burn code closely interfaces with other

complex models, this interface and iteration procedure being described

previously in Sec. 2.4.2.

4.2.4. One-Dimensional Plasma Model. The approximations needed to

derive the zero-dimensional plasma simulation of EBTR raise a number of

important questions. Particularly important are issues related to the

following.

• Actual radial profiles established for the steady- ;ate temperature,
density and electric field profiles and the averaging procedure most
appropriate for modeling the plasma in zero dimensions.

« The fine structure of radial pressure profiles and the related
implications on ring and core plasma stability.

© Alpha-particle transport, including the efficiency of thermalization, the
diffusive loss of helium ash (and energy if T a » T^ ), the influence on
the ambipolar potential, and local effects associated with density
accumulation and heating (local ignition).

• The rate at which energy is lost to and from the core plasma by the
relativistic electron rings.

In order to address these issues for the reactor, a one-dimensional

(radial) burn simulator was generated in parallel to the main body of the

study. The one-dimensional plasma model is described in Appendix C. This

parallel effort is, and for some time will remain, in a developmental stage.

A specific comparison with the EBTR design point, however, was made; the

results are given in Sftc. 6.2.3.

4.3. Magnetics Model

The magnetics model provides values of the toroidal curvature, R™, and

the local magnetic curvature, Rc, both of which are necessary for the

determination of the electron and ion confinement times, xpe and T ., given by

Eqs. (4.2-3). Furthermore, the values of R^ and R are based upon a magnetic
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field configuration that can be simulated realistically by the various coil

arrangements used in providing aspect ratio enhancement (ARE) of the

bumpy-torus configuration. The magnetic field model used h<;re affects

realistic simulations v_iâ  loop current representations of all coils and is

described in detail in Sec. D.2. of Appendix D. The approach followed here

for generating the field curvatures, IU and Rc, from a magnetic field model

adopts that used in previous studies11*15 to produce relevant transport

coefficients at low r^asma-beta values. The procedure for calculating R^ and

RQ entails the cal<~ -.iations of the b^-mce-averaged vertical-drift velocity,

v , and poloidal orift frequency, Q. The calculation of v and ft is

summarized in Sec 4.3.1., and the detailed derivations of vy and U are found

in Sec. D.3.1. The equations relating v and fl to the point-model values of

RT and Rc are presented in Sec. A.3.2. In addition, the magnetics model is

used to optimize the first-wall/blanket/shieid configuration, to calculate the

fraction of the alpha-particle population that will survive first-orbit

collisions with the first wall, and, lastly, to estimate the geometric

variations in the neutron wall loading. All of these auxiliary calculations

are described in detail in Appendix D.

4.3.1. Calculation of Bounce—Averaged Drift Velocities. The prescription

for calculating the bounce-averaged gradiant-B drift frequency, ft, is given

by18

am—£ > (4'3-1)

where m is the particle mass, UJC is the cyclotron frequency, and r is the

midplane radial location of the field line over which Q is bounce-averaged,

measured relative to the center of the particle orbit (i.e., where 3J/8r = r ) .

The bounce period, T, and the second or longitudinal invariant. J, are defined

by

T = d̂fc/v,, , (4.3-2)

and
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J = m^Uv,. . (4.3-3)

The differential element along a field line, I, given in toroidal

coordinates is

d* = { ( ! — ) 2 + 1}1/2 Rd* = A a d * . (4.3-4)
R d<f> B ,

Invoking conservation of kinetic energy and magnetic moment during a particle

orbit, the component of the particle speed parallel to a field at any

arbitrary location along the field line can be written as

(4.3-5)

where vM is the particle speed at the midplane; B(r,£) is the magnetic field

at a distance i along a field line measured from its point of intersection

with the midplane, the intersection point being at a radial location r; r^ is

the plasma center (that is where r = 0) and is determined by the condition

[3B(r,0)/3rir=r = 0; and C(rM) is the pitch angle measured at the plasma

center. The line integrations of Eqs. (4.3-2) and (4.3-3) are performed over

that portion of a particle trajectory located between the midplane and the

relevant mirroring point as determined by the zero of Eq. (4.3-5). In the

case of a passing particle (i.e., a particle with a parallel velocity

sufficient to preclude reflection by the mirror field), the mirroring point is

replaced by the location of the particle trajectory in the coil plane.

The bounce-averaged vertical drift velocity is given by

vy = T"
1 fdl vD/vn . (4.3-6)

The local vertical drift velocity is given by
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vD = , rfyms I2 ~ -n 2
?(r M)

 B<r'«>] . (4.3-7)
D 2qB(ri)R(*) L ^ M' B(rM,O)

J

The means by which v^ and £2 are used to estimate a particle diffusivity, Dn,

and reduced to the point-plasma quantities required by the burn code

(Sec. B.I., Appendix B) is described in the following subsection.

A.3.2. Relationships of Bounce-Averaged Drift Velocity-3 to Point-Plasma

Transport Model. The particle diffusivity to first order in colllsional

effects and pitch angle, and neglecting electric field effects, has been shown

in Sec. D.3. of Appendix D to be given by

7T7

where the subscript j denotes the jth species, n- is the density of species j

and fQs denotes a Maxwellian velocity distribution. The relationship between

the particle confinement time, T
pi>

 ar>d D . ^s developed in Sec. B.2.

[Eqs. (B.2-22A) and (B.2-27)] and is obtained by evaluating the particle flux

of Eq. (B.2-17) at the plasma surface. Consequently, the particle

confinement, T •, in the point-plasma context must be a function of a

Maxwellian-weighted velocity average of the ratio (v /ft)2 evaluated at the

plasma surface, which is denoted by <(v /ft)2>.

The precise relationship between the bounce-averaged quantities, v and

SI, and the point-plasma parameters, R̂j, and Rc, is obtained from the

definitions of the average drift velocity used by the point-plasma model

v = kgT./q-BRj , (4.3-9)

and the average poloidal drift frequency

kBTj/rpqjRcB . . (4.3-10)
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The toroidal radius of curvature, Rj, is synonymous with the major radius, R,

in the point-plasma context. In accordance with Eqs. (4.3-9) and (4.3-10) and

the requirement that the confinement time be a function of <(vy/i2)>, the

following prescription for calculating R emerges.

RT

Rc = , .,, , (4.3-11)

where rMp is the plasma radius in the mldplane. The ratio of fi and v has

been inverted in Eq. (4.3-11) for numerical reasons described in Sec. D.3.

of Appendix D.

The relationships above describe a well-defined, direct, and crucial link

between the point-plasma burn code (i.e., plasma performance and reactor

energy balance) and the EBT magnetics (i.e., coil configuration and magnet

design). Through an iterative process, values of R^, Rc, and R̂ ./Rc are

determined that will both give an acceptible reactor operating point via the

burn sltp"lation and simultaneously be amenable to simulation by a realistic

TF/ARE-coll configuration. The key parameters that communicate between the

burn and magnetics codes are R<p, Rc, and R^./Rc. This iterative process is

carried out under the constraints imposed by blanket/shield neutronics (Sec.

7.3.3.) and electron-ring physics (Sec. 4.4. and Appendix E). This full

iterative scheme has been quantitatively described in Sec. 2.4.2.

4.3.3. Magnetic Field Errors. A toroidal fusion device must have either

closed magnetic surfaces with rotational transform, as in tokamaks and

stellerators, or closed particle drift contours, as in a bumpy torus, for the

plasma to be well confined. Field errors introduced during coil construction

or by magnet misalignments can influence plasma confinement by causing the

flux lines to spiral out of the confinement region and connect the plasma to

the wall. The effect of field errors on a bumpy torus has been investigated

theoretically and experimentally19»20, and the effect of coil misalignments on

the closure of magnetic flux lines has also been studied.21

Since many revolutions around the major axis are generally required for a

field line to spiral out of the torus, only toroidal or passing particles in a

bumpy torus are subject to loss through this mtchannisir!. in addition, it has
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been shown that even with global field errors present, closed drift contours

exist for the toroidal particles in a bumpy torus, although the contours can

become enlarged and shifted, resulting in enhanced plasma loss.

Experimentally, a net toroidal current has been observed in the EBT

plasma16'17, which is normally current free, after a critical field is

exceeded. In addition, the line-averaged density decreases and the plasma

fluctuation level rises substantially. However, up to a critical level of

field error the plasma remains quiet and exhibits no unusual behavior.

One prescription for the critical field error is <SB/B < Pe/r , where pe

is the electron Larmor radius and r the plasma minor radius. In EBT-I the

value of 6B/B is approximately 10 by this criteria, and indeed the onset of

plasma current and fluctuations is observed as 6B/B approaches Pe/r . In the

proposed EBT-P device17 the critical field error is reduced to 10 by the

same criteria. In the reactor design presented here, which operates with the

same magnetic field as EBT-F but with five times the minor radius, this error

would reduce to 2(10)"^.

Systematic errors related to winding helicity, layer-to-layer

transitions, coil leads, and electrical buswork can be essentially eliminated

by coil designs which compensate for these effects. The magnet alignment

remains as the principle means whereby field errors may be introduced. It has

been shown that only coil rotations contribute to the global field error.2()

Hence, by determining the magnetic axis by field mapping and using standard

optical techniques for coil alignment, a global field error of approximately

2(10) can be achieved (this value of SB/B represents errors in angular

orientation of ± 0.025°). In principle this error can be reduced to zero by

realigning a few selected coils around the torus, eliminating the need for

field correction coils, at least from the point of view of achieving adequate

clor of field lines. However, long-term stability of magnet alignment has

not n considered in this analysis, and it may be more practical to provide

field correction coils if alignment drift is evident.

4.4. Electron-Ring Physics and Energy Loss

In this section a synopsis of the ring physics that is central to reactor

performance is presented. Appendix E gives the models used to estimate energy

losses from the electron rings. The electron annuli are a necessary component

of EBT in order to provide stability of the toroidal plasma. The electron

annuli, however, in themselves are an endothermic component of the plasma,
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requiring energy for their sustenance. This leads to the question of energy

balance for the ring and its relation to the reactor energy balance. It is

within this context that the beta limit determined by energy losses from the

electron ring is examined.

In the present16 and planned17'22 EBT devices energy is supplied to the

electron ring from a resonant coupling between microwaves and the ring

electrons at a harmonic of the electron cyclotron frequencies. This method is

a natural and easily controlled heating mechanism. Waves are launched into

the toroidal plasma and propagate to the resonance zcne where the predominate

coupling occurs. The condition for the propagation of the microwaves is

subject to a cutoff constraint when the local plasma frequency, ">pe, exceeds

the cyclotron frequency, w c e, evaluated at the ring location.

Because the annulus can be stabilized, classical losses dominate the

power requirements (Appendix E). The most important of these processes are:

a) collisional drag of the hot electrons against the cooler core-plasma

electrons, b) scattering of the hot electrons into the mirror loss cone, c)

cyclotron radiation, and d) electron-electron bremsstrahlung. Each of these

losses can be obtained by averaging over the electron distribution for the

annulus. The details of this calculation have been presented in Refs. 1/, 22,

and 23 and in Appendix E; the results however, are shown in Fig. 4.4-1. The

curves labelled P(fc) represent a variation in the ratio, fc (i.e., fc = 1/2

and 1), of the background plasma density at the annulus to the microwave

cutoff density. The curves in Fig. 4.4-1 show that the total power loss has a

broad minimum ar ind a ring temperature of -T^ = 1 MeV. For a fraction f„ =

i/2 and the field, B, expressed in tesla, the minimum power loss for Tg =

1 MeV is

(4.4-1)

where 3C is the beta required to maintain the MHD stability of the core

plasma, and B is the magnetic field strength at the annulus.

It is not possible to provide a detailed scaling model of the ring volume

to a reactor size. Reasonable assumptions (i.e., the ring width is of the

order ten electron Larmor radii, and the length is of the order of the

distance between resonance zones), however, give an estimated ring volume that
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Fig. 4.4-1. Dependence of electron-ring energy losses on hot electron
temperature.

is a few percent of the core-plasma volume for the reactor. As shown in

Appendix E (Sec. E.3.2.), a plasma-to-ring ratio of V /VR = 50 should give a

ring Q-value, QR = PT/H/^R' i
n excess of 100, which is required to assure that

the recirculating power needed to sustain the electron ring is less than 10%

of the reactor net electrical power.

The basis of the parametric analysis given in Appendix E is the coupling

of the classical electron energy loss model (Fig. 4.4-1) and a simple pressure

halance depicted in Fig. 4.4-2. Using this simple ring/core plasma pressure

balance, the toroidal-plasma beta at the ring, 3, the ring beta, jJjj, and

Y = 1 + TR/511 can be related to the profile parameters, f^ = n/n^ and f =

<n>/n, and the cutoff fraction fc = n/n(u)ce = w p e ) . In these expressions <n>

is the average toroidal-plasma density, u is the toroidal-plasma density at

the ring location, and nR is the hot-electron density in the ring. As

inferred from Fig. 4.4-1 and shown in Appendix E, the quantity
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Fig. 4.4-2. Idealized density and field profiles used to model
r igid-r ing, sharp-boundary pressure balance (Appendix E).

the

Q* = QR(V R/V )/fp
2fR is relatively insensitive to TR, which leads to the

parametric curves shown in Fig. 4.4-3.

The lines of constant f /(3/3R) shown in Fig. (4.4-3) can be used to

limit the parameter range and allowable values of the variables embodied in

QR. First, f = 1 and 0/3R - 0.8 would establish fp/(3/3R) > 1.3 as a lower

bound in Fig. 4.4-3. Taking f_ < 3, 0 > 0.3, and 3/3R < 0.5 gives

fp/(0/3R) < 6.0 as an upper bound on Fig. 4.4-3. Since core-plasma

temperatures much above T = 30 keV do not lead to increased values of QR>

whereas a strong impetus exists for operating with T > 20 keV from the

viewpoint of maximizing QR, the region bounded by T = 20,30 keV and

fp/(0/0R) = 1.3, 6.0 defines a range of viable operating points. In this

region the parameter QR(VR/V )/(TR/T-l)/(0/3^)
2 from Fig. 4.4-3 is limited to

the range 0.01 - 0.02, with 0R limited to the range 0.2-0.5, As estimated

in Appendix E, QR ( V R / V P ) must exceed unity if the ring power is to consume

less than ~ 10% of the recirculating power and if the ring volume is to be

maintained at or below a few percent of the core-plasma '-olume. This limit

establishes TR/T > 80, which for T = 20 keV will require T R > 1600 keV.

82



0.2 0.4 0.6 0.8
ELECTRON RING BETA,£R

1.0

Fig. 4.4-3. Dependence of QR(VR/Vp)(BR/0)
2/(TR/T-1) on 3 R and T under the
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The degree to which the electron rings will consume recirculating power,

as measured by QR, is a sensitive function of the parameters f_, fR, & and $R.

These parameters are interrelated by pressure balance and stability

considerations. The approximate pressure balance, Eq. (E-20) of Appendix E,

used to relate these parameters clearly deserves more careful examination by a

broader-based reactor study. Additionally, as noted in Sec. 4.2. and

Appendix B, the assumed or computed density and temperature profiles, as

reflected by the parameters £R and f , can significantly influence the result

of the point-plasma burn simulations; it is seen that these same parameters

appear directly in the expressions used to estimate the ring energy balance

and, hence, overall reactor performance. The coupling of burn performance,

electron-ring losses,and EBT stability through these "profile effects" has yet

to receive a self-consistent analysis for a reactor, but a regime of

potentially acceptible operation has been identified by this study.
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5. ENGINEERING DESIGN MODEL: THE EBTR SYSTEMS CODE

An important task of any reactor design study is the integration of

engineering, costing, and physics constraints through a model that inciides both

reactor and balance-of-plant (BOP) systems. By parametric modeling of all

reactor systems, it is possible to search for total systems designs that satisfy

the physics constraints and demonstrate attractive technical and economic

characteristics. For instance, while a high aspect ratio and low neutron first-

wall loading may be easily attained from a physics standpoint, this combination

of parameters is undesirable from the standpoint of design and economics.

Hence, a compromise must be reached between attractive physics performance,

engineering design, and cost. For this reason it is important to examine the

reactor as an integrated system in order to arrive at the most desirable overall

design; the tool by which this integrated physics/technology/economics tradeoff

study is performed is the EBTR systems code.

5.1. General Considerations for the Systems Code

A computer iiiuut:I oi this giobai nature can be compieA, and a iiumDer of

simplified scaling laws must be used to describe both physics and economic

tradeoffs. It is important, therefore, that the systems code be used with an

intuitive understanding for the important input variables and, hence, with a

comprehension of the effect of changing one variable versus another. For

instance, it is clear what happens to the power plant if the number of sectors,

N, are increased while holding the major radius, Rj,, constant: the toroidal

length of a sector decreases, the mirror ratio, M, decreases, the magnetic

radius of curvature, Rc, increases, the number of coils increases, the

confinement time decreases, etc. Hence, the interplay between variables such as

N and R̂ . is readily understood. On the other hand, the impact of changing

variables such as the electron collisionality, £e, is not as readily understood

from the viewpoint of engineering and economics. For this reason the major

variables chosen for input to the systems code are physical quantities that can

be easily visualized and understood from an engineering and economic standpoint.

These input varaibles are:

• N, number of sectors

• R^, toroidal major radius

© B, average magnetic field
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r , average plasma r Tr.or

)f the current in an aspect-rado-enhancement (ARE) coil to
tfie current in a toroidal-field (TF) coil.

• P£, net electric power.

The single figure of merit used by the systems code to judge comparatively

all design options is the cost of electricity (COE). All reac*:or equipment and

design parameters are translated into both capital and operating costs. The

plant efficiency for generating electricity and the plant availability

substantially affect the COE. The systems coat includes algorithms that are

appropriate for estimating these items.

The EBTR systems code is described in the following sections. This code is

divided into physics, engineering, and costing parts, which are coupled by a

main driver routine. The systems code must be sufficiently broad in scope and

yet concise enough to permit the accurate assessment of a large number of

potential operating points in order to determine trends in a multi-diir.ensional

parameter space. The parametric relationships developed foe this code ate,

therefore, made as simple as possible, while maintaining the basic

characteristics of the component or variable being modeled. •Iso, a large

number of options, such as ARE coils and various maintenance schemes, must be

included so that the most economically attractive option can be identified. The

results that emerge from the systems code are used both to define attractive

regions of parameter space and to examine basic parametric sensitivities.

Although the final reactor design point reported in Sec. 6.2. was determined

independently of the systems code, the systems code corroborates this

design-point selection process in that the "optimum" design is close to the

actual design point selected by this study. More detail on the models used in

the systems code can be found in Appendix F. Figure 5.1-1 gives the overall

computational algorithm that serves as the basis of the systems code.

5.2. Physics Model Used in Systems Code

Two approaches are taken to model the physics in the systems code. One

approach uses a steady-state version of the transient, zero-dimensional burn

code (Appendix B, Sec. B.I.) developed for this study and is called the

"comprehensive" physics approach. The second or "simplified" physics approach

approximates an ignited EBT plasma based on a simplified transport model.1 Both

models include a magnetics/transport approximation that effectively couples the

transport physics (i.e., magnetic aspect ratio, Rx/R
c) to the reactor
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engineering (Appendix D). Both models also include general relationships that

are important to the understanding of the physics results. In particular, the

systems code uses a geometric average for the plasma beta, 3, based on pressure

balance, 8 = 4vionkgT/B
2, where n, T, and B are again average values. Therefore,

it is assumed that B is a simple average of coil-plane and midplane values, and

the assumption of toroidally uniform plasma pressure (i.e., 3B2 =

results in the following expression for the midplane beta.

.2-1

where M is the average mirror ratio and Bĵ p is the midplane magnetic field.

For a number of reasons the zero-dimensional physics model described in

Sec. A. and Appendix B is not amenable for use in an engineering-design systems

code. First, this more complex, slower-running code would make the examination

of a large number of cases time-consuming and expensive. Second, the

zero-dimensional burn model is time-dependent, which is inappropriate for a

systems code that only examines steady-state reactors. Furthermore, a

steady-state code involves far fewer variables, thereby allowing more cases to

be examined more efficiently. Third, the burn code requires inputs which do not

directly submit to engineering analysis; it is judged more convenient for the

systems code to use the total power as an input and the collisionality as an

output, if examinations of the startup and approach to steady state are not

desired.

5.2.1. Simplified Physics Model. A single equation is used to approximate

-he EBTR confinement time in this simplified physics option. The equation is

based on the EBT-P study.1

( V R c > T e r 3Tin9TE(S) = 3.7(10)
14 C

n [l+^J:]2 . (5.2-2)

For the purposes of the systems code it is assumed that T^ = Te, which results

in
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xE = 2.3(10)
15 . I . (5.2-3)

The constant in this equation is chosen such that the equation fits EBT-I/S

data1 as well as results from the time-dependent burn code (Appendix B). While

this equation is used to model only ignited, steady-state systems and neglects

many of the variables included in the comprehensive physics model, it has the

advantage of being dependent only on the magnetic aspect ratio, Rp/Rc, and,

therefore, ignited solutions can be obtained at all valid values of Rj*/Rc. The

last term on the right of Eq. (5.2-2) models the electric field under the

assumption that the electron collisionality is small.

Hence, by eliminating the solution to the transcendental cubic equation

that describes self-consistently the radial electric field (Sec. 4.2.2.) in

favor of Eq. (5.2-3) for the steady-state ignition condition, a faster-running

systems code with the capability of treating many cases results. Although

approximate, the results generated by the systems code operating in this

simplified physics mode are adequate for the purposes of broad scoping and

sensitivity studies. The actual reactor design point, however, is based on the

predictions of the self-consistent, time-dependent model described in

Appendix B.

5.2.2. Comprehensive Physics Model. The transient, zero-dimensional model

(Appendix B) was transformed into a steady-state model, and the equations were

rearranged to provide input and output variables that are more compatible with

the engineering portions of the systems code. This steady-state model solves

for either ignited or subignited cases, as specified, or for the steady-state

conditions for a given ion temperature. The modelistic equations are discussed

in Appendices B and E. Although the comprehensive physics version is a

significant improvement over the transient code in speed, steady-state solutions

to many cases cannot be found. The apparent absence of solutions is a result of

requiring an exact solution to the ignition equations (i.e., the energy losses

are precisely balanced by the alpha-particle heating) and the lack of radial

electric-field solutions to the ambipolar condition for certain values of

£e, X = Tg/Tj, and Rc/r (Appendix B). This problem is compounded by the

non-linearity of the equations being solved and the iterative nature of the

solution method employed. The absence of numerical solutions for a wide range
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of parameters creates serious problems for tha systems code, which depends on

steady-state solutions for a large number and range of parameters in order to

determine trends. For these reasons the simplified physics model described

above was adopted for these multidimensional searches and parametric sensitivity

studies.

5.2.3. Magnetics Model. Both the comprehensive and simplified physics

models depend strongly on the value of the magnetic aspect ratio, Rp/Rc. For

this reason it is important to have the capability to determine Rf/Rc with good

accuracy for a wide range of coil configurations. The engineering model in turn

depends on a number of plasma parameters that also depend on the coil

configuration (e.g., average plasma radius, r , and mirror ratio, M). These

parameters can be determined as functions of the input parameters, N, RT, r , B,

and ^ARE^TF' a s *s indicated by Fig. 5.1-1. Normally, this computation is

performed by a separate magnetics code that calculates the field-line geometry

for a particular coil configuration and subsequently calculates the

appropriately-averaged plasma transport parameters (Appendix D). The magnetics

code, however, requires far too much computer time for inclusion in the systems

code. Consequently, an alternative approach was taken. Neither a simple linear

fit of these magnetics results to the various input variables nor a "look-up

table" routine that is applicable over the range of interest is feasible for

reasons of accuracy and computer-storage requirements. Therefore, a

second-order, least-square fit is made between output from the

magnetics/transport code results (Appendix D) and the five main input parameters

used by the systems code: N, Rj,, r , B, and ^RE^TF* Ttie magnetics results

rc

being used in the least-square fit are listed here.

• TF-coil major radius,

• ARE-coil major radius,

• TF-coil average minor radius, r

• ARE-coil average minor radius, ^ g

• TF-coil cross-sectional dimensions, St,^ and wT

• Location of ARE coils with respect to TF coils

© Plasma midplane radius, r^,
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• Plasma coil-plane radius,

• Magnetic aspect ratio,

o Average mirror ratio, M

o On-axis coil-plane magnetic field, B^p

o Maximum magnetic field at th F coil, B^

The detailed procedure and results of this magnetic/transport parametric fit are

given in Sec. D.6.4.

5.2.4. Electron-Ring Physics Model. The electron-ring physics model used

in the systems code includes options for both electron and ion rings, although

only electron rings are considered in this study. The electron-ring temperature

is set to 1.42 MeV for minimum energy loss (Ref. 2, Sec. 4.4., and Appendix E).

The toroidal length of the ring is equated to the midplane plasma minor radius,

rĵ p, and the radial thickness is equated to ten electron gyroradii evaluated at

the plasma edge. These dimensions are selected on the basis of plasma and ring

MHD stability. The volume of the electron rings and the electron cyclotron

resonance heating (ECRH) sustenance power can then be determined. Additional

details of the ring physics model used in the systems code are given in

Sec. F.I.3.

Preliminary studies using this electron-ring model show that in some cases

the rings consume excessive amounts of input power, sometimes even exceeding the

gross electric power produced by the reactor. Because no way could be found for

predetermining such cases, an option is included in the systems code to bypass

this calculation and to specify instead the ring input power as a fraction of

the net electric power. The electron-ring dimensions are then back-calculated

based on this assumption. This latter procedure (Appendix E) is used throughout

this study.

5.3. Engineering Model

The engineering model used in the systems code is based on consistent

scaling relationships that size the reactor and BOP systems in accordance with

the input parameters (N, R̂ ,, r , B, I/vRE^TF^ a s w e l 1 a s t n e computed magnetics

and physics parameters. The major subsystems covered by the engineering model

are as follows.

9 TF and ARE Coils
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• First Wall, Blanket, and Shield

• Plasma and Electron-Ring Heating Systems

«» Vacuum System

e Main Heat Transfer and Transport System

• Turbine-Generator System

• Electric Power Equipment

• Reactor and Auxiliary Buildings

• Maintenance Scheme and Equipment

The method of treatment for each of these subsystems, as well as the options

available for each, is described comprehensively in Appendix F and are

summarized below.

5.3.1. TF and ARE Coils. The dimensions of the coils are based on the

current needed to produce the required average field, the allowable current

density, and the required ARE-coil current. The current density can be obtained

in one of two ways. It can either be specified or calculated iteratively as a

function of maximum field at the coil windings and the allowable stored energy

based on an adiabatic coil dump (Appendix J). For a given current density the

TF-coil and ARE-coil dimensions are calculated using the magnetics curve fits,

as is discussed in Sec. 5.2.3. and Sec. D.6.4. Conductor packing fractions and

stabilizer-to-superconductor area ratios can also be specified. Coil sizes and

locations are calculated as functions of plasma size and blanket dimensions.

5.3.2. First Wall, Blanket, and Shield. The calculation of areas, volumes,

and weights of the first wall, blanket and shield are based on the volumes

calculated for the design point and are varied according to the plasma radii

calculated for a particular case. Materials, thicknesses, and densities can be

easily varied to examine different blanket configurations. The relative

toroidal widths of the coil-plane and midplane sectors are varied with the

toroidal width of the TF coil, as computed for each case.

5.3.3. Plasma and Electron-Ring Heating. Provisions are made in the

systems code for bulk plasma heating by ECRH, ion cyclotron resonance heating

(ICRH), or lower hybrid heating (LHH). For subignited cases, the bulk heating

requirements are calculated as a function of the kind of heating required, the

steady-state input power density, and the component efficiencies assumed, all

quantities being input parameters. The size of the heating system is increased
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if the required startup power (based on an assumed startup power density, which

also is an input parameter) is larger than the steady-state power density. For

ignited systems, the bulk-plasma heating is sized to satisfy the startup power

requirements. Either electron or ion rings can be specified. Power

requirements for the rings can either be set to a fraction of the net electric

power or calculated as a function of ring volume and power loss, as is discussed

in Sec. 5.2.4.

5.3.4. Other Engineering Systems. Vacuum System requirements are

calculated as a function of particle confinement time and burnup rate. Pump

sizes are normalized to calculations made in conjunction with the STARFIRE

tokamak reactor design.3 Recirculation of particles between the first wall and

the plasma can be taken into account and varied (Sec. 7.5.). All aspects of the

Main Heat Transfer and Transport System (e.g., pumps, pipe sizes, etc.) are

scaled with the reactor thermal power. Sizes are normalized to those determined

for STARFIRE.3 The size of the Turbine-Generator System is scaled with the

gross electric power. If the gross electric power exceeds 1500 MWe, multiple

turbines are used. Fewer turbines are more desirable from a reliability

standpoint and, therefore, the systems code uses as few turbines as possible.

The size of Electric Power Equipment (e.g., sizes of switchyards, switchgear,

wiring) is based on the gross electric power. Sizes of transformers and power

supplies for plasma heating are based on the appropriate reactor parameters.

All sizes of these systems are normalized to those determined by the STARFIRE

design. The Reactor Building size is normalized to the design point and scales

as the torus major radius. Other buildings scale according to their functions

(e.g., turbine building size scales with gross electric power and the number of

turbines).

The systems code also calculates various maintenance options (i.e., the

fraction of the torus replaced per year) and the required maintenance equipment,

times, and personnel required for each option. This calculation is based on the

analysis given in Sec. 7.11. Scheduled BOP maintenance times as well as

unscheduled BOP and reactor maintenance can be adjusted as desired. From these

results the reactor availability is calculated, and the most optimum scheme is

chosen based on COE.
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5.4. Cost Model

The cost model used in the systems code assumes the tenth plane in a mature

industry. Scaling relationships for currently available equipment (e.g.,

turbines) are based on vendor quotations. Those items which are currently

available but do not yet meet EBTR requirements (e.g., gyrotrons), will need

further development. Scaling relationships for these items are based on

projected cost estimates from vendors. Scaling relationships for items in the

development stage, such as high-field superconducting magnets, are based on

extrapolation from existing data. Details of these scaling relationships are

presented in Appendix F. All costs incorporate an escalation factor for

normalization to 1980 dollars or any other base year. Appendix G explains the

costing procedure in detail.

5.5. Code Construction

The systems code incorporates a wide range of options to allow many kinds

of tradeoff studies to be made. Figure 5.1-1 illustrates schematically the

logical flow of the systems code, including many of these options. Table 5.5-1

lists the major inputs to the systems code, and Table F-l of Appendix F

summarizes the actual algebraic expressions used. The five primary inputs are:

number of sectors, N; plasma major radius, Rj,; plasma average minor radius, r •

average magnetic field, B; and ARE-coil current expressed as a fraction of the

TF-coil current, ^RE^TF* These variables are used to determine the mirror

ratio, M, from the magnetics curve fits (Sec. 5.2.3.). The mirror ratio is

checked to assure that it is greater than or less than specified limits. The

required magnetics parameters and the allowable coil current densitites are

calculated (Jgc for the superconductor and J tor the overall coil). The coil

dimensions are determined from the magnetics curve fits, and the stored energy is

calculated. This computation gives another maximum allowable current density,

•^MAX' ̂ asec^ o n a n adiabatic coil dump. However, if Jyy^ > J, a coil dump may

result in local conductor melting, and such a case is disqualified. The

adiabatic coil-dump criterion is conservative, and this criterion may be

by-passed in the systems code. Either or both of the current density

calculations may be by-passed through specifying a desired current density. The

ARE coils are assumed to operate with the same current density as the TF coils;

their dimensions, as well as the remaining magnetics-related parameters, are
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Physics

TABLE 5.5-1

EBTR SYSTEMS CODE INPUTS

Systems

8.

9.
10.

11.

12.

13.

14.

15.

16.
17.

18.

Model (IPHYS)
• comprehensive
o simplified

Scaling (KOVR)
• Kovrizhnykh
• plateau

Plasma 0 limit (BETAMAX)
Annulus 6 limit (BETARMAX)
Mirror ratio limit (EMRMAX)
ARE-coil current (IARE/ITF)
Supplemental heating type (IH)
• ICRH
• ECRH

Supplemental heating power (PXS)
(MW/m3)

Ring type (IRING)
Ring heating model (PRING)

o function of ring temperature
(TR)

• percent of gross electric
power (PE)

Ion ring temperature (XIRT)
• calculated
• fixed

Startup power (PSTART)
(MW/m3)

Electric field calculation (PSI)
• ambipcTar calculation

• er = -1.3
Alpha-particle power retention

fraction (FALPHA)
Blanket energy
multiplication (EM)

Plasma particle recycle fraction
Ignition condition (IPXS)

subignited (fixed TI)
ignited

Annulus beta scaling (BR)
0 R « (BR)B

1.
2.

3.
4.
5.

6.
7.

8.

9.

10.
11.

12.
13.
14.

15.

Number of coils (N)
Coil-plane magnetic field

strength (Bcp)
Major radius (RT)
Average TF-coil radius (r )
TF-coil cryogenic He temperature

(THE)
TF-coil packing fraction (FP)
Coil-plane inboard blanket/

shield thickness (TFS)
Midplane distance between plasma

and first wall (TCBS)
Distance between plasma and first

wall at midplane (TV)
Fluence limit (FLUENCE)
Thermal conversion efficiency

(nTH)
T H

ICRH conversion efficiency
ECRH conversion efficiency (iah)
Required net electric power

(PNET)
Tolerance on PNET (PTOL)

Costing
1. Plant construction time (ICNST)
2. Scheduled BOP maintenance per

year (SMPY)
3. Unscheduled BOP maintenance per

year (USMPY)

(RCL)

4
19. Plasma ion temperature (TI)
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then calculated. A check is made to assure that the coil-plane plasma radius is

within specified limits.

The average plasma beta is set to the maximum allowable based on the

maximum midplane value and the mirror ratio (Eq. 5.2-1). An iteration is made

with the simple burn physics and electron-ring physics, the latter being

by-passed if the electron-ring input power is set zo a fraction of the net

electric power. The resultant thermal power is used to calculate the overall

reactor power balance. If the gross electric power is less than the

recirculating power, the case is rejected. If convergence to a specific net

electric power is desired, the code iterates on the average plasma beta until

the target power level is achieved. The midplane beta, the electron-ring beta,

and microwave cutoff density are then checked to assure specified limits are not

exceeded. If a comprehensive physics solution is desired, the systems code then

repeats the previously-described procedure using the comprehensive physics

model, with the results of the simplified physics model being utilized as an

initial guess. Convergence usually requires only a few iterations. If the

physics loop is completed and a physics solution is found that satisfies all

constraints, the costs are calculated for the given case, including BOP,

reactor, and plant capital costs. All maintenance options and their

accompanying availabilities are subsequently calculated. Each maintenance

option has a specific annual cost and is combined with the annual capital and

operating costs to obtain a value for the COE (mills/kWeh). The maintenance

option with the lowest COE is chosen. Control is then returned to the driver

routine and a new case is computed.

The driver routine contains three options: a) a single case can be run, b)

all cases over a specified range of the five main input variables can be

examined, or c) an optimization over one or more of the variables may be

performed. The optimizer is a combination Monte-Carlo/gradient-search method

and is described in Ref. 4.

5.6. Results of Systems Code Analyses

Because of the relatively short duration of this study, the systems code

could not be developed in time to optimize the reactor design point before the

enginering and design phase was to commence. The completion of the systems code

nevertheless was deemed important for deriving knowledge of the optimum EBT
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reactor configuration. As is shown in the following sections, the design point

is close to a cost optimum. In performing these sensitivity analyses, the major

parameters (N, R̂ ., r . B, and •^ARE^-'-TF) w e r e varied about baseline values.

Other parameters were generaV.v fixed in order to limit the scope of the

analysis-

Three different kinds of studies were conducted with the EBTR systems code:

sensitivities about the design point using one-dimensional (i.e., single

parameter) variations, multidimensional parameter searches, and optimization

studies. These various studies are aimed at determining the sensitivity of the

EBTR economic performance to certain key engineering parameters. The following

sections describe these studies and their implications for an optimized EBTR.

5.6.1. Baseline Inputs. Table 5.6-1 lists the major baseline input

parameters for the EBTR systems code. The simplified physics model

[Eq. (5.2-3)] is used for all analyses in order to minimize the computational

time and to examine the broadest range of reactor cases. Therefore, only

ignited steady-state designs are considered. The assumed maximum values for

midplane beta, gj~p, for electron-ring beta, 3g, and mirror ratio, M, are 0.5,

i.0, and 2.5, respectively. In some analyses these constraints were violated in

order to show trends and are so noted.

Electron rings are used for all cases, and the input power needed to

sustain these rings is set to 10% of the net electric power. This procedure is

used in order to avoid penalizing those systems for which the ring model

predicts large losses and in which the confidence level for the ring energy-loss

model is low. Based on Fokker-Planck calculations made with the transient

zero-dimensional burn code (Appendix B), an alpha-particle energy retention

fraction of faR =0.82 is used to estimate that part of the alpha-particle

energy transferred to the core plasma. Eighty percent of the DT particles lost

from the plasma is assumed to recycle from the first wall in accordance with the

predictions given in Sec. 7.5. The selection of most engineering parameters for

the systems code is based on the reactor design point described in Sec. 6.2. In

this way the systems code could be optimally used to examine design—point

sensitivities to key system parameters.

5.6.2. Major Parameter Limits. When operating a systems code that is as

encompassing as the one described herein, it is desirable to establish realistic
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TABLE 5.6-1

BASELINE INPUT PARAMETERS FOR EBTR SYSTEMS CODE

Parameter

Physics

Type of physics

Maximum allowable midplane beta, (3̂ p

Maximum electron-ring beta, B^

Maximum allowable mirror ratio, M

Type of ring

Power required to sustain rings related to
net electric power, P^/Pg

Fraction of alpha-particle energy retained by plasma, f a^

Particle wall recycle fraction to core

Engineering

Coil current density, J(MA/m2)

Coil packing fraction

Inboard coil-plane blanket/shield thickness (m)

Outboard coil-plane/midplane blanket/shield thickness (m)

Average distance froi plasma edge to first wall (m)

Blanket energy multiplication, Mj,

Conversion efficiencies:

• Thermal-to-electric

o ECRH

• LHH

Scheduled maintenance per calender year (d)

Unscheduled maintenance per calender year (d)

First-wall neutron fluence limit (MWyr/m2)

Plant construction time (yr)

Value

simplified

0.5

1.0

2.5

Electron

0.10(b)

0.82(c)

0.2<d>

16.0

0.73/

1.2<l<e>

l/42<e>

0.15

0.35

0.35

0.50

37

47

16

5

(a)

(a)

(b)-

Based on T E scaling given in Ref. 1 without "self-consistent" calculation
(i.e., T = TBi) of radial electric field, Er, and with Te = T^ combined
into an Ignitea steady state (Sec. 5.2.1.).

''This constraint fixes the ring-to-plasma volume ratio to VR/V < 0.01
(Appendix E). P ~

^c'Based on Fokker-Planc1; calculations using burn code (Appendix B).

^ 'Based on pumped-limiter calculations given in Sec. 7.5.

^e'Values actually used for neutronics calculations were 1.195 and 1.440,
respectively.

' 'Based on neutronics results given in Sec. 7.3.3.
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limits on major input variables. The magnetics/transport algorithm represents a

set of parameters where appropriate limits should be applied. As noted

previously, the strong sensitivity of transport to RIJ^RC i s coupled to the

engineering variables N, Rj,, r , B, and I A R E ^ T F >̂' a curve-fitting algorithm

that uses the detailed magnetics/transport results (Appendix D) for a data base.

From both engineering and economic standpoints certain regions in this parameter

space are more desirable for reactor operation than others. For example, N and

R-j. should be minimized as much as possible to minimize the physical size and

cost of the reactor for a given power output. On the other hand, the plasma

radius, r , should be made sufficiently large to keep the plasma

surface-to-volume ratio low and to maximize the first-wall and blanket power

densities. Determination of the optimal regime for magnetic field, B, and

ARE-coil current, I^RF/I^F* is n o t a s straightforward. On one hand, minimizing

B and I^RE/^TF minimizes coil size and the related cost. On the other hand, the

fusion power density is proportional to 0B2 and confinement time is proportional

to Rrp/Rc, which in turn is proportional to IARE/^TF ^ o r 8^ven v a l u e s °f N, R>p,

and r . However, Rrp/R ratios less than ~ 15 produce unacceptably low

confinement properties. In addition, the mirror ratio, M, is nominally expected

to be between 1.5 and 2.5 on the basis of arguments related to both magnet

design and plasma stability. On the basis of these scoping arguments,

preliminary magnetics analyses yielded the general parameter limits shown in

Table 5.6-2; these parameter limits have generally been applied to the systems

TABLE 5.6-2

LIMITS IMPOSED ON MAJOR EBTR PARAMETERS FOR PURPOSES OF

ANALYSIS BY SYSTEMS CODE

Parameter

Number of sectors, N

Plasma ma;or radius, RjCm)

Average plasma minor radius, r (m)

Average magnetic field, B(T)

ARE-coil current as fraction of TF-coil
current, I A R E/I T F 0.0 - 0.24

Minimum
Value

28

30

1.0

3.0

Maximum
Value

48

40

1.5

4.5
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analyses reported herein. Not all combinations of these parameters will produce

results that lie within the restrictions summarized on Table 5*6-2, although it

was initially thought that these limiting values would cover well the regions of

economic interest. As is shown by the optimization studies, however, the

optimum 1200-MWe reactor may lie slightly below the minimum values of R^ and N

allowed by the optimization calculation.

5.6.3. Reactor Design Poinc. Because the systems code was developed in

parallel with the design development, a design point for the study was

determined by parametric systems studies performed with the burn and magnetics

codes (Sec. 6.2.). These studies confirmed the intuitive conclusion that a

small major radius is an important economic criterion. The systems code and

burn/magnetics codes agreed well on the current design point and, because of the

necessity to begin an engineering design, this design point was chosen as the

basis for the present study. Table 5.6-3 presents the physics and engineering

results from the systems code for the design point, and Table 5.6-4 summarizes

the major costs that result. During the analysis, the midplane beta, 0MP> w a s

limited to 0.5, and the net electric power was held below 1250 MWe. In

conducting the sensitivity studies, therefore, an approximation to the design

point was used when 3 M p was held constant, as is shown in Table 5.6-5. The

actual design point varies only slightly from that used in sensitivity studies.

5.6.4. Sensitivity Studies about the Design Point Using Single-Parameter

Variations. Two kinds of sensitivity studies were made in the single-parameter

mode: constant net electric power, Pg, and constant midplane beta, $wp-. Both of

these variables cannot be held constant simultaneously unless several of the

major input parameters (N, Rj., r , B, and IARE^-'-TF^ a r e v a ri ed simultaneously;

otherwise, the system is overconstrained.

Figure 5.6-1 i -ustrates the effect of varying separately each of the five

input parameters while holding Pg constant at 1200 MWe. For all input

variables, decreasing the value of the parameter tends to decrease the fusion

power; an increase in (5 is required to compensate. However, increasing 3

increases 3».jp above the 0.5 limit, which is not allowed. No parameter may be

decreased below the design point without violating a major systems constraint.

Increasing any of the parameters above the design-point value, however, results

in an increased COE. For all parameters except N, the increased COE is a result
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TABLE 5.6-3

COMPARISON OF REACTOR PARAMETERS AS DETERMINED FROM THE PHYSICS
(BURN/MAGNETICS) CODES AND THE SYSTEMS CODES FOR THE DESIGN POINT

Parameters

Number of sectors, N

Plasma major radius, Rj,(m)

Average plasma minor radius, r (m)

Average vacuum magnetic field, B(T)

ARE-coil current as percentage of TF-
coil current,

TF-coil major radius,

On-axis magnetic field in coil plane, B^

Maximum magnetic field, Bc

Mirror ratio, M

Magnetic aspect ratio, R^/^

Ion temperature, 1^ (keV)

Average plasma beta, f>

Midplane plasma beta, g^p

Plasma ion density, njdO201'm3)

Particle confinement time, T ( S )

Plasma volume, V (m )

Total fusion power, Pp (MW)

Neutron first-wall loading, 1^ (MW/m2)

Fusion power density, p F = Pp/V (MW/m3)

Total thermal power, P T H (MWt)

Gross electric power, P E T (MWe)

Net electric power, PE (MWe)

Recirculatitig power, e

Systems
Code
Value

36

35.0

1.0

3.64

-0.22

35.08

5.01

9.58

2.22

20.02

29.0

0.19

0.495

1.08

4.42

692.

2910.

1.47

4.21

4120.

1440.

1220.

0.15

Physics (Burn/Magnetics)
Code
Value

36

35.0

1.0

3.64

-0.22

35.08

5.03

9.70

2.24

20.00

27.9

0.17

0.46

0.95

4.21

691.

2857.

1.40

4.13

4028.

1430.

1214.

0.15

of the decrease in 8 required to compensate for higher fusion power, Pp.; a more

inefficient system results. As N increases, the magnetic aspect ratio, Rj,/Rc,

decreases, while coil costs increase. The cost consequently increases because

of poorer confinement and higher reactor costs. However, because both Rj./Rc and
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TABLE 5.6-3

COMPARISON OF REACTOR PARAMETERS AS DETERMINED FROM THE PHYSICS
(BURN/MAGNETICS) CODES AND THE SYSTEMS CODES FOR THE DESIGN POINT

Parameters

Number of sectors, N

Plasma major radius, Rj(m)

Average plasma minor radius, r (m)

Average vacuum magnetic field, B(T)

ARE-coil current as percentage of TF-
coil current,

TF-coil major radius,

On-axis magnetic field in coil plane,

Maximum magnetic field, B̂ ,

Mirror ratio, M

Magnetic aspect ratio, R/p/Rc

Ion temperature, T* (keV)

Average plasma beta, 3

Midplane plasma beta, &^p

Plasma ion density, ^ 3

Particle confinement time, T (S)

Plasma volume, V (m^)

Total fusion power, Pp (MW)

Neutron first-wall loading, L^ (MW/m^)

Fusion power density, pF = Pp/V_

Total thermal power, PTH (MWt)

Gross electric power, Pĝ . (MWe)

Net electric power, Pg (MWe)

Recirculating power, e

Systems
Code
Value

36

35.0

1.0

3.6A

-0.22

35.08

5.01

9.58

2.22

20.02

29.0

0.19

0.495

1.08

4.42

692.

2910.

1.47

4.21

4120.

1440.

1220.

0.15

Physics (Burn/Magnetics)
Code
Value

36

35.0

1.0

3.64

-0.22

35.08

5.03

9.70

2.24

20.00

27.9

0.17

0.46

0.95

4.21

691.

2857.

1.40

4.13

4028.

1430.

1214.

0.15

of the decrease in 3 required to compensate for higher fusion power, Pp; a more

inefficient system results. As N increases, the magnetic aspect ratio, Rj/R.,,

decreases, while coil costs increase. The cost consequently increases because

of poorer confinement and higher reactor costs. However, because both RT/RC and
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TABLE 5.6-5

COMPARISON OF SYSTEMS CODE RESULTS FOR ACTUAL DESIGN-POINT
APPROXIMATION USED IN CONSTANT BMp SENSITIVITY STUDIES

Parameter

Number of sectors, N

Plasma major radius, Rj.(m)

Average plasma mirror radius, rp(m)

Average magnetic field, B(T)

ARE-coil current fraction,

TF-coil major radius, R̂ ,p

Mirror ratio, M

Magnetic aspect ratio, R<j./Rc

Ion temperature, T^

Average plasma beta, fiS

Midplane plasma beta, 3 ^

Average plasma density,

Total fusion power, Pp (MWt)

Thermal power, PTH(MWt)

Net electric power, Pg (MWe)

Cost of electricity, COE(mills/kWeh)

Actual
Design Point

Value

36

35.0

1.0

3.64

-0.22

35.08

2.22

20.2

29.0

0.17

0.495

1.08

2910

4120

1220

38.68

Approximate
Design Point

Value

36

35.0

1.0

3.64

-0.22

35.08

2.22

20.2

29.0

0.19

0.50

1.09

2970

4028

1246

38.08

0Mp, the higher power densities yield more attractive reactor configurations and

better economies of scale. Hence, the curve of COE exhibits a minimum, as is

seen from the data summarized in Table 5.6-7. A similar behavior occurs for

variations in B, Rj,, and I A R E ^ T F ' F o r variation in r , however, a different

situation arises. The parameters R^/Rc and M now move in opposite directions,

forcing T^ to decrease and 8 to increase. This behavior produces an increase in

3 and a decrease in <av>. The result is a rapid increase in pp and an

accompanying decrease in COE. With 3ĵ p held constant, therefore, the fusion

power density is a major cost driver. As will be seen later in the analysis, a

tradeoff between power density and plasma beta on one hand, and key engineering

parameters on the other, occurs to minimize the COE for a 1200-MWe reactor.
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+3 t;:-xv:-:-w-wM-::i:!j:;w!-m-!-MH-;-;-

0 +5 +10

% CHANGE IN PARAMETER FROM DESIGN POINT

13-4323

a - LARGER VALUES OF RT REQUIRE ftflp >0.5

b - LARGE.* VALUES OF N PRODUCE M > 2.5

Fig. 5.6-1. Results of single-parameter variations about the design point using
the systems code. The net electric power is fixed at PE = 1200 MWe
and $ M p is allowed to vary.

The decrease in COE shown by the curves in Fig. 5.6-2 cannot be totally

attributed to economies of scale, however. Figure 5.6-2 also illustrates an

economy-of-scale curve, which shows COE as a function of (Pg) • Since this

curve is much shallower than the other sensitivity curves, the slopes of the

other sensitivity curves must be attributable mainly to the improvement in

reactor configuration.

5.6.5. Multiparameter Searches. Several parametric studies were

conducted allowing variation in .:T, rp, and B, while holding N and
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RT

(n.)

35.

35.

35.

36.

35.

35.

0

0

0

5

0

0

r
P

(m)

1

1

1,

1,

1,

1.

.00

.00

.00

.00

.15

.00

SINGLE-\

N B

36

39

36

36

36

36

(T)

3.64

3.64

4.00

3.64

3.64

3.64

VARIABLE

XARE

-0.

-0.

-0.

-0.

-0.

-0.

F

,22

,22

,22

.22

22

24

TABLE 5.6-6

SENSITIVITIES ABOUT
P E = 1200 MWe

P E COE
("mills^

(MWe)

1246

1217

1221

1222

1222

1222

"• kWeh '

38.08

38.90

39.98

39.54

39.99

40.07

THE

20.0

16.1

18.5

24.2

21.2

24.8

DESIGN

, M

2.22

1.87

2.15

2.45

2.02

2.38

POINT

PF

WITH

Ti

(MW/m3) (keV)

4.29

4.19

4.21

4.04

3.17

4.22

29.0

41.5

32.7

22.5

26.8

22.0

6

0.19

0.24

0.17

0.16

0.16

0.17

constant. Based on the results given in Fig. 5.6-2, it appears that signifcant

cost reduction can be realized by increasing r . A family of En. curves at

various values of constant r should exist. Increasing r and then moving along

an R T curve with r held constant would perhaps produce a 1200-MWe system with a

COE lowitr than that found for the design point.

To test this assumption, a search was made over a range of Rj. (30-40 m) and

r (1.0-1.5 m ) values. Figure 5.6-3 shows the results of this search. The

parameters B, N, and I A R E ^ T F w e r e n eld constant at their design-point values,

and 3j»jp was set to 0.5. Table 5.6-8 shows data from these curves. For constant

N, B, r , ^ A R E / * T F > anc* ^MP» a s *̂ T increases, R-j/Rc and M also increase.

Increasing R-r^c f ° r c e s a decrease in T^ and <cv>. Increasing M causes ($ to

decrease, which in turn leads to a increase in n. Thus, pp increases and COE

decreases. The steadily decreasing <ov> eventually forces the pp curve to

reverse and a corresponding minimum is generated in the COE curve. The design

point occurs near the flattened portion of the r = 1.0 m curve (Rp » 35 m ) .

However, contrary to the behavior that was expected from the single-parameter

analysis, increasing r to 1.1 m does not result in a COE increase for a

1200-MWe reactor, even though the major radius decreases from 35 to 33 m. In

fact, the dotted line of constant net electric power shown in Fig. 5.6-3 is flat

(Table 5.6-8). This insensitivity to cost results because while the blanket and

magnet costs increase slightly as r increases, building costs and a number of



-10 -5 0 -(S

% CHANGE IN PARAMETER FROM DESIGN POINT

Fig. 5.6-2. Results of single-parameter variations about the design point using
the systems code. The midplane beta is fixed at (3^ = 0.5 and the
net electric power, PE, is allowed to vary.

miscellaneous costs decrease slightly. This compensation of costs is

significant, since varying either R̂ , or r while holding the other variables

constant has a serious cost impact, as is shown in Tables 5.6-7 and 5.6-9.
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TABLE 5 . 6 - 7

SENSITIVITIES ABOUT THE DESIGN POINT 0.5

Rrp

(m)

35.

33.

34.

34.

35.

36.

36.

35.

•J

j

J

0

0

0

,5

,5

,0

,5

,0

rp

(m)

1.

1,

1,

1,

1,

000

.025

,050

• 075

.100

N

36

35

40

36

B

(T)

3

3

3

3

4

3

.64

.20

.40

.80

.00

.64

IARE'

-0=22

-0.

-0.

-0.

-0.

18

20

23

24

COE
/miXis >
L kWeh

38.1

40.3

40.5

55.8

46.0

34.2

30.4

49.8

40.9

39.1

37.8

38.0

38.6

34.6

31.7

29.5

27.7

46.2

41.3

37.1

37.0

PE

(MWe)

1246

1152

1158

720

940

1475

1781

841

1108

1191

1275

1279

1265

1435

1629

1826

2025

880

1064

1321

1261

VRc

20.

21.

15.

21.

21.

19.

18.

15.

17.

18.

21.

22.

24.

20.

20.

21.

21.

15.

17.

22.

24.

02

6

0

9

0

3

5

0

4

7

4

8

2

5

8

1

,2

,8

,4

,0

,8

M

2.

2.

1.

2.

2.

2.

2.

1.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

22

37

78

32

27

19

15

93

07

15

30

38

45

19

15

12

08

07

,13

,29

.38

PF

(MW/m3)

4.

3.

4.

2.

3.

5.

6.

3.

3.

4.

4.

4.

4.

4.

4.

5.

5.

3.

3.

4.

4.

29

99

00

60

31

02

00

17

96

17

32

27

17

64

98

29

57

,11

,71

,53

,66

VP

(m3)

692

692

694

692

692

693

693

653

672

682

702

712

111

730

767

805

844

693

693

692

692

Ti

(keV)

29.0

26.1

47.5

25.6

27.0

30.5

32.6

48.2

36.2

32.2

26.4

24.3

22.5

28.1

27.4

27.0

26.7

43.0

36.0

15.5

22.0

6

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0,

19

18

26

18

19

20

20

23

21

10

18

18

17

20

20

21

,21

,21

,20

.18

.18

n

(1020/m3) (

1.

1.

0.

0.

0.

1.

1.

0.

0.

1.

1.

1.

1.

1,

1,

1,

1,

0

0

1

1

09

11

895

902

991

16

23

795

962

.03

,14

.19

.22

.15

.21

.25

.29

.809

.932

.19

.31

<av>

lO-2

6.

6.

8.

5.

5.

6.

6.

8.

7.

6.

5.

5.

4.

6.

5,

5,

5

8

7

5

4

V/s)

23

65

64

54

84

51

87

69

,42

.81

,71

.24

.84

.05

.92

.83

.78

.24

.38

.51

.69
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N = 36

B - 3.64T

lARE/'TF = -0-22
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a - NO SOLUTIONS TO ASPECT RATIO-TEMPERATURE EQUATIONS BEYOND THIS POINT
b - MIRROR RATIO EXCEEDS 2.5
c -PLASMA DENSITY EXCEEDS MICROWAVE CUTOFF DENSITY (1.3 X '

Fig. 5.6-3. The results of a multiparameter variation sensitivity analysis in
which R™ and r are simultaneously varied for the fixed values of
N, B, and IARF/ITF shown.

The effect of varying B in conjunction with r and RT was also explored and

is shown in Fig. 5.6-4. Curves of Rp. versus r are shown for a 1200-MWe reactor

at various values of B; the parameters N, I A R E ^ T F ' a n d &MP were held constant

at their design-point values. The behavior of these curves is similar to that

for the curves of Rp (Fig. 5.6-3). Representative data for the curves of

Fig. 5.6-4 are shown in Table 5.6-10. As pF increases, the plasma volume, Vp,

decreases in order to maintain Pg constant. When pp begins to decrease, Vp must

increase. This behavior accounts for the minimum in the Rj-rp curves. Shown

also on Fig. 5.6-4 is the COE for some of the points on the curves. It is
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TABLE 5.6-8

VARIATIONS IN RT FOR CONSTANT r

rp

(m)

1.0

1.1

h
(m)

33.0

3A.0

35.0

36.0

32.0

33.0

34.0

35.0

VRc

15.0

17.A

20.0

22.8

13.3

15.5

18.2

21.2

M

1.93

2.07

2.22

2.38

1.69

1.81

1.94

2.08

Ti

(keV)

48.2

36.2

29.0

24.3

68.«

44.4

33.5

26.7

0.23

0.21

0.19

0.18

0.28

0.25

0.23

0.21

n

(1020/m3)

0.80

0.96

1.09

1.19

0.66

0.94

1.13

1.29

<av>

(10~24rn3/s)

8.69

7.42

6.23

5.24

9.40

8.37

7.01

5.78

PF

(MW/m3)

3.17

3.96

4.29

4.27

2.37

4.24

5.19

5.57

COE

(mills/kWeh)

49.8

40.9

38.0

38.0

56.3

34.3

29.3

27.7

TABLE 5.6-9

SEPARATELY AND

36, B =

rp

Cm)
1.00

1.10

1.00

1.10

1.06

1.12

3.64 T,

PE

(MWe)

1246

2025

841

1427

1208

1211

TOGETHER FOR THE

IARE/ ITF = -°'22»
COE

(mills/kWeh)

38.1

27.7

49.8

34.3

38.4

38.6

EFFECT OF VARYING Rp AN

DESIGN-POINT VARIABLES: N = 36, B = 3.64 T, IARE/ITF = -0.22, SJQ, = 0.5

(m)

35.0

35.0

33.0

33.0

33.0

32.5

apparent that even varying all three of these parameters (i.e., B, Rj,, and r )

simultaneously will result in only a 2% decrease in COE for B = 3.25 T,

R^ = 33.0 m, and r = 1.14 m. However, upon examination of the fusion power

densities for these various cases, it becomes apparent that the case with the

highest value of pF does not exhibit the lowest COE, as was found when Pg was

allowed to vary. This behavior results because n2<av>V must be fixed in order
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B - 3.25T
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B = 3.5

»38.1

•

^ ^ ^ | 38.1

N = 36
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38.9
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s

= -0.22

13-4321
30 35 40

Fig. 5.6-4. The results of multiparameter variation sensitivity analyses in

which B, R™, and rp are simultaneously varied for the fixed values

of N, Î RE'̂ -TF a n d PE (12°0 MWe) shown.

to maintain PE and 3 M p constant by adjusting RT/RC (and hence Tj). A small

change in r , for instance, will exert only a small effect on reactor capital

costs. However, it may have a much larger effect on Rr/R
c and hence pF.

Because COE is proportional to capital cost and inversely proportional to Pg,

slight changes made in r to produce a specified amount of power may have a

significant impact on COE, forcing the COE off optimum. The result is that a

different configuration having a lower power density, but also a lower capital

cost for the same values of Pg, will have a lower COE. The major capital costs

involved are those for the reactor systems (primarily, first wall, blanket,

shield, and magnets).
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It is apparent from these multi-parameter sensitivity studies that &„„ is

the strongest cost driver and that pp is the second most important. However,

with P̂ , and 3v<p held constant, a tradeoff exists between pp and reactor costs.

At this point it must be noted that because the electron-ring microwave

power has been set to a fixed fraction of net electric power, the recirculating

power fraction remains virtually constant at about 15%. The overriding

dependence of COE on recirculating power fraction that has been seen in previous

studies5 has, therefore, been largely nullified in this stuuy. Future work must

determine whether the effect of recirculating power fraction on COE is as

significant for an EBT as it is for other fusion reactors.

5.6.6. Optimization Studies. A number of different optimization studies,

which use the hyperspace optimizer described in Ref. A, were made to establish

the most optimum design point and the effect of net electric power on COE.

First, the multidimensional studies described in Sec. 5.6.5. were extended and

an optimization over N, B, Rj., and r was performed for ^RE^TF = ~°«22- T n i s

optimization yielded the parameters N = 30, B = 3.29 T, Rf = 30.0 m, r = 1.20 m

and COE = 35.7 mills/kWeh.

This case is different from the design point, with Rj, being at its lowest

permissible value. Hence, it is possible that a better case may be found if Rj,

is allowed to assume lower values and r is increased. The COE is only 8% below

the design-point value, however, and the 12% and 20% changes in R^ and r ,

respectively, are not expected to alter significantly the overall engineering

design approach reported herein.

A series of optimization studies was subsequently made over the range of

*ARE/]-TF values. The results of these studies are shown in Fig. 5.6-5 and

Table 5.6-11. Although the parameters tend to fluctuate somewhat from case to

case, it is evident that Rj and N are the driving reactor-cost parameters

because both R^ and N generally remain at their lowest possible values. The

magnetic aspect ratio, Rj/Rc, generally increases with I A R E ^ T F '
 a s •"•s expected.

For ^ARE^TF below -0.02, ignited solutions could not be found because

too low. Had values of Rp above 40 m, r larger than 1.5 m, or perhaps N lower

than 28 been allowed, ignited solutions could perhaps be found. The most

striking data in Table 5.6-11 are the COEs for the various cases. The total

change in COE when I A R E ^ T F v a r i e s between -0.02 and -C24 is only 7% (34.2 to
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TABLE 5.6-U

IARE/ITF

0

-0.01

-0.02

-0.03

-0.04

-0.08

-0.12

-0.16

-0.20

-0.22

-0.24

N

28

28

28

30

32

28

30

30

32

B

(T) (n)
No Solutions

No Solutions

3.83

4.40

4.45

4.40

4.04

3.91

3.28

3.29

3.37

38.02

37.65

37.01

36.19

36.04

30.01

30.01

30.04

30.03

rp

(m)

1.49

1.36

1.28

1.11

1.06

1.19

1.25

1.20

1.10

tyR

13.

13.

13.

15.

17.

15.

18.

22.

21.

OF'

c

9

5

9

1

0

7

9

8

8

riMUM

M

2.28

2.39

2.47

2.49

2.45

2.19

2.03

2.21

2.12

CASES tf

Ti

(keV)

59.6

66.9

60.6

48.3

37.6

43.6

31.7

24.4

25.8

OR VAR

6

0.19

0.17

0.17

0.16

0.17

0.19

0.21

0.19

0.20

1OUS VALUES

11

(1020/m3)

0.57

0.62

0.67

0.81

0.91

0.85

0.90

1.05

1.11

Af

VP

(m3)

1690

1390

1210

891

809

845

930

860

725

tE/1;TF> PE

PF

(MW/m3) '

1.71

2.10

2.41

3.26

3.61

3.44

3.13

3.38

4.00

~ 1200

COE
•mills^
' kWeh

36.4

35.7

35.0

34.6

35.0

34.2

35.0

35.7

36.6

Mile

Capital Costs
(M$)

Blanket

295

266

248

214

203

183

190

!82

168

Shield Ma

237

222

211

193

189

171

178

173

169

gnets

190

225

233

282

332

360

391

438

501

All other
Direct

Capital^'

1139

1119

1100

1061

1061

1019

1014

1013

1013

(a)Defined as total direct capital less 1.15 (Blanket + Shield + Magnets), where 15% is added for contingencies.



36.6 mills/kWeh)• This small change in COE results from the tradeoff between

magnet and blanket/shield costs, as is shown in Fig. 5.6-5. Although blanket

and shield costs decrease as I^ARE^TF' increases> magnet costs increase rapidly,

forcing an increase in COE at higher values of IIARE^TF'"

An interesting "hump" occurs in the COE and total-direct-cost curves in

Fig. 5.6-5 for values of I^RE^TF between -0.08 and -0.16. This "hump" results

from the arbitrary restrictions placed on N and R̂ , in this study (N > 28,

RT > 30 m ) . For U A R E ^ T F 1 values of 0.12 or below, 1200-MWe reactors with

R̂ . < 33 m cannot be found because N is not allowed to fall below 28 and,

therefore, Rj./Rc is too small to achieve ignition. Because the reactors are

restricted to larger R^, the curve of COE versus •'•ARE^TF exhibits a minimum

because of the tradeoff of increasing magnet costs and decreasing blanket and

shield costs. This curve continues to increase as |IARE^*TF' increases> a s Is

shown by the dotted line (a) in Fig. 5.6-5. However, the parameter space of

allowable 1200-MWe ignited reactor solutions for low R^ values is rapidly

opening up as I I A R E ^ T F ' increasesJ a t •'•ARE'''̂ TF = ~0-13 an& Rf = 30 m, ignited

1200-MWe reactor solutions can be found. A second set of solutions, therefore,

exists above I I A R E ^ T F ' = 0*12, which produce a COE curve with another minimum

at ^ARE^TF = ~0.16. Ostensibly, an entire family of these curves exists which

can be found by adjusting the constraints on the optimization. A single-minimum

curve would result if all these constraints were removed (i.e., the phantom COE

line (b) in Fig. 5.6-5). Although these results do not reveal the exact,

unrestricted optimum, it is clear that such an optimum exists in the ^ARE^^TF

range of -0.08 to -0.16, and Rj and N decrease from the present minimum

constraints of 30 m and 28 sectors, respectively.

The fact that Rj is at 30 m above IIARE^TFI =0.12 and N is generally at

or near 28 has some impact on this analysis, in that allowing them to decrease

further would allow blanket and shield costs to decrease, as well as lowering

coil costs because of decreased N. Even so, it is evident from the cases with

|I A R E/I T F| below 0.15 (where T^ is not restricted) that the change in COE for a

given change in I^RE^TF *s s m a H > implying that allowing R̂ , to decrease below

30 m may not have a serious impact on COE. Extending the ranges of both R^ and

N would ostensibly produce a COE dependence more like the phantom curve (b) in

Fig. 5.6-5. However, even this does not imply a large potential decrease in
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COE. Another significant indication is that solutions with reasonable COE are

obtainable with no ARE coils for perhaps under 40 mills/kWeh. This hypothesis

has not been proven. Operation at reduced or zero ARE-coil current, however,

must be accompanied by higher mirror ratios and peak, fields at the coil

windings.

Alternatively, the ability to reduce significantly the coil capital cost

would have a strong impact on both the COE and the potential design of the EBTR.

For example, the optimum COE using the present costing scenario is in the area

of IJFZ-'-ARE between -0.08 and -0.16. Table 5.6-12 shows the progression from

the present design point to the present optimum, as detailed in the previous

sections. Again, the major capital cost driver is the coil cost, which steadily

decreases as the design becomes more optimized. The question is, then, the

importance of the coil capital cost as a driver of the total reactor design. If

an optimization is made with the coil cost reduced by a factor of 10, the

following optimum case results: N = 30, B = 3.97 T, r = 1.0 m, Rj = 30 m, and

I^g/I-p = -0.23. The COE has not been included here because it is artificially

decreased by the reduced coil cost. As expected, the optimum IARE/^XF v a^ u e *s

now quite large. The most optimum design point, therefore, is dependent on the

amount by which the cost of designing and producing coils can be reduced from

present projections.

Finally, a set of optimizations was made at different net electric powers

to determine the sensitivity of the EBTR to power output (i.e., economies of

scale). Table 5.6-13 lists the optimized parameters for Pg ranging from 1000 to

3000 MWe, and Fig. 5.6-6 shows the effect of Pg on COE. It is apparent that

1200 MWe is a significantly lower power output than would be desirable from a

cost standpoint, because it is on the steep part of the curve. A 2000-MWe

reactor appears to be much more cost effective, and it is not until about

3000 MWe that the curve of COE versus Pg really begins to level out. This

behavior is similar to other reactors5 (e.g., tandem mirror reactor), but the

economies of scale at 1200 MWe are much stronger for the EBTR.
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TABLE 5.6-12

PROGRAM OF COST OPTIMIZATION FROM THE DESIGN POINT TO THE OPTIMUM

Parameter

Major toroidal radius, Rp(m)

Minor plasma radius, r (m)

Number of sectors, N

Average magnetic field, B(T)

Fraction ARE-coil current,

Mirror ratio, M

Average plasma beta, 3

Peak field at TF-coil, BC(T)

Average plasma ion density, n(1020/m3)

Average plasma ion temperature, T^ (keV)

Magnetic aspect ratio, Rp/Rc

Plasma power density, pp (MW/m2)

Midplane beta, B^m

Net electrical power, Pg(MWe)

Cost of electricity (mills/kWeh)

Capital costs (M$)

• Blanket
• Shield
• Magnets
• All other direct costs

Design
Point

(Table 5.6-3)

35.01

1.0

36

3.64

-0.22

2.2A

0.19

9.7

0.95

27.9

20.0

4.13

0.5

1200

38.7

181
185
555
1058

Optimization
Over B, Rj,, r
(Table 5.6-10)

33.0

1.14

36

3.25

-0.22

1.84

0.25

8.6

0.89

36.8

17.2

3.4

0.5

1200

37.5

193
192
480
1029

Optimization
Over B, Rj., rp, N

30.0

1.20

30

3.29

-0.22

2.21

0.19

9.0

1.05

24.4

22.8

3.4

0.5

1200

35.7

182
173
437
1014

Optimization
Over All
Variables

(Table 5.6-11)

36.2

1.10

30

4.40

-0.08

2.49

0.16

10.6

0.81

48.3

15.1

3.3

0.5

1200

34.6

214
193
282
1061



TABLE 5.6-13

OPTIMIZED CASES FOR VARIOUS NET ELECTRIC POWERS

PE

(MWe)

1000

1200

1500

2000

3000

N

28

30

30

29

29

B

(T)

3.62

4.40

4.50

4.50

4.46

Rj,

(m)

30.03

36.19

36.74

36.50

37.1

rp

(m)

1.19

1.11

1.13

1.24

1.34

^ E ^ T F

-0.17

-0.08

-0.07

-0.07

-0.27

COE

(mills/kWeh)

38.6

34.6

29.8

25.3

20.4

1000

13-4313

3000

Fig. 5.6-6. Costs of optimized EBTRs for various values of net electric power.
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6. REACTOR DESIGN-POINT SELECTION

6.1. Rationale for Selection of Key Reactor and Balance-of-Plant Features

This section presents the rationale for the selection of the key features

of the reactor and plant. The more important features, criteria, and

assumptions necessary to develop this conceptual design are summarized below.

• Power plant designed for private utility.

• ELMO Bumpy Torus (EBT) magnetic confinement.

• Deuterium/tritium/lithium fuel cycle.

• Nominal 1200-MWe output.

• Conventional steam turbine/generator power conversion.

• Mature fusion industrial base.

o Based on the lOth-of-a-kind plant.

« A AO-yr design life.

• Single plant at a site.

« Midwestern U.S. location.

• Cooling towers required.

© Use of STARFIRE tokamak design1 where applicable.

- Buildings, except reactor and electrical equipment
- Turbine and electric plant equipment
- Tritium handling equipment
- Basic design concept for blanket/shield
- Basic design concept for pumped-limiter impurity control and

vacuum systems

• Simplified reactor maintenance scheme.

9 Minimum vacuum volume.

o Use of PWR heat-transport system.

© Fully remote maintenance.

In order for this EBT power plant to be commercially successful, it must be

competitive with other energy sources that may exist at its time of

commercialization. An economy of scale exists in central generating facilities

that presently Indicates that the cost-of-electricity (COE) and the unit cost of

generating capacity ($/kWe) are lower for the larger sized systems. However,
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financing and system-capacity limits also exist for individual utilities. These

factors generally set an upper limit on net generating capacity of a power plant

at 1200 MWe.2 This limit reflects the capacity range most preferred by

prospective utilities and is likely to remain unchanged within the time frame

when fusion is introduced and commercialized. Furthermore, in order to maximize

the overall design credibility, many conventional fission and fossil power-plant

system designs and concepts, such as an existing steam turbine/generator power

conversion system, were incorporated into the EBTR design. Adoption of this

design philosophy allowed more design effort to be focused on systems that are

unique to fusion. This philosophy also illustrates that the fusion process is

not dependent upon a completely new power-conversion technology, but instead is

compatible with the present technology. Given that this design will utilize a

Rankine power cycle, the gross power output will be in the range of 4000 MWt for

a nominal electrical output of 1200 MWe.

The purpose of this study being the development of a commercial power plant,

rather than a demonstration power reactor, implies the assumption of a mature

fusion industrial base with no developmental requirements or costs for

components or systems. For economic evaluation, the plant is assumed to be the

10th of a specfic kind. Only one plant is assumed constructed on the site for

costing purposes; the site is located in a midwestern location close to a river.

Although the plant is in proximity to a river, environmental considerations are

assumed to require the use of cooling towers to dissipate waste thermal energy.

The recent completion of a similar but more extensive conceptual design of

a commercial tokamak power plant1 by a majority of the EBTR design-participants

was a great benefit to this study. This overlap allowed the utilization of

applicable experience and analysis for similar systems, while maximizing the

design effort on systems that are unique to EBTR. This combination of design

resources produced a more comprehensive EBTR design than otherwise would have

been possible, thereby allowing quantitatively meaningful comparisons to be made

with the more extensive STARFIRE design. Most of the buildings envisaged for

both concepts are identical in function and form, except the reactor and the

electrical-equipment buildings. All other site buildings are either identical

or can be scaled based upon individual needs. The site requirements and

boundaries for all commercial magnetic fusion power applications are considered

to be identical. The turbine plant, electrical plant, and the miscellaneous

plant equipment for EBTR will be identical to that selected for the STARFIRE
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fusion power plant, and a majority of analysis and requirements are applicable

or scalable. The tritium fuel handling and storage system developed for the

STARFIRE design will also be applied to the EBTR concept.

Given the foregoing assumptions and criteria, a variety of EBT reactor

designs can be conceived. However, technical and economic factors help shape

the design parameter space the reactor is presently perceived to occupy.

Previous reactor design and system studies1'3'4 have indicated it is desirable

and economically attractive to operate with a fusion neutron wall loading

greater than 2 MW/m2 but less than 4 MW/m2. As the neutron wall loading

approaches the lower limit of 2 MW/m2, the cost of the first wall, blanket, and

shield becomes a sizeable portion of the overall reactor cost, whereas for wall

loading exceeding the upper limit, the life of the first-wall/blanket/shield

structural materials becomes short and frequent replacement of the

first-wall/blanket/shield is required. This frequent replacement lowers plant

availability and increases the COE.

For the output-power regime considered by this study, past studies'* have

found EBT reactors perform well, from a physics standpoint, at a major radius of

60 m and plasma radius of 1 m. This aspect ratio resulted in a fusion-neutron

wall loading of 1 MW/m2 and was thought to be too low. Aspect ratio enhancement

(ARE) coils6 are utilized in an attempt to decrease the major radius to the

range of 30-40 m to increase the neutron wall loading and the power density of

the blanket system. The more precise selection of the reactor parameters used

in this design are based on the systems code (Sec. 5.) and the zero-dimensional

burn code (Sec. 6.2.2. and Appendix B).

One of the major advantages of the EBT reactor design is the high toroidal

aspect ratio, which allows reactor maintenance schemes that are easier as

compared to the tokamak concept. A design goal was to preserve this advantage

and effectively utilize the access area around the torus. The torus elements

(i.e., coil sets, first-wall/blanket/shield sectors) are conceived to be

wedge-shaped, requiring the blanket and/or shield components to be removed

radially outward. To produce this maintenance/assembly geometry, the structure

needed to restrain induced magnetic loads is incorporated largely on the inboard

side of the reactor, with a minimum interference in the outboard side where a

majority of maintainence operations occur.
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Another key design premise is the mimimization of the vacuum volume to an

extenc that is practical and consistent with the reactor design approach. A

realistic design that allows a vacuum boundary at the first wall could not be

identified because of radiation damage to a welded joint or vacuum seal located

at or near the first wall. At the other extreme, utilizing the reactor

containment room as a vacuum vessel has the disadvantage of large vacuum

environment and pumping requirements, extensive surface areas for tritium

entrapment, and the difficulties of operating support equipment under vacuum

conditions. Elimination of these options places the vacuum boundary within the

blanket and shield region. Specific definition of the vacuum system is

dependent upon design approach and configuration (e.g., use of a pumped limiter)

selected for this design.

Again, to maximize the system credibility and to utilize effectively the

relatively small design effort allocated to this study, a conventional PWR heat

transfer and transport system is chosen. This design is possible because a

conventional steam power-conversion system has been chosen and the PWR system is

compatible with the pressurized, water-cooled first wall and blanket. Specific

design details were modified relative to a similar STARFIRE design1 in order to

accommodate the unique aspects of the EBTR approach (e.g., incorporation of the

limiter/feed-water heating scheme).

The philosophy of fully remote maintenance of the reactor and hot cell has

been adapted as a major ground rule. This premise is based upon the current

trend for reduced radiation exposure to maintenance personnel, resulting in a

requirement for total remote operations in a nuclear reactor environment by the

year 2000. This maintenance philosophy will require a high level of

modularization and interchangeabllity of components '.d subsystems, a

requirement that is easily met by the high aspect-ratio EBT configuration.

6.2. Procedure for Design-Point Selection

Ideally the study would have evolved by Incorporating the applicable

scaling laws (Sec. 4.2.), the reactor system relationships, and the costing

models into an integrated systems code. The code would then be used to select

the most attractive regions of operation, allowing detailed physics and

engineering studies to begin in the appropriate region of parameter space. In

actual practice, the incorporation of the physics (Appendix B and Sec. 4.2.) and

magnetics (Append!.> D and Sec. 4.3.) relationships into the systems code proved

to be a formidable task. Simplified physics and magnetics relationships have
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previously been utilized, but it was found that significant error occurs with

this kind of analysis. It was decided that more descriptive and accurate

relationships were necessary to model the EBTR correctly. Not until late in

this study were these relationships developed and refined to the point that they

could be incorporated into the systems code. Consequently, the design point was

determined by the iterative use of the zero-dimensional burn code (Appendix B)

and the magnetics model (Appendix D). The systems code was then used to refine

the design point and to perform subsequent sensitivity studies.

In summary, the following two constraints have played a key role in shaping

the design point that has emerged from this study.

• The unique plasma transport and magnetics that couple to give the EBT
scaling used to size the reactor.

• The adoption of system power, power density, and conventional technologies
viz £ vî z the more extensive STARFIRE tokamak reactor design.

By simply adopting and extending all aspects of the STARFIRE design that could

be applied realistically to the EBTR, it was recognized that unique and/or

essential elements of the EBT scaling could be overlooked, and an off-optimum

design might result. For this reason, the simplified but general systems code

(Sec. 5.) was applied to examine parameter sensitivities and tradeoffs in order

to assure that the design point is near an economic optimum within appropriate

technological constraints. By adopting this methodology, the large resource

base generated through the extensive STARFIRE design effort could be utilized by

the much smaller EBTR design study, meaningful cost intercomparisons could be

made, and the unique EBT scaling could simultaneously be retained and justified.

After quantification on the basis of cost by means of the systems code

(Sec. 5.), reactor design curves were generated by the zero-dimensional burn

code (Appendix F. and Sec. A.2.) and the magnetics model (Appendix D and

Sec. 4.3.). An i iterim design point was then selected on the basis of the burn

code and, unde' guidance from the systems code, this interim design point was

subjected to "fiiie tuning" in order to achieve the desired goal of 1200 MWe at

high Q (e.g., near ignition) while still satisfying a range of magnet and

first-wall/blanket/shield constraints. The systems code was subsequently used

to examine sensitivities of COE to a range of physics and engineering

parameters. This procedure is described quantitatively in the following

sections. Last, the burn code and the design point j)e_r sja depend on the assumed

plasma density/temperature profiles. The one-dimensional burn code developed in
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parallel to the design-point determination was used to examine the realism of

the assumed profiles and, hence, the design point. This comparison is given in

Appendix C. The results of this comparison have not been used to modify the

design point; this entire issue is quantified only for the purposes of future

study.

6.2_. V. Initial Survey with Systems Code. The survey of the reactor

parameter space with the systems code to identify attractive, feasible designs

continued throughout the first half of the study. No results of this

preliminary work are shown because of the evolutionary nature of the systems

code. The initial design-point selection process began with a system of 60-m

major radius .ind no ARE colls. The preliminary economic indication from the

systems code was that the reactor should be designed with a small major radius,

Rj < 30-40 m. This design could be accomplished only with ARE coils for ths

assumed transport (Sec. 4.2.), limited range of mirror ratio, and maximum Dlasma

beta. Also, the fusion power was increased to the 4000-MWt level in order to

reach a more favorable economic region without exceeding the maximum power plant

size presently considered acceptable.

Given the above trends predicted by the systems code, the difficulty

becomes one of determining the means by which a viable and workable system can

be achieved. The fusion-neutron wall loading ideally should be in the range of

2-4 MW/m2 for optimum economics, whereas the midplane plasma beta should be less

than 0.5. The ARE-coil currents simultaneously should be kept at a

small-to-moderate fraction of the currents in the toroidal field (TF) coils,

whereas the magnetic aspect ratio must be kept as high as possible.

Unfortunately, with the level of modelling used, the systems code could not

satisfy all these requirements consistently at the timo a design-point selection

had to be made in order that the conceptual design of engineering systems could

proceed. To allow the study to proceed into an engineering design phase, a

manual iteration of the magnetics and burn codes was utilized to select the

design point. These results, in turn, were compared with engineering

requirements for reactor feasibility and economics. Consequently, the resulting

design point may not be an exact optimum, but in the final analysis is very

close to an optimum (Sec. 5.).
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6.2.2. Selection of Design Point with Zero-Dimensional Burn Model. An in-

terim design point has been reported previously7 for this EBTR study. Although

the parameters that define this design point have been refined by subsequent

systems studies and input from ongoing engineering design activities, the final

design point reported herein is very close to the interim values given in

Ref. 7. The procedure used to arrive at the final design point is summarized

here, with more detailed explanation, development and results given in

Appendices B and D.

As for all conceptual fusion reactor designs, the determination of an

operating point requires the unique combination of applied plasma physics

(particle/energy transport, stability, equilibrium) and plasma engineering (burn

simulation and control, fusion yield and first-wall energy fluxes, fueling,

impurity control). For all EBTR studies, average-property zero-dimensional

models (Appendix B) are used with some guidance being derived from

one-dimensional (radial) plasma simulations. In arriving at a relatively

self-consistent operating point, these approximate theories and models must be

applied while assuring that the following constraints are met.

• Radial electrical fields computed from an ambipolar diffusion condition
(i = 'pi) and used to model the particle/energy transport must be of an
appropriate sign (negative) and magnitude (tj> ~ T i ) .

6 The magnetics design must give appropriate bounce-averaged field curvatures
with which to estimate plasma losses while still satisfying engineering
limits associated with blanket/shield designs (tritium breeding, radiation
damage) and peak fields at superconducting windings that support an
appropriate current density.

• A realistic first-wall geometry must be selected (shape and position
relative to the magnetic axis) that maximizes the number of closed drift
surfaces in a plasma that delivers a desired neutron yield while being at
or close to ignition.

© The magnetic field strength should be suitable at the midplane for
electron-ring formation (i.e., rf coupling and cutoff at reasonable
frequencies).

« The bulk plasma beta at the electron-ring location should lie within limits
established by stability constraints, which in turn are related to the
nlectron-ring beta, while simultaneously giving an average bulk, plasma beta
that meets power-density and /all-loading goals for a given average field
(i.e., mirror ratio and midplane field).

o The electron ring per sja must be formed by electron cyclotron resonance
heating (ECRH) in the midplane region with sufficient beta to support the
bulk plasma (i.e., bulk plasma pressure is flat near the plasma center and
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pressure gradients occur at the electron-ring location), while assuring an
average-minimim-B configuration for bulk plasma stability.

• The electron rings must be sustained with a density and volume relative to
the bulk, plasma that is sufficiently low to preclude a serious energy drain
(drag, loss-cone scattering, radiation) on the total reactor system.

In meeting these requirements, the determination of a design point has coupled

burn, transport, magnetics, electron-ring, and blanket/shield models that

represent a simplification of the nonaxisymmetrlc three-dimensional geometry.

Section 4. summarizes the plasma physics/engineering bases and the parametric

results that are used to arrive at a reactor operating point have been given in

Appendix B. Figure 2.4-3 and the related discussion given in Sec. 2.4.

describes the overall parametric systems approach used in this study.

In scoping the range of potential design points, two kinds of generalized

design curves have been generated: a set of magnetics/transport design curves

(Appendix D) and a set of plasma-burn curves (Appendix B). The following

subsections describe these results and the way in which they have been used to

establish the plasma parameters upon which the conceptual systems design given

in Sec. 7. is based.

6.2.2.1. Magnetics/Transport Tradeoff Leading to Design Point. The

magnetics/transport design curves given in Fig. 6.2-1 illustrate the

relationship between transport, Rp/Rc; maximum field at the toroidal field coil,

B^; number of mirrors, N; mirror ratio, M; ARE-coil current, I^g; and TF-coil

coverage factor, H-^/H^p, where SL-^ is the intercoil spacing and &jp is the

TF-coil length. The parameters £ c p and £ M p are the lengths of the coil-plane

and midplane blanket/shield modules, respectively, and can be related directly

to the TF-coil set dimensions, ^ and &pF. Also shown are lines of constant

(first-orbit) trapping fraction, fa, for the 3.5-MeV alpha particles. These

magnetics/transport design curves have been generated by the vacuum field model

described in Appendix D. The transport parameter, Rp/Rc, is used by the

zero-dimensional burn model to generate the design curves used in the following

section to size the reactor and to determine its performance. A number of ARE-

coil configurations can be postulated; this study has focused on one (displaced,

circular) configuration,5'6 although potentially more efficient arrangements may

exist.8

In addition to reactor transport parameters, the magnetics calculations

produce important engineering design data. The tradeoff between *np/^cp anc*

blanket performance (i.e., tritium breeding ratio) is illustrated in Fig. 6.2-2.
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Fig. 6.2-1. Results of a parametric analysis of the influence of magnetics
parameters on the key plasma transport parameter, Rp/Rc, used in
the plasma simulation model.

A geometrically optimized first-wall configuration is estimated by requiring

conformation to the outermost field lines to an extent that is technologically

practical. By making certain assumptions (Appendix D) for the core-plasna

density and temperature profiles, as well as for the angular distribution of

particles in the midplane location, a neutron source function is also generated

for use in the blanket nucleonic and thermohydraulic design. Last, force,
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(Fig. 6.2-1) to determine reactor design point.

136



stored-energy, and lost.-r. '-coil analyses are made using jhis magnetics model

(Sec. 7.4.).

6.2.2.2. Electron-Ring Energy Losses and Design-Poin1: Selection. Although

the electron-ring energy balance has not been directly incorporated into the

design-point determination, this consideration has served to eSLablish certain

limiting conditions. The ring energy losses relative to the fusion power, as

measured by Qg, depend on the ratio of cooler electron density at the ring

location relative to that of energetic ring electrons (Sec. 4.4. and Appendix

E). The dependence of QR, which must exceed ~100 for a recirculating power

fraction less than 0.1, on the ratios of core-to-ring volumes, Vp/Vg, average

plasma density to edge density, f , betas, and temperatures is depicted in

Fig. 4.4-3. Reasonable assumptions (that the ring width is of the order ten

electron Larmor radii and the length is of the order of the distance between

resonance zones) give an estimated ring volume that is a few percent of the

core-plasma volume for the reactor. The ring power requirements for these

conditions are consequently ~ 10% of the net electric power (i.e., from

Fig. 4.4-3, for QR(VR/Vp) = 1, 3R ~ 0.3, 6 = fiR, fp = 2-4 and TR/T * 80). These

conditions are used to estimate the ring temperature and the maximum allowable

beta values. The impact of profile effects (i.e., f and fg) on both ring

energy balance and plasma burn (i.e., transport, Appendix B) has not been

self-consistently resolved, however, and requires further study, particularly

with respect to one-dimensional effects (Appendix C). Nevertheless, these

estimates are used to project a design point where the recirculating power

needed to sustain the electron rings is below 10% of the gross electric power.

6.2.2.3. Steady-State Burn Conditions and the Design-Point Selection. The

selection of an operating point for EBTR is made on the basis of a

time-dependent zero-dimensional simulation of the startup and attainment of a

high-Q (nearly ignited) steady state. The subignited operation is achieved by

feedback control of heating power and refueling rate in order to achieve

thermally stable burns. The essential elements of this model are described in

Appendix B.

Parametric studies utilizing these burn simulations must be constrained by

the aforementioned stability, transport, magnetics, and electron-ring results to

explore only regions of parameter space where physically and technologically

attractive designs exist. The selection of appropriate density, electric-field,

and temperature scale lengths used in the point-plasma model (Appendix B) is
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based on heuristic arguments that eventually must be compared with a more

thorough one-dimensional (radial) model (Appendix C). Most importantly, a

generalized systems code Is used to examine a broader range of operating point.=

using a comprehensive cost estimate (Sec. 5). On the basis of these modelistic

interactions and iterations, parametric design curves of the kind shown in

Fig, 6.2-3 have been generated; these burn design curves give the dependence of

the plasma Q-value, Q , and fusion-neutron wall loading on key plasma and

magnetics parameters for the fixed parameters indicated.
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Fig. 6.2-3. Results of a parametric analysis of the dependence of reactor
performance on key plasma parameters. In generating these curves,
the electron collisonality, Ce,^is controlled by the fueling rate,
and the control temperature, T , is maintained by appropriate
feedback of the microwave power, P , which must supply the
difference between plasma loss, PL0SS»

 a n d alpha~particle power,
PaR» r e t a i n e d by t n e plasma. The darkened points give designs, the

for which can be increased by modest increases in RT (Fig.Q
6?2-4)
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For the value of Rj/B^ assumed in order to generate Fig. 6.2-3, the

magnetics design must satisfy the constraints imposed by the magnetics/transport

design curves given on Fig. 6.2-1. Shown in Fig. 6.2-3 is an interim design

point that was subsequently "tuned" to achieve the desired total power (i.e.,

4000 MWt), while maintaining a moderately sized system operating with an

acceptably high power density and Q-value.

6.2.2.4. Design-Point Selection. On the basis of the parametric systems

results presented in Fig. 6.2-1 through 6.2-3, the sample design point given in

Fig. 6.2-3 emerged for RT/RC - 20 and B = 3.5 T. As seen from Fig. 6.2-3, the

average beta is 0.17-0.18 (midplane beta would be 0 ^ - 0.38-0.41) for

T = 30 keV, £e = 0.20[n ~ l(iO)
20 m ~ 3 ] , and Iw = 1.0 MW/m

2. In order to

increase the plasma Q-value above that given in Fig. 6.2-3, Rp was increased

slightly from 30 m, with ignition occurring when RT = 36-37 m; for R-j. = 35 m,

the nearly ignited system would operate with Q > 80. Figure 6.2-4 illustrates

this "approach-to-ignition" curve, using as a basis the interim design point
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Fig. 6.2-4. Dependence of Q on Rm as the plasma is forced to approach ignition
(Q •»• <*>) for the interim design point given on Fig. 6.2-3.
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TABLE 6.2-1

PARAMETER SUMMARY OF SAMPLE DESIGN POINT

Parameter

Major radius, Rp(m)
Average plasma radius, r (m)
Midplane/coil-plane plasma radius, rwp(m]
Average first-wall radius, rw(m)
Total plasma volume, V (m3)
Total first-wall area, Aw(m

2)
Mirror ratio, M
Average magnetic field, B(T)
TF-coil radius to current center, r (m)
Bumpiness parameter, y = Nrc/R^,
Number of bumps, N
Average field curvature, Rc(m)
ARE-coil current parameter, I^g/IfF
Plasma Q-value
Plasma temperature, T(keV) (T /T^)
Average plasma beta, ?>
Ion density, n.(lO2"/m3)
Alpha-particle density, n (1020/m3)
Electron collisionality, te
Electric field parameter, er = eRcEr/kgTe

Fusion neutron wall loading, Iw(MW/m
2)

Radiation loading, p^.
Conduction wall loading,
Total thermal power for MN"=" 1.5

Ka}, PTH(MWt)
Plasma power density, P,™(MWt/m3)
Gross electrical power tor n T H = 0.355, PE(MWe)
Particle/energy confinement time, T (s)/ig(s)
Lawson parameter, n^Tg(1020 s/in3)
Steady-state ICRH power, p (MW/m3)
Blanket shield thickness at TF-coil edge, Ab(m)

Interim
Values7

35
1.0
1.24/0.76
1.25
691
1727
2.24
3.5
2.90
2.98
36
1.5
-0.22
> 80.
30.0/27.9
0.19(a>
0.91
0.06(b)

0.20
-2.36(c)

1.17
0.01
0.30
3530
5.1
1270
4.78/2.05
1.86
0.06<e>
1.2

Final
Values

35
1.0
1.24/0.76
I.)0
691
1537
2.24
3.64
2.90
2.98
36
1.5
-0.22
™(f)

29.0/27.9
0.17<a>
0.95
0.06(b)

0.26
-2.66^c>
1.39
0.02
0.39
3986(h)

5.8
1430
4.21/1.80
1.71
0.0<f>
1.2

(-aHQ = 0.101, $± = 0.084, B M P = 0.46 for the interim values; and tfe = .094, Ht
= .081, 3Mp = 0.46 for the final values.

(^'Alpha-particle power retained by plasma, faR = 0.91 and 0.90 for interim and
final values, respectively; prompt losses have been ignored.

(c)ln order to assure that <(> = £g Er is of the order of kgT, the electric field
scale length must be £g/rp

 a 0.64 and 0.56 for interim and final values,
respectively.

on blanket design described in Sec. 7.3.
peak startup power is a sensitive function of the specific startup

scenario.
' 'Although a "numerical" ignition was not computed, negligible changes in key

plasma parameters for the simulation shown in Fig. 6.2-4 will lead to Q
becoming arbitrarily large.

(S)Ratio of current in one ARE coil to the current in a TF coil.
("/This value does not include power deposited into plasma by electron rings.

For the purposes of the engineering design, 4000 MWt was used, also excluding
electron-ring power.
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shown in Fig. 6.2-3. Table 6.2-1 summarizes this sample design point. If the

average magnetic field, B, is increased to ~ 4.0 T, the system would ignite for

RT in the range 33-34 m with similar plasma parameters (i.e., £e, n, T e, Tj., 6)

and first-wall loading. From Fig. 6.2-1, the key magnetics parameters needed to

achieve RJ/RJ. - 20 are: l£RE/'ITF = -0.22, M = 2.2, N = 36, with a peak magnetic

field of 9.6 T at the TF-coil winding for a 16-MA/m2 current density. The

TF-coil coverage factor, £M/£TF, is nearly 2 for this case, which is adequate

for self-sufficient tritium breeding (Sec. 7.3.3.).

The interim design point summarized in Table 6.2-1 was reported in Ref. 7.

In order to achieve as closely as possible the design goal of 4000 MWt total

thermal power output, the density was increased ~4% to 0.95(10)2° m"3, giving a

nominal fusion-neutron wall loading of 1.4 MW/m2. This "final" design point is

also summarized in Table 6.2-1 and serves as the basis for: a) the

economic-sensitivity calculations given in the following subsection, and b) the

conceptual engineering design of the key reactor components and BOP (Sec. 7.).

Figure 6.2-4 gives the startup trajectory for the final design point, as

determined by the zero-dimensional burn code (Appendix B). As seen from

Fig. 6.2-4, the system is not precisely (i.e., "numerically") ignited, the

microwave power being 1/QD = 0.019 times the total thermal power. For the

purposes of this study, however, the system is assumed to be ignited (i.e.,

1/Q •*• 0 ) , a condition that can be approached arbitrarily closely by very small

increases in £ e, plasma density, or Rq.. Furthermore, the startup power

requirement is assumed to be represented by the steady-state microwave power,

P^, rather than the initial large power transient shown; the actual startup

power requirement is sensitive to the startup time scale, a parameter that was

not extensively varied in this study. Last, the alpha-particle pressure is seen

from Table 6.2-1 and Fig. 6.2-4 to contribute 0.05 to the overall beta for the

assumed conditions: a) no prompt orbit losses (i.e., ffl = 1.0), aside from the

predictions of Fig. 6.2-1, and b) the alpha-particle confinement time is given

by T £. Both the issues of startup power requirement and alpha-particle

dynamics could not be extensively investigated by this study, and these

optimistic assumptions require further examination, as does the issue of burn

control for an ignited versus high-Q (driven) steady state.

6.2.3. Comparison with One-Dimensional Burn Model. The point-plasma

transport parameters, Tpi and Tgj, used by the zero-dimensional burn code are

based on specific, assumed (radial) profiles for density, temperature, and
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electric field (Appendix B, Sec. B.2.2.). Although some physical bases can be

identified for a number of the assumed profile functions, ultimately a

one-dimensional burn simulation is required. In a parallel effort directed

towards a better resolution of this issue, a one-dimensional burn simulation was

performed. These interim results are presented as Appendix C and are in a

sufficiently preliminary stage to have not yet impacted the design point. Work

in this important area is continuing on this crucial coupling of burn dynamics

(Appendix B), edge-plasma and first-wall/pumped-limiter effects (Sec. 7.5.),

refueling physics (Sec. 7.5.), electron-ring losses (Appendix E ) , and

alpha-particle thermalization/ confinement (Appendix D, Sec. D.4.) through the

radial profiles.

6.2.4. Verification and Preliminary Assessment of Engineering Feasibility.

The final outcome of the magnetics and the burn code calculations is a list of

recommended reactor parameters as shown in Table 6.2-1 and summarized in

Table 6.2-2. During the evolutionary process that led to this design point,

these parameters were continuously tested as to their technological

acceptability in the reactor design, with the physics and magnetics being

adjusted based on engineering recommendations as to more favorable parameter

regimes.

TABLE 6.2-2

PRINCIPAL REACTOR DESIGN-POINT PARAMETERS

Major radius, RT(m) 35.

Average plasma radius, r (m) 1.0

Midplane/coil-plane radius (m) 1.24/0.76

Average magnetic field, B(T) 3.64

TF-coil radius to current center, rc(m) 2.9

Number of bumps, N 36

ARE-coil current parameters, l^RE^TF -0.22

Neutron wall loading, J^ (MW/m2) 1.39

Total thermal power (MWt)

'a'This value does not include power deposited into plasma by electron rings.
For the purposes of the engineering design, 4000 MWt was used, also ex-
cluding electron-power.
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The major radius of 35 m is advantageous from the engineering and

maintenance standpoints. The physical size of the reactor and associated

building appears reasonable. The center area of the Reactor Building is

appropriate in size for the primary coolant system and steam generators.

The average plasma radius of 1.0 m, when coupled with a reasonable

first-wall/blanket/shield/dewar geometry, results in an acceptable first-wall/

blanket/shield volume at the 1.4 MW/m2 fusion-neutron wall loading (i.e., system

power density). The relatively small minor radius, however, yields a

moderate-to-low neutron wall loading of 1.4 MW/m2, which adversely affects the

reactor economics. On the other hand, a longer first-wall lifetime results. A

conformal wall can be fitted to both coil-plane and midplane regions, but the

fabrication difficulties present a persuasive argument to make the coil-plane

module cylindrical in shape. Subsequent economic analyses (Sec. 8.2.) show that

the COE for this design point is acceptable in spite of the low-to-moderate

system power density, and a means to increase the power density (i.e., increase

the neutron wall loading for the same reactor power output) should improve an

already economically acceptable design. The complex tradeoff associated with

increasing I w, while maintaining a high Q-value and assuring a properly

constrained beta and magnet design, can be seen from the parametric design

curves of the kind depicted in Figs. 6.2-1 through 6.2-3.

The problems of most concern appear when the magnetic constraints are

quantitatively incorporated into the system design. The average magnetic field

of 3.64 T dictates a coil-plane, on-axis field of 5.03 T. These values imply a

maximum field at the coil windings in the neighborhood of 10 T, requiring a

TF-coil cross section at approximately 1 m by 2 m for the design current density

of 16 MA/m2. Section 7.4. addresses the resulting magnet design.

The magnet design becomes more difficult when the ARE coils are added. The

I A R E/I T F = -0.22 design value requires sizeable ARE coils; the placement of

these coils presents difficult design choices. For instance, it is desirable to

locate the lower hybrid heating (LHH) and ECRH waveguides on the inboard

equatorial plane, but no space is available because the ARE coils are too close

together. A solution to this problem is to move the waveguides above the

equatorial plane to provide more clearance. This solution also helps attenuate

the neutron streaming down the waveguides. The I^RE^TF " ~0«22 value leads to

a large cancellation of the TF-coil field, causing both ARE and TF coils to

become larger. The overall conclusion, however, is that the design point is
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generally achievable from an engineering standpoint, although some aspects are

not as optimal as might be desired. These tradeoffs are discussed in Sec. 7.

6.2.5. Determination of Power Balance and Cost Impacts. The systems code

described in Sec. 5. has the capabil i ty to analyze the power balance and the

cost impacts of the above reactor design parameters. The power flow within the

plant is fully discussed in Sec. 7 . 1 . , the principle power requirements for this

design point being bulk and ring heating (Sec. 7 .6 . ) . The LHH system for

bulk-plasma heating is needed only during s tar tup . The F.CRH ring heating is

specified to require 10% of the net e lec t r ic power of the plant (~ 120 MWe or 9%

of the gross e lec t r ica l power output). With the remaining plant power

requirements of 96 MWe (Sec. 7 . 1 . ) , an acceptable recirculat ing power fraction

of 0.15 resu l t s .

The cost impacts of these parameters are d i f f icu l t to judge quanti tat ively

at this point. A few quali tat ive judgments, however, may be useful. The 35-m

major radius gives a lower cost for the reactor and Reactor Building. The

plasma size selected appears preferable to a higher aspect ratio system because

of the higher ra t io of blanket volume to wall area, which represents a more

cost-effective blanket. The use of a magnetic field requiring a Nb-̂ Sn conductor

(for the inner windings) increases the cost somewhat over NbTi, but th is cost

increase is nut significant when compared to the overall cost of the magnets.

The size and weight of the TF/ARE-coil sets generate the most unfavorable cost

impacts. For th i s reason, future studies should center on reducing the

TF/AR.E-coiL current rat io or examining other magnetic configurations that will

give the same aspect-rat io enhancement with less total field cancellation

generated by these auxiliary c o i l s . 8 From the resul ts in Sec. 5. , the number of

co i l s should also be reduced. The neutron wall loading of l . t MW/m2 i s

definitely low. Although increased wall loading would enhance the plant

economics, within the magnet, t ransport , and beta constraints imposed, a higher

wall loading could not be achieved if the total power is not allowed to increase

(Fig. 6.2-3). In general, the design point appears acceptable from an

engineering and economic standpoint, but i t has not been completely optimized

with respect to cos t .

6._3_. Sensi t iv i t ies About the Design Point Using the Systems Model.

Although the final design point presented in Table 6.2-1 has not been

optimized with respect to COE, a l l parameters of a technical and physical nature

are within exist ing or reasonably extrapolatable l imi t s . Nevertheless, i t is
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prudent to examine the sensitivity <.f COL to changes in key system parameters.

The systems code (Sec. 5.) was used to perform these sensitivity studies.

Although these sensitivities are explored in detail in Sec. 5., only a summary

of key results are presented here.

One-dimensional sensitivity studies show that 8\jp is the single most

important economic parameter for an F.BTR and that all optimum cases wilL have a

iJvjp as high as is possible. The second most important parameter is fusion power

density, but in the course of optimization of a fixed-power reactor, high power

density must be traded against reactor size. The design point is fairly well

optimized in terms of fciwp but not as well optimized in terms of power density

and reactor size. Three-di;nensiona1 studies showed that variation of B, R^, and

r at constant N, I^RJT/ lyp, ^MP> a nd Pi- (net electric, power) do not have much

effect on COE, as is shown in Fig. 5.h-U. However, more improvement is seen if

N is allowed to vary as well (Sec. 5.6.1.).

Perhaps the most important sensitivity arises when all five major

parameters (N, B, R̂ -, r , and l^Rp/1 [•(.-) are allowed to vary simultaneously. The

results of a five-di^iensiona 1 optimization show that, except at very low and

very high values of I *.\RF/'TK ' > COi'' changes very little (Table 5.6-11 and

Fig. 5.6-5). This results from a tradeoff of blanket/shield costs and magnet

costs. The main cost driver here is magnet costs; Sec. 5.6. shows that

decreasing magnet costs can have a significant effect on reactor design, forcing

a preference for high I^ARE^fK'' Table 6.3-1 shows the preferred operating

regime for an optimized EBTR (line 2 of Table 6.3-11 as compared to the present

TABLE 6.3-1

PARAMETER RANGES FOR OPTIMIZED REACTOR AS

COMPARED TO CURRENT DESIGN POINT

(T) (m) (m)

Design point 36 3.64 35 1.0 0.22

Optimized reactor with 28-30 3.3-4.A 30-36 1.1-1.2 0.08-0.16
current cost estimates

Optimized reactor with coil 30 4.0 30 1.0 0.23
costs reduced by factor
of 10



design point. Because I^RE^TF' ^S a wea^ driver of COE, it can be anywhere in

the range of 0.08-0.16, which is lower than ^he current design point. The

number of sectors, N, can also be somewhar lower (~ 30), R̂ . can be in the range

of 30-36 m, and r can increase to 1.1-1.2 m. With coil costs reduced by a

factor of 10, the desired reactor parameters do not change significantly (line 3

of Table 6.3-1), although higher values of II^pE/Iffl (0.23%) and reduced values

of r (1.0 m) become desirable.

Finally, it is apparent from optimizations at various net electric powers,

that strong economies of scale exist for the EBTR power plant at 1200 MWe

(Fie. 5.6-6). Raising the net electric power from 1200 to 2000 MWe decreases

the COE by 26%. The power rating of the conceptual design, although appropriate

for current and near term base-load power plant designs, is significantly lower

than is preferable from an economic standpoint.
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7. REACTOR AND PLANT ENGINEERING

This section describes the conceptual design of the EBT reactor and balance

of plant (BOP). The physical plant layout is presented along with the

performance, operation, and maintenance envisaged for the plant. The major

systems and facilities are also discussed.

7.1. Physical Description of Reactor and Plant

The EBTR power plant is based on a DT fusion reactor producing 1200 MWe

(net) as a central-station generating pQwer plant. This conceptual design is

representative of a fusion power plant in a mature fusion industry. The costing

(Appendix G) is based on a plant that is located in a midwestern location with

the appropriate labor rates. The design life of the plant is 40 years, although

the cost base is defined in terms of 30 years. Using the existing body of

knowledge for fusion, the EBT concept, and related plasma theory, the EBT

reactor is designed to produce economic power at a reasonable size.

7.1.1. Plant Layout. The plant site plan is shown in Fig. 7.1-1. The

plant contains all the necessary elements of a central generating facility:

reactor, turbine plant, electric plant, control and administration areas,

maintenance services, heat rejection systems, and supporting utilities. A

nominal 1000-acre tract was selected for the plant that provides adequate space

for additional generating units. The Reactor Building is centrally located

within the plant site. The turbine, Hot Cell, cryogenics, and fuel handling

equipment are located close to the Reactor Building in order to minimize piping

lengths. Wet, natural-draft (hyperbolic) cooling towers are used. The site is

located near a river to provide both adequate makeup water and the means to ship

the large, heavy components to the site during construction.

7.1.2. Reactor Description. Early EBTR concepts1 were considered to be

large aspect-ratio devices, with a major radius of 60 meters or more. For a

device of that radius, the Reactor Building dominates the site plan and the

plant economics. In this study, a concerted effort is made to reduce the size

of the reactor in order to enhance the economics while preserving the attractive

maintenance features of a high-aspect-ratio machine. Aspect—ratio-enhancement

(ARE) coils are incorporated explictly into this design to reduce the major

radius by a factor of ~ 2 while maintaining the same magnetic aspect ratio and

acceptable plasma transport. A perspective view of the EBTR site plan is given

in Fig. 7.1-2, illustrating that the Reactor Building is comparable in size to

the other plant buildings.
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Figure 7.1-3 depicts two of 36 reactor sectors that form the EBTR torus.

Each reactor sector is comprised of two different modules, a midplane

blanket/shield module located between the toroidal—field (TF) coils and a

coil-plane blanket/shield module. All 72 modules are physically and

thermohydraulically isolated from each other except for a welded, intersector

vacuum seal located outside the shield. By disconnecting coolant lines and

rf-heating waveguides, the midplane module can be withdrawn radially outward.

After the midplane section is removed, the coil-plane blanket/shield module can

be withdrawn in the toroidal direction to clear the TF/ARE-coil assembly and

SHI ELD - TF CC!L ARE COIL

VACUUM SYSTEM
SHIELD FIRST WALL/

BLANKET

ISOLATION-
VALVES

FIRST WALL/
BLANKET

PLASMA
BOUNDARY

LIMITER

SHIELD

VACUUM SEAL

VACUUM DUCT

^—CRYOGENIC VACUUM
PUMPS

Fig. 7.1-3. Equatorial cross section of the EBTR showing two of 36 reactor
sectors, each of which is comprised of two modules (i.e., a
coil-plane and a midplane module).
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then can be translated radially outward. This design approach allows the

TF/ARE-coil assembly, which requires precise alignment, to remain fixed while

blanket/shield replacement is accomplished.

Figure 7.1-4 gives a larger view of the reactor from the top and the side,

showing the general spatial relationship of the major systems. The plan view

illustrates the 35-m radius of a reactor structure that is supported off the

30-m-radius inner wall and the floor. View A-A shows the coil set closely

fitting around the first-wall/blanket/shield module. View B-B shows a section

through a midplane module with the cryogenic vacuum pump attached to the outer

surface of the shield. This view also shows the close proximity of the lower

hybrid heating (LHH) crossed-field amplifiers (CFAs) and the electron cyclotron

resonance heating (ECRH) gyrotron to the reactor. View C-C defines the limiter

array and the coolant plumbing. To help visualize the size of the reactor, a

sketch of a person is included in the elevation view.

The use of the ARE coils to effect a factor of approximately two

aspect-ratio enhancement dictates a high ARE-coil current and, hence, large coil

cross section (Sec. 7.A. and Appendix D). To minimize the support structure

connecting the ARE and TF coils and to eliminate the transition between cold and

warm structure, the set of TF/ARE coils is enclosed in a single cryogenic vessel

with interconnecting cryogenic support structure. Although this approach

creates a large and heavy coil set, it reduces the interconnecting and mounting

structure, alignment and installation problems, cryogenic requirements, and

manufacturing and quality control requirements. The coil casing also supports

and aligns the coil-plane blanket/shield module. The ARE and TF coils within

each coil set are wired in series to reduce the out-of-plane loads that would

occur if one of the coils fails.

Ideally, for an EBT the first wall should closely conform to the outer

surface of the plasma. The manufacturing difficulties inherent in making the

first wall, particularly in the coil plane, conform to a bumpy plasma suggest

that a cylindrical coil-plane wall, blanket, and shield be adopted. The

raidplane sectors can be fabricated using a conforraal wall design.

The blanket/shield design approach illustrated in Fig, 7.1-3, wherein each

reactor section is comprised of two modules (i.e., a coil-plane and a midplane

module), resulted from constraints other than those imposed by maintainability.

In order to achieve acceptable transport in a relatively small torus with

ARE-coil currents that are not excessive, it is desirable to locate the TF coils
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as close to the plasma as possible. Hence, the thinner coil-plane

blanket/shield design emphasizes the shielding function, with that portion of

the blanket having a tritium breeding ratio below unity. A net tritium breeding

ratio greater than unity (i.e., 1.06) is achieved by enhancing tritium

production in the mldplane blanket/shield module (Sec. 7.3.3.1.). The (axially)

two-region blanket design is described in Sees. 7.3.2. and 7.3.6.

The design philosophy of keeping the reactor design simple supported the

selection of a pumped-limiter impurity-control system instead of a magnetic

divertor. The pumped-limiter concept was also selected for the STARFIRE study.2

Several configurations and locations of pumped limiters were assessed. The

selected configuration utilizes two poloidal limiters in conjunction with vacuum

slots located at the junction between the coil-plane and midplane modules.

Impurities and neutralized DT atoms are pumped from these poloidal limiter slots

into an annular plenum formed between the blanket and shield assemblies. The

vacuum cryopumps are attached directly to the shield, thereby providing an

acceptable pumping path and high vacuum conductance. This physical arrangement

is also shown on Fig. 7.1-3 and is discussed in Sec. 7.5.

The first-wall/blanket configuration and material choices are largely taken

from the STARFIRE design,2 which is based <.n a pressurized-water reactor (PWR)

coolant and heat-transport system. The structural material is Primary Candidate

Alloy Stainless Steel (PCASS). The neutron multiplier is metallic beryllium,

and the solid breeder is natural LiAlC^. On the basis of these configurational

and material choices, the blanket has a breeding ratio of 1.06 and an energy

multiplication of 1.50 (Sec. 7.3.3.2.). Shielding under the TF coils on the

inboard region is most critical because of the need to minimize transport

losses. This design constraint may be accomplished by locating the coils as

close as possible to the plasma surface; a compact but effective shield is

dictated. This design goal is accomplished by using a small amount of

tungsten/lead mixture as a local shielding material in the coil region.

Elsewhere, the shield is stainless steel, Tit^, Tif^, and water. Local regions

are provided with extra shielding to assure minimal neutron penetration through

joints and ducts. More detailed information on the shield design can be found

in Sees. 7.3.3.3. and 7.3.6.2.

The EBT plasma is driven to ignition by LHH at a variable frequency of

0.55-1.40 GHz applied at four equally spaced sectors around the torus. After

ignition the plasma does not require bulk heating. The electron rings require
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continuous energy input as sustenance against classical radiation and

collisional drag losses (Sec. 4. and Apppendix E). This power is supplied by

ECRH at 50 Ghz in each sector. Gyrotrons and CFAs are located directly inboard

of the reactor to assure minimal waveguide losses .is the ECRH is delivered to

each of 36 sectors. It should be noted that although the design point reported

herein is based on an "ignited" plasma (i.e., the LHH bulk-heating power is

reduced to zero), a "numerically" ignited plasma could not be simulated.

Instead, a high-Q driven mode is reported (Table 6.2-1), wherein the required

LHH power is comparable to the ECRH power needed to drive the electron rings

(i.e., ~ 40-50 MW delivered to the plasma).

A three-dimensional cutaway drawing of the Reactor Building aud the key

reactor and support subsystems is shown in Fig. 7.1-5. Sections of the reactor

are shown both during construction and in a completed state. This cutaway view

illustrates the close fitting of the reactor to the Reactor Building inner wall

in order to reduce building costs and reactor structural supports. The reactor

support structure, including the midplane module support pedestal, coil support

arms, and coil gimbal supports, are shown both prior to and following

installation of the coil sets and modules. The more massive arms support the

coil sets, and tension struts support the midplane modules. One coil set and

coil-plane b]anket/shield module is shown in section to illustrate the

blanket/shield closely surrounded by the TV coil. The cryogenic intercoil

structure consists of I-beams and trusses and can be seen in the sectioned view

of the coil set, although the ARE coil is largely hidden from view. Located

between the elevated (1.2 m) concrete support bases for the coil sets are the

TF/ARE-coil dump resistors.

Ample maintenance access is provided outboard of the reactor for

maintenance machines and module transporters that are mounted on a monorail.

Overhead in the reactor hall are two bridge cranes; a portion of one Is shown.

These cranes assist in construction and maintenance of the reactor. The ECRH

gyrotrons are located in an annular room immediately inward from the reactor

room. The gyrotrons completely occupy this room and are grouped in 36 sets of

six. The waveguides for each of the six gyrotrons are combined into a common

assembly for routing to the adjacent midplane modules. The 192 LHH CKAs are

grouped in sets of 48 at four locations in the room above the gyrotrons. The 48

waveguides from each set of CFAs are combined into a common assembly rhat is

routed in parallel with the ECRH waveguide assembly at four symmetric toroidal
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Locations. One nf the four ECRH/LHH/cooling-pipe assemblies can be seen

projecting into the reactor room and is ready for mating to a midplane module.

The LHH power supplies are located in the room above the reactor room to reduce

the distance from the CFAs. This room also houses electrical switchgear for the

coils and the rf power supplies.

Appendix I discusses the relative merits of various building layouts

considered by this study. One of the more attractive arrangements locates the

primary loop components (including the steam generators) in the central area of

the reactor building. The virtues of this configuration are: .a) the central

location with short, equidistant primary loop piping runs, b) the elimination of

a separate building for the primary loop components, and c) the resulting

compact reactor building arrangement. The four steam generators and primary

coolant pump modules are located around the perimeter of the central subgrade

level room. Also located around the perimeter are three atmospheric tritium

processing modules. The interior of the room contains the cooling module for

the pumped-liri.iter impurity control, the ECRH-system cooling module, ana the

vacuum pump/blanket purge module (not shown). Envelopes for these systems are

shown with sketches of representative equipment. A complete floor plan

arra.'oement can be seen in Fig. 7.13-3 of Sec. 7.13. These systems are serviced

with an i.verhead, 100-tonne polar crane and a wall-mounted, electro-mechanical

bridge rn.. nipulator. Four lower-level, pipe-chase tunnels connect the primary

and limited cooling loop modules to the respective inlet and outlet headers

located along the reactor room interior wall. The coolant feed lines from the

headets to the modules can best be seen in Fig. 7.1-4. The illustrated

arrangement of the reactor and associated systems is designed to provide a

synergistic and cost effective utilization of space. More complete descriptions

of all of the buildings and systems are included in the following sections.

7.1.3. Construction Schedule. The construction and installation time is

anticipated to be less than that for an equivalent tokamak fusion power plant.

The EBT Reactor Building is designed for a lower overpressure and is more

compact. Furthermore, the installation of key reactor components appears more

straightforward with fewer potential interferences and the capability for more

parallel operations. The TF/ARF. coils are significant in -̂ ize and weight

because of the relatively high ARE-coil current (IARE/'ITF = ~0.22) estimated

necessary to achieve ignition in a 35-m radius system. Even with the coil

configuration evolved in this design, transportation, installation techniques,
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and equipment have been defined that would accomplish the installation.

Figure 7.1-6 outlines the construction schedule anticipated for the key plant

elements (Sec. 7.13.). This schedule and the STARFIRE schedule intrinsically

assume the adoption of enhanced productivity and schedule-reducing operations.

These schedules cannot be achieved by using the approach of the current nuclear

power industry in building nuclear power plants. Regulations have to be

designed to be less time-consuming for compliance while retaining their

effectiveness. Better management and union cooperation is required to assure
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Fig. 7.1-6. Construction schedule for the EBTR design.
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timely completions. New construction techniques need to be incorporated, with

increased modular assemblies being utilized. Hence, the schedule illustrated in

Fig. 7.1-6 is representative of fusion plant construction in a mature industry

environment that is required to assure the production of economic power.

The overall construction time is estimated to be five years and includes

one year of test and check-out prior to commercial operation. The schedule is

paced by construction of the Reactor Building and reactor installation. Two and

one-quarter years of initial construction are required prior to reactor

assembly, which requires approximately one and one-half years. Credit is taken

in the construction schedule for use of improved construction techniques, which

include standardized prefabricated wiring harnesses, multiplexed communication

and data signal systems, prefabricated modules assembled off-site, and

additional parallel operations afforded by the accessible building and reactor

configuration. Modular construction permits use of higher skill levels at the

factory location, improved productivity, and improved quality control. Power

plants now under construction are using complete control room modules. The

largest components in the EBTR plant are the 36 TF/ARE-coil assemblies, all of

which will be fabricated, assembled, and tested at a remote factory site.

Alignment of the toroidal array of TF/ARE coils to minimize the field error

[6B/B < 2(10) ] is easily achievable with the design approach adopted

(Sec. 4.3.3.). The coils, as well as other heavy components, are shipped to the

construction site by barge.

The construction of the Reactor Building and assembly of the reactor is

enhanced by the open design of the EBT. After the Reactor Building walls and

floor are complete, the overhead cranes can be installed and the reactor

equipment placed. The coil assemblies enter the reactor room through a

temporary construction opening and then are transported to their location using

a special transporter (Sec. 7.11.2.1.) which spans the two monorail tracks.

Air-bearing pads allow the coils to be moved to their final position in the

torus. Once coil alignment Is complete, the coil-plane blanket/shield sectors

are installed and adjusted with respect to the coils. The raidplane

blanket/shield sectors are installed and aligned with the coil-plane sectors.

While the roof of the primary coolant component room is still open, the large

primary coolant-loop modules can be lowered through the roof openings. The

plumbing and instrumentation is then connected, and the vacuum pumps and pads

are installed.
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7.1.4. Power Flow. The final product of the central generating plant is

the production of electricity. The net electrical power production is dependent

upon the reactor thermal output, the heat-transport pumping power, the

efficiency of the power conversion system, and auxiliary power requirements of

the reactor and the power plant. Figure 7.1-7 schematically denotes the power

flow within the EBTR power plant. The design point produces 4000 MWt, based

upon a blanket energy multiplication of 1.50. Mded to this power is the

steady-state power required (42 MW) to sustain the electron rings. This power

is recovered by the primary heat-transport system. Of the total 4042 MWt

produced, 3692 MWt is transported to the steam generators by the

high-temperature, high-pressure primary coolant (H2O). The pumped-limiter

impurity-control system is actively cooled by a lower-temperature coolant (H2O).

The energy absorbed in the limiter coolant is effectively used in the

power-conversion system for feedwater heating. Pump work equal to 36 MW is

needed to pump the heat-transport fluids. This power is added to the thermal
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Fig. 7.1-7. Power flow within the EBTR power plant.
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power delivered to the steam generators. The pump power delivered to the

primary coolant, in fact, is sufficient to heat the blanket to near operating

temperature from a cold-start condition.

Considerable attention was given to achieving a maximum conversion

efficiency in the steam turbine/generator. With several stages of reheat, an

efficiency of 0.355 is predicted for the steam inlet conditions selected for the

design (572 K, 6.3 MPa). This advanced conversion efficiency yields a gross

electric power output of 1430 MWe.

The recirculating power requirement for the EBTR is estimated to be

216 MWe, leaving a net power production of 1214 MW. The largest power

requirement is the ECRH delivered to the electron rings (120 MWe). The

heat-transfer pumping requirements are 39 MWe; the condensate and

recirculation-water systems consume 27 MWe. The remaining 30 MWe is required by

the magnets, cryogenics, and BOP auxiliaries, with some contingency allowance.

During startup an additional 100-MWe of power is required by the LHH system for

a short interval to heat the toroidal plasma to ignition. This power is

expected to be drawn from the utility grid network as opposed to an electrical

storage system. It should be emphasized that the actual magnitude of the peak

LHH startup power depends on the specific startup scenario/mode, and the 100-MWe

value is considered nominal on the basis of preliminary analyses of the startup

transient given in Appendix B.

The heat-rejection systems for the EBTR plant must transport and reject the

waste heat generated by the reactor and overall power plant. Approximately

50 MWt of energy is absorbed in the bulk shield surrounding the blanket and is

rejected through the closed-loop, cooling-water-loop heat exchanger to the main

cooling tower. The primary source of waste heat is from the steam condenser;

this heat is also rejected through the main natural-draft cooling towers.

The recirculating power fraction (0.15) is reasonable for most central

generating facilities. The net power output (1214 MWe) is representative of a

current base-load generating plant with the generated COE being competitive with

other energy sources.

7.1.5. EBTR Maintenance Approach. Because of the trend toward decreased

contact maintenance for nuclear systems, fully remote maintenance is assumed for

the EBTR. The large aspect ratio of the EBTR eases maintenance requirements

when compared to more compact reactor concepts (Sec. 7.10.). The low neutron

wall loading (1.4 MW/m2) results in a wall life of about 15 years. Three



blanket/shield sectors are replaced annually during the 28-day BOP maintenance

period for the last 12 years of the 15-year life. The three sectors are

replaced in series by a single set of maintenance equipment that consists of: a

general purpose maintenance machine (GPM), a 300-tonne overhead crane, a module

transporter, and various auxiliary equipment (Sec. 7.11.). Figure 7.1-4

illustrates the GPM, which rides on the inner maintenance monorail radially

outboard of the torus, the transporter, which rides on the outboard monorail,

and the overhead crane. A spare set of maintenance equipment is available in

the event of an in-service failure. Additionally, three cryopump maintenance

machines (CMM, not shown) are used to replace the cryopump seals and molecular

sieves, which have a two-year life. The CMMs also ride on the inner maintenance

monorail and operate in parallel with the blanket/shield replacement.

Total plant availability is based on: 28 days of annual reactor and BOP

maintenance, 120 days for turbine overhaul every 10 years, 20 days of annual

unscheduled reactor maintenance, and 27 days of annual unscheduled BOP

maintenance. An overall availability of 77% results. Most reactor equipment,

other than cryovacuum pumps and the blanket/shield, are considered life-of-

plant, although provisions are made for failures and redundancy is incorporated

where possible.
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7.2. Operation of Reactor Plant

7.2.1. Normal (Scheduled) Operational Procedures. This EBTR design has

assumed an ignited plasma with no auxiliary driving power required to sustain

the toroidal plasma against radiation and transport losses. The numerical

simulation that serves as a basis for this steady-state design point

(Sec. B.5.) is not "numerically" ignited. The numerical simulation requires

total alpha-particle power of 480 MW as compared to 530 MW required to maintain

the plasma against all losses; hence, in a numerical sense, the plasma is ~ 90%

ignited. As shown in Sec. B.5., however, very small perturbations in key design

parameters (i.e., > 5% increase in Etp) would drive the plasma into a thermally

unstable ignited state. Furthermore, the ~ 50-MW power required to sustain this

modestly driven plasma is very close to the power needed to maintain the

electron rings (~ 42 MW, Sec. 4.4.), some of which could be deposited into the

bulk plasma. Hence, to within the numerical and physical accuracy of the

point-plasma burn model described in Appendix B, the EBTR design point can be

considered "ideally" ignited. However, this difference can have a significant

impact on the economics (Sec. 8.3.3.).

Startup and control of the EBT burn, however, is more uncertain and can

have a potentially greater impact on the plant design and economics. This issue

was addressed by a limited but quantitative analysis in Appendix B.

SpecificaPy, a number of startup scenarios were suggested in Table B-l of

Appendix B (constant 1^, 6, n, n/i , Tp, or £ e ) , with only the constant-£e

control showing a thermal stability (i.e., T <* 1/T). The control of £ e through

the external fueling rate was selected as a basis for this design point, which

predicted a peak LHH power that exceeds the nominal 69 MW (0.1 MW/m3 of plasma)

used for the reactor plant design. The limitations of the startup

zero-dimensional model and the absence of a more comprehensive study of the

plasma startup transienc justifies the selection of the nominal 100-MW value for

this study; more work is required, however, in that a larger LHH power

requirement can significantly affect both the sector design and overall plant

economics when compared to the design-point values reported herein.

On the basis of the transient burn simulations made so far, the following

reactor startup procedure is envisaged.

• The blanket/shield is brought to near operating temperature by means of the
~ 40 MW deposited into the primary coolant through the primary coolant
pumps. Some auxilliary electrical heaters may be required to saooth
thermal gradients within the first-wall blanket and pumped-limiter systens,

173



although the level of design detail available at this point is not
suffiripnf- fn nnantifv these rpoiiirements.sufficient to quantify these requirements

© The plasma chamber is filled with DT gas at low density, and the ECRH power
is applied to form low-density electron rings and a tenuous, low-density
(10^'-10 m ) toroidal plasma. Some additional bulk-plasma heating may
be required at this point, but the coupling of LHH to the rarefied,
low-temperature plasma is expected to be poor.

• Perhaps as long as a day may be required to create a stable, low-density
core plasma by this means. The applied electron cyclotron resonance
heating (ECRH) (42 MW) for ring formation/sustenance and whatever
auxilllary core-plasma heating is required, will further heat the
first-wail/blanket. The plasma temperature is maintained at the ~ 1-keV
steady-state temperature. The heat flux and particle reflux to the the
first-wall and pumped-limiter surfaces (> 0.03 MW/m2) should be sufficient
for some discharge cleaning.

• Once a stable but low-density, core-plasma/ring configuration is
established by semiautomatic control of gas recycle, plasma chamber (edge)
pressure, and ECRH power, the lower hybrid heating (LHH) is applied to the
plasma, and a heat-up transient similar to the one modeled in Fig. 6.2-5
occurs. During this approach to ignition the ECRH, LHH, edge density and
pellet fueling systems are controlled to allow the desired plasma density
and power to increase according to a program that also controls the reponse
of primary coolant, vacuum, and BOP systems. In all likelihood, the LHH
frequency will have to be varied over the range 0.55 GHz to 1.4 GHz to
allow efficient coupling as the plasma density and temperature vary
throughout the startup transient.

© Once a desired plasma fusion power density is achieved, it is likely that
the steady-state control functions may differ from those used during the
startup transient. Ideally, a constant neutron wall loading is desired,
and a number of alternative control variables, other than through the
external pellet fueling rate, can be identified: ARt-coil current (i.e.,
R
c) , impurity content in either bulk or edge regions of the plasma, ECRH
power to electron rings (i.e., ring temperature, density, and dimensions),
pumped-limiter location, DT density at plasma edge (i.e., variable vacuum
conductance behind pumped limiter), and DT fuel mixture.

Although the EBTR net power can be varied through controlled changes of any

of the above-mentioned variables, the reactor system probably would operate less

efficiently (i.e., higher recirculating power) if operating parameters other

than those for the point design were selected. Similar to other large central

generating stations, the EBTR would operate as a base-loaded system for maximum

total efficiency and return-on-investment, although no reason other than those

associated with lower-efficiency operation could be identified that would a

priori disallow a load-following capability for EBTR.
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At steady state, the .stored energies in the major systems are summarized in

Table 7.2-1. Frora the viewpoint of the first-wall/blanket/shield systems, the

energy stored in the plasma and the magnetic fields represents the major concern

from the viewpoint of a controlled shutdown. A uniform deposition over the

first-wall area would result in an energy density of ~ 0.65 MJ/m2, which if

deposited in a time greater than 0.001 s, would not cause melting of the

beryllium coating. The energy stored in the TK/AKE coil sets, of course, is

considerable, but during emergency conditions can be dissipated through dump

reristers according to the description given in Sec. 7.4.

TABLE 7.2-1

ENERGY STORRI) AT STEADY STATE BY THE EBTR DESIGN

Source Energy (GJ)

Plasma kinetic energy 1.0

Electron rings 0.01-0.05

Primary coolant loop ~ 470

Steam ~ 90

Turbine 2-3

Magnetic field 131

7.2.2. Scheduled/Unscheduled Shutdowns. The EBTR will operate in a

steady-state mode, with planned annual shutdowns of 28 days being scheduled for

reactor and BOP maintenance, and a 120-day turbine overhaul being scheduled once

every 10 years. An allowance of 47 days (27 days for the reactor and 20 days

for the BOP) for unscheduled shutdowns per calendar year has been incorporated

into the design. Combined with the scheduled maintenance time, a power-plan;

availability of 77% is projected. Section 7.11. discusses in detail these

maintenance times. During operation, all aspects of the reactor will be

monitored by computer to detect any failures or fault conditions. When a

failure occurs, four courses of action are possible, depending on the failure

classif ication.

• Continued full-power operation

» Partial shutdown or decreased power

• Full shutdown for a short period of time

• Long-term shutdown
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Failures of redundant components (e.g., vacuum pumps, gyrotrons) will not

require shutdown for maintenance because on-line spare units can be substituted

or the reinai i iTg units can be operated above design specifications, slightly

overpowered temporarily tu compensate for a failed component. Failure of a main

coolant pump (two per coolant loop, four coolant loops) will result in a 50%

loss uf coolant in one quadrant of the torus; a reduction from full to 50% power

for the entire reactor would be required in this case. This power reduction

could be accomplished by adjusting the DT fuel mix in the plasma to reduce the

fusion power density. Turbine trips or other minor failures will require

shutdown for short periods of time, followed by a quick restart of the reactor.

Blanket failures and other major problems will require shutdowns for extended

periods of tine.

These various classes of failures require different kinds of startup once

the problem has been corrected. A cold startup will be required after a long

shutdown, during which the blanket and primary coolant system will have been

shut down and the coils discharged. The vacuum boundary would be breached for a

significant length of time, and, hence, the reactor would have to be outgassed

before restarting.

A hot startup occurs after a short maintenance period, during which the

coils have been electrically discharged but remain in a cryogenic state; most

other systems remain in a ready state. A rapid startup occurs when all reactor

systems are operational, and a minor BOP failure (e.g., a turbine trip) has

caused an extremely short downtime; only plasma initiation and startup is

required to resume operation.

Table 7.2-2 lists the required operations for the various startup

scenarios. A cold startup should be accomplished in about 24 hours.

TABLE 7.2-2

EBTR POWER PLANT STARTUP REQUIREMENTS

Function

Magnet charge

Blanket/coolant heatup

Pumpdown/outgassing

Steam system/turbine startup

Plasma initiation
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_7_.J3. First WaJLl^_Bl_anke_t_,__and Shield

The EBTR study uses a first-wall, blanket, and shield (FWbS) system design

concept that is similar to that for the STAR." IKE tokatnak reactor design.1 The

major differences betweer. the two designs are the wall Loading, the

configuration of the FWBS, and the geometric afrangepjent of chc magnet sec.1;.

Although these differences are significant, the KBTK design study benefitced

great _y from the in-df ch analyses performed on FWBS syster.s for tiie STAKFIKKi

s tudies.

7 . 3 . 1 . Design Approach. The FUBS design approach uses a high-teiuperature

h igh-p res su re water coolant for both the f i r s t wall and r-he t r i I Luiii-breed lug

b l a n k e t . Water a l s o cools the sh ie ld region, but the lower power dens i ty i.i i he

sh ie ld produces only low-grade hea t ; t h i s low-grade heat is re jec ted via cooliu>>,

towers .

''any tritium-breeding materials and concepts were considered and evaluated

as part of the STARFIRE tokamak design.1 Ultimately, a solid breeder with a

heliun purge for tritium removal and water coolant was adopted for STAR F IRK.

This concept was also adopted by the EBTR study, although several blanket

materials have been changed in order to achieve better perf crmance. The u.so of

the solid breeder LiAlO-j requires that a neutron multiplier bu incorporated

inboard of the tritium-breeding region. A neutron-refi^-cting region is also

incorporated outboard of the breeding region. The shielding is simila to t!iaf

of the STARFIRK design, but the shield configuration is adapted to the specific

requirements of the KBTR configuration.

The need to locate the TF coils as close as possible to Liu: plasma,

together with the fact that the plasma is offSOL from the TF-coil center, puts a

premium on reducing the inboard blanket and shield thickness directly under :h<.

TF coils. The design approach uses a thlpner inboard blanket region under the

TF coil and a denser .shielding material (i.e., tungsten) to ;iai nta i n adequate

neutron am! gamna-ray shielding for tlu coils. A thicker but more economic

shield configuration is used at the outboard side, where hlza (thickness) is not

as crucial. To provide a uniform transition from inboard to outboard regions,

this design uses a set of offset cylinders, as shown in Fig. 7.3-1. The

natorial arrangement in the midplane. FWBS is similar to that shown in

Fig. 7.3-1, except concentric cylindrical regions of thicknesses similar to

those of the outboard coil-plane region are used. In this arrangement the

rniilpl.Vit- region lias a thicker tritium-breeding zone (high tritium breeding
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Fig. 7.3-1. Design approach for EBTR blanket and shield showing coil-plane
first-wall blanket/shield cross section.

ratio) and a less expensive radiation shield; the coil-plane region is

subbreeding and requires more expensive (compact) shielding materials. A net

tritium breeding ratio of 1.06 is achieved by this arrangement. Figure 7.3-2

depicts this two-region blanket concept as viewed through a cross section in the

EBTR equatorial plane.

Hence, a two-region FWBS is used for each of the 36 sectors in EBTR.. Each

sector is comprised of two FWBS modules: a coil-plane module that emphasizes

TF/ARE-coil shielding and a tnidplane module that emphasizes tritium breeding.

The terms "module" and "sector" are used throughout this report according to

these definitions. Referring to Fig. 7.3-2, the relative length of each module,

%p/^CP» •*"s determined by an iterative tradeoff between the magnetics design

(Sec. 7.4. and Appendix D), transport (Sec. 4.2. and Appendix B) and FWBS

nucleonic performance (Sec. 7.3.3.). This tradeoff has been qualitatively

described in Sec. 2.4.2. Although closely related to the FWBS design, those
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aspects of the EBTR design related to the pumped-limiter and vacuum requirements

are treated separately in Sees. 7.5. and 7.8., respectively.

The first-wall material must be periodically replaced. This replacement

can be accomplished either in situ, by working internal to the torus, or by

modular replacement, with the refurbishment conducted remote from the reactor.

The approach based on ̂ n situ repair portends many disadvantages, such as a

time-consuming repair process, difficult quality control of coolant and

helium-purge piping weldments, and congested access areas. The use of a

replacement module allows shorter removal times with the more time-consuming

refurbishment processes being accomplished at a remote location. If the shield

is removed with the blanket, the blanket coolant piping that passes through the

shield need not be disturbed, and the shielding around the pipes is less

complex; a higher confidence level is thereby maintained. In the approach

adopted, the removal of a FWBS module section located between the toroidal-field

(TF) coils precedes the removal of a separate module located under the TF coils

(Fig. 7.3-2). To assure the desired TF/ARE-coil alignment, the coil sets are

not removed nor the alignment disturbed after the initial installation during

construction. More detail on removal and reassembly is presented in Sec. 7.11.

To incorporate a pumped-limiter concept for impurity control (Sec. 7.5.), a

high-conductance vacuum connection between the pumped-limiter and vacuum pumps

is required. A possible method for making this connection uses a vacuum plenum

situated between the blanket and the shield. To assure a high vacuum

conductance, an acceptably large flow area (i.e., size of the plenum) is

important. Only a small vacuum area is allowable in the sector beneath the TF

coils. The mldplane module, however, will accommodate a plenum region. The

plenum is restricted on the inboard region by the aspect-ratio-enhancement (ARE)

coils, but expansion in the outer region in the vicinity of the vacuum pumps is

possible. More information on the vacuum design associated with the pumped

limiter is found in Sec. 7.8.

7.3.2. Materials Selection The selection of materials for the FWBS

system builds upon the study and experience of the STARFIRE conceptual design.1

The basic choice of a water-cooled stainless-steel blanket for STARFIRE was made

after numerous tradeoff studies. The final selection of PWR technology was

based on several considerations: the compatibility of austenitic stainless

steels (e.g., PCASS) with the chosen solid breeder material; the advanced state

of development of PWR technology; the acceptable radiation damage and fatigue
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characteristics for noncyclic operation at < 775 K for the primary candidate

alloy stainless steel (PCASS); and the achievement of the low operating

temperatures with water coolant. Additionally, the choice of PWR technology,

including operating temperatures, allows use of a standard balance-of-plant

(BOP) design.

The choice of the intermetallic compound oc-LiAlC^ as the breeder material

is based mainly on its (anticipated) good tritium migration characteristics and

chemical stability, including compatibility with stainless steel. Long-term

chemical incompatibility of the tritium breeder with water, together with the

desire to isolate tritium from the primary coolant, necessitates a helium-gas

purge system to remove continuously the bred tritium (as an oxide, T2O, HTO).

The containment of tritium may also require an oxide film at the inside surface

of the blanket coolant tubes. The a-LiAlC^ has undesirable nucleonic properties

(i.e., high parasitic capture) that necessitate a neutron multiplier within the

blanket. The sintered-Be multiplier has the best neutron multiplication of any

nonfissionable element,2 is stable, and has good thermal properties. One

potential disadvantage could be a resource limitation if other competing large

scale uses for Be emerge in the future.3 This potential limitation is overcome

by the desirably thin, light-weight Be multiplier providing a considerably

increased energy multiplication. The low-threshold neutron multiplication

reactions in the Be region produce as much as 20% of the total thermal energy

removed from the blanket; Be, therefore, can be considered in part as a "fuel"

in its own right. It is noted that nuclear data for Be used in this study were

obtained from the Los Alamos evaluation and not from ENDF/B-V. The former

evaluation gives a more accurate representation of secondary-neutron energy

spectra. The ENDF/B-V Be data, for example, were found to overpredict the

breeding ratio by approximately 4% for the design presented here (Appendix K).

Shield materials were chosen primarily on the basis of neutron or gamma-ray

attenuation effectiveness, although constructibility, chemical stability, and

cost were also considered. Ordinary austenitic stainless s'.eel (nominally, type

304) was extensively used in combination with borated water. If chromium

supplies become limited, an alternate nonmagnetic austenitic steel with the

composition of 14Mn-2Ni-2Cr (Nonmagne 30)"* can be substituted for the 304 SS

with minimal impact on the shielding. Within the inboard coil-plane shield

where blanket/shield thicknesses must be minimized, a mixture of 95 v/o tungsten

and 5 v/o lead is employed. This combination provides more effective neutron
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and gamma-ray shielding for a given thickness at slightly increased costs, when

compared with stainless-steel shielding employed elsewhere; s ign i I ii-rint 1 v

reduced magnet size and costs result. A mixture of T i ^ and TiB^ is employed in

the outermost shield region just inside the TF-coil structure and dewars. This

material acts as an effective neutron moderator and absorber (i.e., 1 0 B ) , while

providing a low residual radioactivity. The estimated cost for this shield

material is quite low, and it can be easily fabricated as a powder.

In summary, the cost effectiveness of a material selection is a complex

function of many interrelated design requirements. For example, the increased

cost of W must be weighed against the costs of alternative designs with larger

TF-coil radii, currents, and stored energy. Perhaps the most cost-effective

material used is Be, because of its high energy multiplication. The plant

benefit (i.e., electrical output) simply increases linearly with energy

multiplication,5 a factor often underemphasized in design studies.

7«3.3. Nucleonics. An important facet of any fusion reactor conceptual

design study is the nuclear design. Any reactor operating on a Li-T-D fuel

cycle must have a tritium breeding ratio greater than unity if it is to operate

independently. Furthermore, economic considerations diive the FWBS design

toward maximizing the neutron energy multiplication factor, MJJ. Increasing

tritium breeding generally results in decreasing energy multiplication. An

optimum design, therefore, requires maintaining a net tritium breeding ratio

greater than unity by only the fraction necessary to account for blanket

struct ce and coolant fraction variations, blanket coverage lost to ducts and

gaps, and losses in the fuel cycle, as well as for uncertainties in cross-

section data and computational modeling. Lastly, shielding must be provided

outward of the blanket for several reasons, the most critical of which is

protection of the superconducting TF/ARE coils from radiation damage and

excessive nuclear heating. Although nuclear heating impacts the He

refrigeration load, the most vital consideration is radiation damage to the

superconducting TF/ARE coils. Again, radiation damage effects include

displacement damage to the copper matrix material, which causes resistivity

increases and, hence, increased refrigeration loads and damage to the organic

insulators, the latter being even more essential to the coil lifetime.

In summary, the salient objectives for the nucleonic design are:

• a net tritium breeding ratio that is greater than unity, after
conservatively accounting for uncertainties in the data base, computational
models, and system operations
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• maximum energy multiplication, M^, consistent with tritium breeding and
other restraints associated with material selection

• radiation damage to superconducting-coil insulator materials within limits
that allow a coil lifetime that is as least as long as the reactor plant
lifetime (> 40 yr)

Details of the nucleonic analyses are given in Appendix K and only salient

features of the approach, systems studies, and results are presented here.

7.3.3.1. Tritium Breeding. The theoretical tritium breeding ratio, T, is

defined as the number of tritons produced in the blanket per DT reaction in the

plasma. This definition does not account for losses in the fuel cycle caused by

leakage from the plant or radioactive decay during processing and holdup. A

factor, fjj, must, therefore, be estimated to account for these losses. The

calculational models used to compute T are one- and two-dimensional and,

therefore, do not account for limiter, vacuum, and rf system ducts; a blanket

coverage fraction, f^, must also be applied to the breeding ratio computed by

the nucleonic model. Finally, uncertainties in calculational methods and cross

sections, especially the 7Li(n, n't)!'He reaction, must be taken into account,

even though these uncertainties may cause breeding ratio errors, 6T, in either

direction. The actual (expected) tritium breeding ratio, T can be written as

T = f, (1 - f,)(l - 6T) T . (7.3-1)

It appears reasonable to assume that good fuel—cycle design and management, in

addition to necessary compliance with tritium release limits, will limit f^ to

less than 0.01. Based upon preliminary design information, it is estimated that

~ 3% of the wall area must be utilized by limiter and vacuum ducts and < 0.1%

will be devoted to electron cyclotron resonance heating (ECRH) and lower hybrid

heating (LHH) waveguide apertures; hence, f^ - 0.97. Estimates of 6T are more

difficult, primarily because of the complexity of uncertainty analyses and

because of the inherently stochastic nature of the related analysis. Accounting

for recent measurements of the 7Li(n,n't)ttHe cross section and the fraction of

tritium produced by this reaction in the present design (~ 5%), however, results

in an estimated value of 6T = 0.02. This uncertainty value represents one

standard deviation (i.e., 68% confidence level). Based upon the above estimates

(i.e., fb = 0.97, fjj = 0.01, <ST = 0.02), the required calculated tritium

breeding ratio would be T > 1.06 for a net valve T = 1.00. Two separate
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calculations of T were performed for the coil-plane, T^p, and the midplane, T^p,

FWBS models. The FWBS cross section in the coil plane consists of a series of

concentric and eccentric circles, as shown in Fig. 7.3-1. This configuration

was modeled for a Monte Carlo calculation that determined a value

T c p = 0.953 ± 0.005, using the MCNP code
6.

The outboard blanket/shield configuration in Figs. 7.3-1 and 7.3-2 is

identical to that for the midplane blanket/shield. In the midplaae this

configuration is poloidally symmetric, so a one-dimensional model sufficed.

Using the ONEDANT discrete-ordinates code7 for the one-dimensional midplane

model, a breeding ratio of T^p = 1.15 was found. A schematic of the

one-dimensional traverses showing the regtoa material compositions for both

coil-plane and midplane locations i.s presented in Fig. 7.3-3. A similar

one-dimensional calculation for the inboard coil-plane traverse yielded a
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Fig. 7.3-3. One-dimensional traverses in the midplane and coil plane (inboard)
used in the nucleonic model.
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breeding ratio of T I N = 0.841. In order to estimate the composite breeding

ratio associated for both modules that comprise an EBTR sector, both the

proportionate lengths of midplane and the coil-plane modules and the poloidal

wall loading variation of the neutron wall loading must be considered. A

ray-tracing calculation (Sec. D.6.5., Appendix D) showed that the ratio of

outboard to inboard coil-plane neutron wall loading is 1.21. After correction

for this spatial effect, the computed coil-plane breeding ratio becomes

TQP = 0.967. If Awp and &„„ are the lengths of the blanket in the taidplane and

coil plane, respectively (Fig. 7.3-2, X^p = % - 1.08 and lcp = ATF + 1.08,

where 1.08 m represents the nominal clearance required for structure, dewar, and

plumbing), then the estimated overall tritium breeding ratio becomes

T - TCP + (%>/&Cp) TMP

Figure 7.3-4 gives the dependence of T on the lengths ratio, ^Mp/^CP' anc*

the present design values of &M and £ T F, which are equal to 4.13 m and 1.98 m,

respectively, T = 1.06. The trade studies that led to the generation of

Fig. 7.3-4 represent one important element in the complex optimization

(Sec. 2.4.2.) leading to the EBTR design point. The minimum goal for tritium

breeding has been attained.

7.3.3.2. Blanket Energy Multiplication. Maximization of energy output for

a given capital investment is a principal design goal. While specific choices

of blanket material were not made solely to meet this goal, the combination of a

Be neutron multiplier and stainless-steel structure provides a high

energy-multiplication system. It has been noted often8 that Be is a very

effective energy and neutron multiplier or "fuel" because of a low neutron

binding energy (~ 1.7 MeV). When this neutron is recovered via the 6Li(n,t)'*He

reaction, ~ 4.8 MeV is released versus ~ 7 MeV when absorbed in stainless

steel.2

As part of the FWBS analysis by Monte Carlo and discrete-ordinates methods,

kermas were calculated for each region. The resulting blanket energy

multiplication, Mjg, for coil-plane and midplane locations, respectively, were

determined to be M c p = 1.51 ± 0.01 and M M p = 1.49. With this close agreement
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Fig. 7.3-4. Dependence of gross tritium breeding ratio, T, on
lengths of midplane and coil-plane blanket modules.

the relative

between the two independent calculations, a value of NL, = 1.5 was used for all

subsequent blanket thermohydraulic and energy-balance analyses.

7.3.3.3. Shielding. Shield design and analysis was most critical for the

inboard coil-plane region, where clearance between the plasma and the TF coils

is a minimum. Parametric nucleonic calculations were performed for a

one-dimensional model of the inboard shield in order to devise a

minimum-thickness FWBS that would satisfy the TF-coil radiation effects

criteria. A one-dimensional schematic of the final FWBS design, showing region

compositions and dimensions, is presented in Fig. 7.3-3. The total FWBS

thickness, including a 0.02-m gap between the blanket and shield, is 1.04 m.

The following criteria were devised to limit the TF-coil radiation effects

within' acceptable bounds.

• The maximum increase in resistivity of the copper stabilizer at any time
during the 40-year plant life should not exceed 50%. It is assumed for
these nucleonic calculations that the plant availability is 75% and that
the coils will be annealed three times during the life of the plant.
Taking into account correlations of displacements per atom (dpa) and
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radiation-induced resistivity, this criterion translates into a
displacement criterion of 1.97(10)"^ dpa/yr.

• The maximum absorbed dose to the KERIMID 601 organic insulator9 during the
40-year plant life should not exceed l.l(10)8 Gy (neutron) or 2.7(10)7 Gy
(gamma ray). Again, assuming a plant availability of 75%, this criterion
reduces to a yearly limit of 3.67(10)6 Gy/yr (neutron) or 9.00(10)5 Gy/yr
(gamma ray).

• Total nuclear energy deposition in the cryogenic regions consisting of TF
coils and dewars should not exceed lO"-* of the total nuclear power. This
constraint maintains the refrigeration load at < 1% of gross electric
output. Also, the maximum local heating in the TF coil should not exceed
5(10)~3 MW/m3, a value adopted from the ETF design goals.10

The shield is conservatively designed for a fusion neutron wall loading of

3.0 MW/m2, compared to the reference wall loading, Iw = 1.4 MW/m
2. This design

provides a design conservatism factor of > 2, which approximately equals the

uncertainty in typical fusion-reactor shield calculations11 (68% confidence

level). These uncertainties are caused primarily by covariances (uncertainties)

in the evaluated nuclear cross sections and neutron emission energy spectra.

Studies of uncertainties attributable to calculational modeling and transport

methods12 have found local and integral responses in the TF coils to agree

within ~ 20%. If the shielding safety factor of two were reduced to unity, the

TF-coil radius would be reduced from 2.90 m to 2.80 m. However, a

reoptimization of blanket and shield materials and a reconfiguration of the

magnet may produce an even larger reduction in the TF-coil radius.

Table 7.3-1 summarizes the responses for the inboard coil-plane and the

outboard coil-plane/midplane shield configurations considered. All nucleonic

design criteria are easily met at a reference neutron walL Loading of 1.4 MW/m2,

with maximum dpa in the Cu stabilizer being closest to the design maximum.

Displacement damage decreases with distance into the coil, with an e-folding

length of ~ 0.10 m, indicating that the increased Cu resistivity is localized to

the inner portion of the coil. A more stringent criterion is that for damage to

the organic insulator, because even local failure cannot be tolerated. In this

case, however, the maximum radiation doses are in all cases at least a factor of

~ 10 below the design maxima. Choice of the insulator material is thereby

broadened, because the doses are sufficiently low to allow use of G-10CR, a

glass-epoxy laminate13 selected for the ETF design. Radiation tolerance limits

for G-10CR are a factor of ~10 lower than the KERIMID 601 reference material.9

As can be seen from Table 7.3-1, the nuclear heating criteria for the TF
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TABLE 7.3-1

RADIATIO'tf-EFFECTS CRITERIA AND NUCLEAR-RESPONSE VALUES FOR

TF COIL FOR A NEUTRON FIRST-WALL LOADING OF Iw = 1.4 MW/m
2

Response Criterion

Maximum Cu stabilizer displacement 1.97(10)~5

(dpa/yr)

Maximum dose to organic insulator
(Gyr/yr)

• neutron 3.67(10)6

9.00(10)5• gamma ray

Nuclear energy fraction'3'

Maximum local heating(b> (MW/m3) 5.0(10)~3

(a)

Inboard
Coil Plane

A.96(10)'

3.94(10)

1.40(10)

-6

-5

Outboard
Coil Plane/
Midplane

9.59(10)~6 8.83(10)"6

1.2K10)5

3.37(10)4

3.80(10)~6

1.14(10)-5

(b)

The values given are obtained from a one-dimensional model, which assumes a
continuous coil/dewar cylinder in the toroidal direction. Integrated over
the actual coil/dewar volumes this fraction is ~ 1.2(10)"^.

Adopted from ETF design criteria.10

coils/dewars are achieved with comfortable margins. One important implication

of results given in Table 7.3-1 is that, if necessary, the blanket thickness in

the inboard coil-plane region could be increased to adjust the critium breeding

ratio upward. The resulting increase in T may be desirable for several reasons:

a) the design value of 1.06 is marginally within the design specification; b)

increasing the tritium breeding ratio will reduce the time required to achieve

tritium self-sufficiency (Sec. 7.3.5.); and c) increasing the length of the TF

coil, £ T F, may be desirable from the viewpoint of the magnet design required to

achieve a given transport (i.e., R^/Rc, Appendix D), although reactor access may

be compromised.

7.3.4^ Thermohydraullc Analyses. This subsection describes the results of

thermal and thermohydraulics analyses performed for the first wall, the Be

neutron multiplier, the tritium-breeding blanket, and the pumped limiter. In

terms of both heat fluxes and power densities, the thermal requirements of the

reference FWBS system appear to be well within the state of the art for the
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steady-state EBTR. Consequently, only the simplified analytic estimates of the

FWBS thermal response were used. Two areas where the level of approximation

used by the thermohydrauHc analyses may require more work are: a) the thermal

analysis of the a-LiAK)., tritium breeder, and b) the pumped limiter.

Uncertainties in other areas, however, justify the approximations made in

analyzing the tritium breeder and the pumped limiter. Kirst, although the

temperature distributions within the a-LiAlOo are crucial in estimating the

kinetics of tritium release from any solid-breeder material, the high degree of

uncertainty in the physical chemistry of tritium in solid lithium compounds

(Sec. 7.3.5.) makes a more refined thermal analysis of this region unwarranted

at this time. Second, the plasma physics of boundary-layer phenomena used to

model the pumped limiter is also highly uncertain. Because both areas ire

crucial for the EKTR design as well as other reactor concepts, further analysis

and experimentation will have to be done in the future to clarify these

uncertainties.

7.3.''i.l> ri rs t-Wal i Thorrprii An/. 1 y.̂i:? - The object" iyi_- of ihl^ study in to

determine the thermal acceptability of a water-cooled first-wall design for

EBTR. This design is similar to the first-wall design employed for the STARFIRE

tokamak reactor; specifically, a stainless-steel "panel coil" of the kind

depicted in Fig. 7.3-5 is envisaged. The corrugated first-wall panel facing

2.6mm Be COATING

13-4263A

• 1.5rrm STAINLESS STEEL

MULTIPLIER REGION

Fig. 7.3-5- Schematic drawing of Be-coated "panel coil" proposed for EBTR first
wall. A pressurized-water coolant woulij flow through this
stainless-steel structure.
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the plasma is constructed of 1.5-mm-thick f^stenitic stainlest. steel. The flat,

3.5-mm-thick back plate is forned of the same material. PressurizeH-water

coolant (15.2 MPa) is supplied to the first wall at 533 Y (280°C) and exits at

593 K (320°C). The coolanr ; lows betwet.. the corrugated and flat plates that

form the panel coils. A 2.6-mm-trick beryllium coating is applied to the plasma

side of the corrugated surface to protect tne plasma from high-Z wall material

that would otherwise be sputtered during reactor operation.

Adequate cooling of this f-'rst-wall panel must be provided to remove

surface heat fluxes, which include both electromagnetic radiation and

charge-exchange neutral atoms emanating from the plasma (Sec. 7.3.5.). The

total surface flux from these sources is estimated to be 0.35 MW/m2, compared to

an average value of 0.92 MW/m2 for the STARFIRE design.1 Although the beryllium

coating is 150% thicker for EBTR as a result of the longer operating life, the

reduced heating condition results in a less severe thermal proMem. The

temperatures expected in the corrugated first *-ll are shown in Table 7.3-2;

cnese temperatures and relaLeii stresses appear Lo be acceptable and are

approximately 70 K lower than corresponding values reported in Ref. 1. It is

concluded, therefore, that this Be-coated, stainless-steel, panel-coil design

will transfer first-wall energy fluxes to the coolant system satisfactorily

under the steady-state conditions assumed.

7.3.4.2. Neutron-Multiplier Thermal Analysis. The objective of this

analysis is to determine the thermal acceptability of the multiplier portion of

the blanket. Figure 7.3-6 shows the geometry of the 70-mm-thick beryllium

neutron-multiplier region. The beryllium slab is sandwiched between the

first-wall cooling panel and a second simlla°r panel located at the back surface

of the slab (i.e., "second wall"). In order to estimate the steady-state

temperature profile in this region, a finite-difference computer simulation of

the coolant, first-wall, second-wall, and tritium breeder materials was used.

Input assumptions are compiled in Table 7.3-3. A neutron wall load of 3 MW/m2

was assumed to allow for conservatism with respect to the ~ 1.4 average value of

the present design. The value of the interface thermal conductance is a

critical parameter in defining the Be operating temperatures. Unfortunately, a

large uncertainty characterizes this value. For this reason the interface

thermal conductances used for this analysis are biased toward the lower values

reported in Ref. 14.

192



6

593

20

120

0

635
673

.1

(320°C)

.35

(362°C)
(A00°C)

TABLE 7.3-2

FIRST-WALL TEMPERATURES, THERMAL AND MECHANICAL PARAMETERS

Parameters Value

Coolant velocity (m/s)

Coolant outlet temperature (K)

Stainless-steel thermal conductivity (W/m K)

Beryllium thermal conductivity (W/m K)

Total first-wall surface heat flux (MW/m2)

Maximum beryllium-coating temperature (K)

• at location of coolant channels

© at location midway between coolant
channels

Maximum stainless-steel
corrugated-panel temperature (K)

• at location of coolant channels 628 (355°C)
» at location midway between coolant 663 (390°C)

channels

Maximum temperature gradient in 3.8
beryllium coating (K/mm)

Maximum temperature gradient through 17
stainless steel (K/mm)

Maximum thermal stress in Be coating (MPa)
Maximum thermal stress in stainless steel (MPa) 130

'a'This value exceeds yield stress at operating temperature. The interfacial
shear stress could not be accurately determined. This shear stress is
strongly dependent upon the design and fabrication approach. Also, the
relevent data base for Be joined to SS is very sparce. The i Kt-rfacial
stress is dependent upon the size of the sample, the bonding technique
(brazing, roll bonding, diffusion bonding, flame spraying, or explosive
bonding), thickness ar>d mechanical properties of the bond zone, and a
detailed thermal analysis of the coating and substrate, all of which aie not
known.

Results of the analysis indicte that the edge cooling of the Be multiplier

by the two panel coils shown in Fig. 7.3-6 will be adequate to maintain

acceptable Be temperatures. Even for an average neutron wall Loading of

3 MW/m*-, the Be temperature is computed to be adequately low. Figure 7.3-7

shows that even at the lowest conductance value and at 3 MW/m^ th. peak Be

temperature (~ 1000 K) is satisfactory, because the multiplier will not
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MULTIPLIER REGION

0.07 m

BREEDING BLANKET

FIRST WALL

T

SECOND WALL

13-4200

Fig. 7.3-6. First-wall/Be-multiplier/blanket schematic used to mode] the
thermal response of the Be-multiplier region.

TABLE 7.3-3
INPUT DATA USED FOR BERYLLIUM NEUTRON-MULTIPLIER ANALYSIS

Parameter

Be thermal conductivity (W/m K ) ^ a ^

Thermal contact conductance,

Be to first and second walls (W/m2K)(bJ

Average coolant temperature (K)

Neutron first-wall loading (MW/m2)

Distance into Be neutron multiplier (m)

0.0
0.035
0.07

Convective film coefficient (W/m2K)

Values

125

1000

573 (300°C)

3

Neutron heating-power density
(MW/m3) normalized to a neutron
wall loading of 1 MW/m2.

7.0
4.8
3.0

40,000

^Conductivity = 0 . 8 times the theoretical room-temperature value.

(^Reference 14.
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Fig. 7.3-7. Be-multiplier temperature profiles estimated for two assumed values
of interfacial thermal conductances and a neutron wall loading of
3 MW/m2.

experience large structural loads. Relaxation of the low conductance and high

heating-load constraints would reduce this peak temperature proportionately to

an even lower value. Although the Be conductivity is of secondary importance

compared to the interface conductances assumed in defining the overall peak Be

temperature, the effects of high radiation damage rates and helium generation on

the Be conductivity and dimensional stability remain to be resolved.

7.3.4.3. Blanket Thermal Analysis. Thermal analysis of the tritium-breeder

portion of the blanket is required in order to define the required cooling

parameters, the coolant-tube spacing, and the kinetics of tritium release. The

solid breeding material, a-LiAlO^, must be maintained within specific

temperature limits in order to achieve satisfactory tritium release. Tritium

release and recovery should be adequate if solid breeder temperature is

maintained between 773 K (500°C) and 1123 K (850°C), although the uncertainties
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associated with the bulk diffusivity and surface chemistry of the 1

system used to estimate this temperature range are great. Ideally, the nominal

operating temperature for the solid tritium breeder should be sufficiently high

to assure rapid tritium release (minimum in-blanket inventory and time to

achieve true tritium self-sufficiency) while simultaneously maintaining the

temperature below the threshold for radiation-enhanced thermal sintering of this

ceramic material. Tritium diffusion is expected to become unacceptably slow

below 773 K, and above 1123 K radiation-enhanced sintering may occur, which also

reduces diffusion.1 The upper limit of 1123 K is based on the 3.6 MW/m2 neutron

wall loading used in the STARFIRE design1 and is adopted by this study. The

actual limit is expected to increase for the EBTR design point, which has a

neutron wall loading of 1.4 MW/m2. The breeder coolant system, therefore,

should maintain the breeder in this temperature range.

The analysis uses a breeder temperature distribution around a single

water-cooled, stainless-steel tube embedded in the solid breeder. This

temperature distribution is generated for several breeder regions with different

nuclear heating rates. This information is then used to specify iteratively the

required coolant tube spacing within the breeder. The resulting temperature

distributions are then used to estimate the tritium release rate (Sec. 7.3.5.).

Nuclear heating distributions for the tritium breeder were provided for two

blanket geometries by the nucleonics analysis (Sec. 7.3.3.). One distribution

was provided for a blanket geometry that includes a 0.14-m-thick breeder region

and corresponds to the inboard, coil-plane blanket. A second distribution

includes a 0.46-m-thick breeder region and represents the blanket module at the

outboard coil—plane location as well as both inboard and outboard midplane

locations. These distributions were divided into radial regions (depthwise into

the blanket) of constant power densities, as shown in Fig. 7.3-8. Other input

data for this analysis are shown in Table 7.3-4. The temperature differences

across the cylinder of breeder material were computed using the following

relationship.

- 2 U R ± ) 2 fR°)2

O l O R R.
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Fig. 7.3-8. Nuclear heating in LiAlCL solid breeder used to model the
temperature distributions in this region.

where Q(W/m3) is the nuclear heating rate, k(W/m K) is the breeder conductivity,

and the quantities Ro, Rj, TQ, T^ are defined in Fig. 7.3-9. Temperature

distributions across the breeder were computed using Eq. (7.3-3) and are shown

in Fig. 7.3-10.

The resulting spacing for the toroidally-oriented coolant tubes that pass

through the breeder appears in Fig. 7.3-11. Since the second-wall panel coil

(Fig. 7.3-6) is in contact with the front part of the breeder, it will cool the

first ~ 0.01 m of the breeder material where the nuclear heating is the highest

(~ 20 MW/m3). Regions of the breeding material outside the 1123-K isotherms

will be at slightly greater temperatures and may experience some sintering, but

an assessment as to whether this problem will be troublesome cannot be made

because the 1123-K constraint is arbitrary. It is thought, however, that the

1123-K limit is conservative in view of the reduced EBTR neutron wall loading
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TABLE 7.3-4

THERMAL PARAMETERS FOR Be-BREEDER REGION

Parameter

Coolant inlet temperature (K)

Coolant outlet temperature (K)

Coolant pressure (MPa)

a-HA10 2 thermal conductivity (W/m K)

Breeder/coolant tube

interface conductance (W/m2K)

Breeder coolant tubes

Thermal conductivity (W/m K)

Inside diameter (m)

Outside diameter (m)

Convective film coefficient (W/m2K)

Coolant flow velocity (m/s)

Value

553

593

15.

3.

280C

(280°C)

(320°C)

.2 (2200 psi)

.0

)

Stainless steel

18

0.

0.

1.5

- 3

010

015

x 104

13-4197

BREEDER

COOLANT TUBE

Fig. 7.3-9. Cylinder model of breeder surrounding coolant tube.

and the uncertainties associated with the kinetics of tritium release from the

solid breeder material.

As is seen from Fig. 7.3-11, a portion of the blanket structure may also

operate at or above the 1123-K limit if only blanket cooling tubes are used.

These locally high temperatures are far in excess of the 673 K (400°C) maximum

established by radiation damage in stainless steel. All blanket structural

components are, therefore, surrounded by panel coils that are similar in
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BREEDER

Fig. 7.3-10. Breeder temperature distribution within the unit cell cylinder
shown in Fig. 7.3-9.

configuration to those used in the first wall. These panel coils would be

connected to the first-wall/blanket cooling system.

7.3.4.4. Pumped-Limiter Thermal Analysis. Thermal analysis of the pumped

limiter was performed to define the operating temperatures and pressures of this

system. This impurity control device, as described in Sec. 7.5., must be

designed to operate successfully in an environment of high particle and thermal

fluxes. The most critical region of the device from the standpoint of

thermal/hydraulics is the "leading edge", where heat fluxes are expected to be

the highest. Figure 7.3-12 shows the six heat flux regions used to define

maximum limiter temperatures. The heat flux over these regions, as discussed in

Sec. 7.5., is given by

Q(x) 0.64 cos© + 2.8 sinQ e"
x / 0* 0 2 4 (7.3-4)

where Q (MW/m2) is the surface flux at distance x (m), measured from edge of

plasma to limiter surface, and 0 is the angle between direction of particle

incidence and the limiter surface. The heat-flux distribution to the surface of
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0.14 m THICK BREEDER

• CIRCLES REPRESENT
1123K BREEDER TEMPERATURES

• DIMENSIONS X 10-2 - METERS

0.46 m THICK BREEDER

Fig. 7.3-11. Breeder coolant-tube spacing in a unit cell of the blanket.

the leading edge region is listed in Table 7.3-5. The heat flux at the

coolant/structure interface is significantly higher than the outer surface heat

flux because of the smaller interface area.

In addition to surface heating, the limiter system experiences volumetric

nuclear heating in the structure and coolant. The total heat load to this

system is approximately 300 MW, which will be introduced into the

power-conversion system as feedwater heat to increase the thermodynamic

efficiency of the cycle (Sec. 7.10.). Efficient use of this power requires that

the limiter-coolant outlet temperature be as high as possible. However, this

outlet temperature is limited by materials, heat transfer, and coolant-pressure

constraints. For this study, 448 K (175°C) was selected as the

pressurized-water-coolant outlet temperature with 388 K (115°C) as the inlet

temperature. Three refractory materials (tantalum, niobium, and vanadium

alloys), one copper alloy (AMAX-MZC), and 316 stainless steel were examined as

candidate limiter materials. A design based on small, rectangular, coolant flow
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TABLE 7.3-5

LIMITER. LEADING-EDGE HEATING DISTRIBUTION^

Region

1
2
3
4
5
6

Radial Distance
into Plasma
Scrape-off
Region
(m)

0.000024
0.00171
0.00562
0.0107
0.0156
0.0190

Heat Flux
at Outside
Skin f-urface
(MW/m2)

0.8
2.0
2.3
1.8
1.2
0.6

Heat Flux at
Ins.-'-'e Skin/Coolant

Interface
(MW/m2)

1.0
2.3
2.7
2.1
1.4
0.7

Skin thickness, 0.0015 m
Leading-edge radius, 0.01 m

to Fig. 7.3-12 for geometric layout.

channels was utilized, because satisfactory thermal performance was demonstrated

at ~ 4 MW/m2 maximum surface heat flux by the STARFIRE tokamak reactor design.1

Definition of coolant system pressure results primarily from heat-transfer

considerations in the leading-edge region. In order to prevent burnout or

departure from nucleate boiling (DNB), the outlet pressure must be sufficiently

high to provide a large degree of subcooling, AT g u B, defined as the difference

between the saturation temperature and the local bulk coolant temperature. The

limiter-coolant mass flow rate is determined by the total heat load and

coolant-temperature rise, AT = 60 K. For the geometry indicated in Fig. 7.3-12,

the flow velocity in the coolant channels can be calculated from the total mass

flow. The Gunther empirical correlation for burnout heat flux15 was used with

an assumed critical heat-flux value of 4.0 MW/m and 6-m/s flow velocity to

define a conservative value of AT S U B = 23 K. This value, combined with the

coolant outlet temperature, 448 K (175°C), produces a required outlet pressure

of about 1.7 MPa (250 psi). Calculations of the pressure drop were made to

estimate the friction losses through the system with two limiters being fed

coolant in parallel. The resulting pressure at the limiter inlet is 2.1 MPa

(300 psi) at a minimum. To assure against boiling throughout the system, the

maximum pressure of the limiter cooling system is 4.1 MPa (600 psi).
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The convective heat-transfer coefficient for ordinary operating conditions

was calculated to be 4.3C10)1* W/m2K. This value was used together with a

subcooled boiling correlation of Jens and Lottes1^ to predict llmiter wall

temperatures. The resulting maximum wall temperatures are summarized in

Table 7.3-6.

TABLE 7.3-6

STRUCTURAL WALL TEMPERATURES FOR VARIOUS LIMITER MATERIALS

Material

FS-85

Ta-5W

V-20T1

AMAX-MZC

316 Stainless steel

Non-Boiling

608 (335°C)

593 (320°C)

663 (390°C)

528 (255°C)

753 (480°C)

Boiling

593 (320°C)

578 (305°C)

648 (375°C)

513 (240°C)

738 (465°C)

ATWALL<K>

95

80

150

14

240

'a^To obtain the maximum temperature in the 1-mm-thick Be coating add 27 K to
these maximum wall temperatures.

These results indicate that the limiter design will perform satisfactorily

under the expected operating conditions. The possibility exists to add 316

stainless steel as a fifth candidate material, because the heat loads are

reduced compared to those of the STARFIRE design.1 Final selection of a specific

material for the limiter must await stress analyses and other material

considerations, as well as a better understanding of the edge-plasma physics and

the pumped-limiter action (Sec. 7.5.) used to estimate the heat fluxes for this

scoping analysis. A summary of thermal/hydraulic results is given in

Table 7.3-7.

7.3.4.5. Afterheat-Removal-Systems Thermal Analysis. Radioactive decay

after reactor shutdown produces heating within the blanket structure. An

analysis was made to define an adequate method for removing this energy from the

blanket. An additional objective of this analysis is to determine the

thermal/hydraulic parameters of the afterheat removal system needed to assure

that blanket components will remain at acceptable temperatures during both

scheduled and unscheduled shutdowns.
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TABLE 7.3-7

PUMPED-LIMITER SYSTEM THERMAL/HYDRAULIC SUMMARY

Total limiter system coolant flow (kg/s) 1200

Coolant inlet temperature (K) 388 (115°C)

Coolant outlet temperature (K) 448 (175°C)

Total limiter system heat load (MW) 300

Maximum required coolant inlet pressure (MPa) 2.1 (300 psi)

Maximum required coolant outlet pressure (MPa) 1.8 (250 psi)

Specified maximum coolant pressure (MPa) 4.1 (600 psi)

An initial estimate was made to define the thermal response of the blanket

components to afterheat with only radiation and/or convection from the backside

of the reflector as the heat rejection mechanism. Afterheat input data were

obtained from the STARFIRE design.1 Afterheat generation rates as a function of

time after shutdown were scaled to the ~ 1.4 MW/m2 neutron wall loading of EBTR.

Because of the separation of the blanket and shield by a physical space for the

vacuum plenum, which is spanned by chree suspension lugs, the effective thermal

conductance from the blanket to the shield is low. The major mechanisms for

heat transfer across this interface are raciation and convection. The internal

thermal conductance of the LiA102 breeding zone is also low, resulting in a high

thermal gradient in order to transfer the internally-generated afterheat. As a

preliminary analysis, blanket temperatures were calculated assuming no active

cooling (i.e., without plasma present and no heat removal via primary coolant

transport or vaporization). Results from this approximate analysis showed that

excessive temperatures (> Tme^t) would occur in the blanket structure within one

day after plasma shutdown. A more detailed analysis, therefore, was conducted

to examine the cooling of the blanket modules for two plasma shutdown

conditions: a) normal maintenance condition and b) loss-of-coolant-accident

(L0CA) condition.

During a normal maintenance action (e.g., removal of blanket module), the

primary coolant continues to circulate for at least 24 hours after plasma

shutdown to remove the bulk of the blanket afterheat. The afterheat represents

1.5% of the total thermal power immediately after shutdown and within one day

decays to 0.25% of the reactor thermal power.1 Hence, after 24 hours, the

afterheat rates are reduced by a factor of 5-10 from the initial shutdown

condition. In order to remove a blanket module, the primary coolant flow must
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be terminated. The coolant is then purged from the module. Section 7.11.1.3.

describes the purge procedure that injects CO2 into the coolant lines to remove

the liquid coolant. The flow of purge gas then continues for afterheat cooling.

Gas cooling continues until the coolant, lines are disconnected. After

disconnection, the gas-coolant flow ceases until the module is placed on the

transportation cart (< 10 hours), after which time gas cooling can be supplied

by the transporter. Given the gas cooling parameters in Table 7.3-8, the

average steady-state temperatures for each of the blanket zones is reduced to

the range of 370 K to 400 K after 24 hours. The C02 coolant is supplied at

~ 1 MPa (150 psi) to the modules at a mass flow rate of 15 kg/s, which produces

a gas temperature increase of 10 K. under normal maintenance-condition afterheat

loads of ~ 10 MW for the entire reactor (Table 7.3-8). Under these conditions

gas flow in the module cooling channels will be laminar with flow velocities

less than 1 m/s. The short duration when cooling cannot be provided during

blanket removal presents no problem, because the blanket temperature has been

lowered to < 470 K by the 24-hour cooling applied prior to disconnection. The

resulting thermal rise caused by afterheat with no cooling is ~ 40 K. The

TABLE 7.3-8A

C02 GAS-COOLING PARAMETERS FOR EBTR BLANKET UNDER LOCA CONDITIONS

Coolant inlet remperature (K) 310

Coolant inlet , .essure (MPa) 1

Coolant mass flow rate (kg/s) 15

Gas velocity in blanket (m/s) < 1

TABLE 7.3-8B

STEADY-STATE BLANKET TEMPERATURES FOR A RANGE OF CONDITIONS (K)

Maximum Operating

Temperature During Normal Maintenance LOCA
Plasma Burn Heating Condition Heating Condition
Using Water Cooling Using C02 Gas Cooling Using C02 Gas Cooling

First wall
Multiplier
Second wall
Breeder

628
1000
600
1120

370
370
370
400

720
720
720
820
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temperatures shown in Table 7.3-8 are representative of the upper limit of the

module temperatures while in Hot Cell storage.

For a LOCA condition, primary coolant 'low is interrupted and the plasma is

immediately shut down. The analysis assumes, as 3 worst-case condition, a large

coolant-line break that does not allow any further liquid cooling. Immediate

purging of the cooling fluid begins with the CO2 purge gas, which then continues

to provide gas cooling. Using the same gas cooling parameters as show, in Table

7.3-8, the steady-state temperatures are computed for the various blanket zones

using the initial heating rates as a conservative estimate. The first- and

second-wall temperatures will rise to steady-state values that are higher than

operating temperatures, but lower than the maximum (~870 K) allowable for reuse

of the stainless-steel structure. In addition it is doubtful that these

steady-state values will be reached because the heating rate is decreasing with

time after the LOCA. The CO2 coding is adequate to prevent excessive

temperatures. Therefore, a gaseous C0£ system may be employed to remove blanket

radioactive decay afterheat.

7.3.5. Tritium Release from Solid Breeder Blanket. Tritium release is an

issue that strongly influences the blanket design and operation. The blanket

should be designed to attain tritium self-sufficiency in a reasonable time after

startup. Additionally, the time and spatial dependence of the tritium inventory

within the LiAlOo blanket is related to the issue of tritium release rate. A

time-dependent, one-dimensional tritium release model has been developed to

address this question. This subsection describes the tritium model and the

results that have evolved. Unlike the tritium release model used in the

STARFIRE tokamak design,1 the mode] 5.a based on bulk diffusion representing the

rate-limiting step in the complex process of tritium release from the bulk

a-LiA102 to the helium purge stream. This optimistic case is examined using the

temperature profiles generated in Sec. 7.3.4. to determine the influence of

tritium diffusivities on the steady-state blanket tritium inventory and the time

required to achieve this steady-state, self-sufficiency condition.

7.3.5.1. Tritium Release Model. Figure 7.3-13 illustrates a portion of the

first-wall blanket layout and a magnified view of the LiAlC^ region in which

tritium is bred. The LiAlC>2 pellet is idealized as a sphere of radius r' that

is composed of grains of radius r . Tritium being bred within a given grain is

released to the ambient He purge . gas after a complex sequence of physical

chemical processes involving bulk diffusion within a grain, diffusion from a
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Fig. 7.3-13. The LiA102 packed-bed blanket illustrating tritium-diffusion model
used to evaluate release rates and blanket inventories.

given grain along grain-boundary surfaces, surface reaction to form T9 and T T O ,

desorption from LiAlOo surfaces, and finally bulk transport in the helium purge

gas. This model assumes that bulk diffusion within the grain is the

rate-limiting process, grain boundary and other surface processes are rapid, and

the helium purge rate is sufficiently rapid to permit the assumption of a zero

gas-phase chemical activity. Furthermore, the grains themselves are assumed to

be idealized spheres of radius r « r'. Consequently, within a grain, the

tritium concentration, C(r,t), is given by the solution to

3C(r,t)/3t = (D/r2)3(r23C(r,t)/3rj/3r + S , (7.3-5)

where D is a temperature-independent diffusivity, r is the spatial dimension

within a grain that is situated within a pellet with its own spatial coordinate

within the blanket, and S is the tritium generation rate that depends on blanket
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location but not on r. Physical processes of tritium decay, lithium burn-up,

and nondiffusive r.ritium release (i.e., tritium recoil) are not included in this

model. Imposing the conditions that C(r,t = 0) = C(r = r , t = 0), and invoking

symmetry, Eq. (7.3-5) is readily solved17 to yield the concentration profile,

C(r,t), within a grain.

C(r,t) (kg/m3) =

TO Q I 7 r ~ i-i -Dt(mr/r )
(r2 - r2)S/6D + (2r3S/*3Dr) I [(-l)n/n3]sin(nirr/rg)e « . (7.3-6)

n=l

Integration of Eq. (7.3-6) over the grain volume gives the tritium

Inventory within a given grain.

I-/(4irr3/3) (kg/m3) = (Sr2/15D) [l - (90/TT4) I e'^™'*^ /n 4j.
8 B n-1 (7.3-7)

Conservation of tritium requires L = 4Trr3S/3 - dl /dt, where the tritium
o © 6

leakage rate from a given grain, L (kg/s), can be computed.

Lg/(4*r
3/3) (kg/s m3) = S [l - (6/ir2) 1 e ~

D t ( n i r / r S ) /n2] . (7.3-8)

n=l

These expressions for the grain inventories and leakage rates are based on

the assumption of an Isothermal grain. Although this assumption is valid for

distances on the order of r_, a given pellet located at a specific blanket

position clearly could support significant thermal gradients. Furthermore, the

temperature distribution within a pellet of radius r' will depend upon the local

heating rate and boundary conditions. In order to reduce this problem to a

tractable form, the following approximation is made. First, if the spherical

pellet of radius r' is subjected to a uniform thermal-power density Q(W/m3), the

temperature within the pellet at radius r* < r' is given by

T(r') = (Q/6k)(r^2 - r'2)+T(rp) , (7.3-9)
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where k is the spatially-independent thermal conductivity, and a steady-state

temperature is used. Using Eq. (7.3-9), an average pellet temperature, <T>, can

be computed to replace the pellet surface temperature, T(r'), in Eq- (7.3-9).

T(r') = <T> + (G/k)(r'2/10 - r'2/6) . (7.3-10)

The "macrodistribution" of blanket temperature given in Sec. 7.3.4.3. is

used along with the dependence of nuclear heating on blanket position

(Sec. 7.3.3) to evaluate <T> and Q in Eq. (7.3-10). The tritium inventory

within a given pellet, I , and the associated leakage rate, L , can now be

computed by integration over all grains, using the temperature distribution

[Eq. (7.3-10)] that is appropriate for a given blanket position, (i.e., <T> and

Q). Expressed' in terms of integrals, the local pellet tritium inventory and

leakage rates are given by

(7.3-11)

Lp = jl
P [Lg<r)/(4nr3/3)] 4Trr

2dr . (7.3-12)

These integrations are performed numerically in conjunction with Eqs. (7.3-7),

(7.3-8), and (7.3-10).

The problem of determining an appropriate, temperature-dependent

diffusivity for solid lithium compounds is addressed in Ref. 18. The resulting

integral quantities represent "local" variables which must be subjected to an

additional summation over the blanket thickness, incorporating the appropriate

variation of <T> and Q with blanket position. Simply guaranteeing that the

tritium breeding ratio exceeds unity by an acceptable margin does not assure

tritium self-sufficiency. A blanket design in which tritium is contained within

the breeding material will force the reactor plant to rely to varying degrees on

external tritium sources for some period of time. Tritium self-sufficiency is

achieved at the point in the reactor operation where tritium leakage (i.e.,

removal) from the blanket becomes equal to or greater than the burnup rate

(0.048 kg/MWt y). If R(kg/m s) is the usage rate per unit length (i.e.,

circumference) of reactor, this condition can be written as
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L > R/T , (7.3-13)

where L(kg/m s) is now the linear leakage rate of tritum from the blanket, and T

is the theoretical tritium breeding ratio.

The time for self-sufficiency, T , occurs when L/R = 1/T and is a function

of r' and r_. For the diffusivity values commonly used T is most sensitive to

values of the grain radius, r .
g *

Another quantity of interest is the amount of tritium, I , necessary to

sustain the reactor until self-sufficiency is achieved. Integration of the

simple balance, R/T = dl*/dt + L, leads to

RT*/T = I* + / T Ldt, (7.3-14)

which, recalling that L = R - dl/dt, gives the following expression for I , the

total amount of tritium that must be "borrowed" before the reactor becomes

self-sufficient.

I* = RT* ( 1 - T)/T + I(T*) (7.3-15)

These expressions have been evaluated for a range of diffusivity values, because

the diffusivity represents an important uncertainty in evaluating the viability

of solid breeders in general and LiAlC^ specifically.

7.3.5.2. Tritium Release Data for Solid Breeders. Experimental data18"21

on tritium release from solid breeders are sparse and poorly defined.

Generally, powders were subjected to neutron irradiation, and the time evolution

of tritium release was monitored upon subsequent heating. The shape of tritium

release curves reflects a range of particle sizes and pellet morphology; a

derivation of a diffusion coefficient from such data at lest is risky. This

fact, when coupled with the narrow temperature range investigated by most

experiments, has led to the use of these data only for purposes of comparison

and calibration with diffusivity data from other ceramics.
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For the purposes of estimating the diffusive release and tritium inventory,

available data for hydrogen-isotope diffusion in a range of ceramic materials

was compiled. This compilation is displayed graphically in Fig. 7.3-14. A

curve for HA10 o is also included.
24 Adopting the usual functional form D(T) =

-ED/RT
 l

DQe , the pre-exponential factor of DQ and the diffusion energy must be

selected. The STARFIRE design1 used DQ and E D values for AI2O3 (curve A of

CM

J
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O - | 2

o
-16
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o

-28-

t -32-
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-40
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Fig. 7.3-14. Summary of hydrogen diffusion data for a number of ceramic
materials. Curves A-E are from Ref. 22, curves F-H are from
Ref. 23. The dashed curve is interpreted from data gi\en in
Ref. 20, the dot-dashed curve is from a data fit given in Ref. 24
and the data points are from Ref. 21.
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Fig. 7.3-14), although data for LiA102 is available.2'4 Table 7.3-9 summarizes

these data.

Following the rationale given by the STARFIRE study,1 the A12O3 data has

been used to model the tritium release from HA10 2. Use of the LiAlC>2 data in

Table 7.3-9 would give release rates almost six orders of magnitude slower than

for a compound that would behave similar to A12O3.

TABLE 7.3-9

DIFFUSIVITY DATA FOR MATERIALS USED TO MODEL THE

EBTR TRITIUM RELEASE

Material DQ(m
2/s) ED(kJ/mol)

LiA102 3.7(10)~10 13.2

A12O3 3.26(10)~4 13.7

7.3.5.3. Results from Tritium Blanket Inventory Calculations. The geo-

metric model used for the tritium calculations is based on the thermal ./draulic

results given in Sec. 7.3.4.3. Only the region of the blanket between the 773-K

(500°C) contour and the 1123-K (850°C) contour surrounding each coolant channel

has been simulated by the tritium diffusion model. The geometric layout of the

coolant channels and their corresponding 773-K (500°C) and 1123-K. (850°C)

contours is shown in Fig. 7.3-11 for the inboard and outboard blanket modules.

The temperature profile between the 773-K and 1123-K contours is taken as the

general profile presented in Fig. 7.3-10. The thermal conductivity, k, used is

that given in Table 7.3-4. The power density, Q, and the tritium breeding rate,

S, are assumed uniform within a 1123-K contour and are given in Table 7.3-10.

The tritium results produced for each array of regions between the 773-K

and 1123-K contours are generalized to an entire blanket volume either inboard

or outboard by a scale factor equal to the ratio of the blanket volume to the

simulated volume. The results for the blanket segment under the TF coil are

obtained by averaging the inboard and outboard blanket results, with the

outboard result weighted 21% more than the inboard result, in order to account

for the poloidal variation in the neutron first-wall loading (Appendix D). The

outboard blanket results are adopted as the results of the blanket segment

betwean TF coils. The final blanket results are the sum of the results for the

blanket segment under the TF coil and the blanket segment between TF coils.
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TABLE 7.3-10

DISTRIBUTIONS OF BLANKET (LiA102) POWER DENSITY AND TRITIUM BREEDING

RATE USED TO DETERMINE TRITIUM INVENTORY AND RELEASE RATES

FOR A FIRST-WALL NEUTRON LOADING Iw = 1.4 MW/m
2

Coolant Radius of Power Tritium
1123-K (850°C) Density, Breeding

Rate, S
Channel
Center

(m)

1.015

1.060

1.110

1.015

1.060

1.110

1.170

1.2A0

1.330

1.420

Contour
(m)

.0215

.0260

.0275

.0215

.0260

.0275

.0345

.0405

.0525

.0525

Q ,
(MW/m3)

Inboard Region

6.490

4.098

3.465

Outboard Region

6.402

3.909

2.688

1.787

1.126

0.633

0.435

(1018/m3s)

3

1

1

.736

.884

.880

3.740

1.805

1.218

0.840

0.559

0.334

0.264

The results of the parametric variation of pellet radius, r* and average

grain radius, r , on the normalized tritium inventory, I/Rt, and the release

rate, L/R, as a function of time using the A^Og diffusivity are shown in

Fig. 7.3-15. Tritium self-sufficiency was attainable within reasonable time

scales (.i.e., < 108 s) for r = 10 pm and arbitrary values of r'. The
~ 6 P

corresponding initial tritium inventory necessary to sustain the reactor until

the time for system breakeven, T , is presented in Table 7.3-11 (1.0-1.6 kg).

The tritium inventory within the blanket at time t is 3.2-5.3 kg. More

important is the inventory tied up within a blanket module before being

reprocessed. If the tritium is partially purged annually during the scheduled

maintenance period via an unspecified method of blanket heating, the peak

inventory would be 6.6-7.9 kg. If the tritium diffusivity is more like that

reported for LiA102 by Ref. 24, however, the tritium inventory from Table 7.3-12

after one year of operation would be 110-116 kg. Until more experimental data

are available, the 6.6 kg and 116 kg tritium inventories must be considered
213
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Fig. 7.3-15. The time dependence of normalized tritium blanket inventory, I/Rt,
and release rate, L/R, for a LiAlC^ packed bed as a function of
pellet radius,
diffusivity.

r' and grain radius, r , using
r o

tritiun

lower and upper bounds, respectively. As a result of uncertainties in the

diffusivity, a tritium inventory of 42 kg has been assumed to reside within the

blanket. Table 7.3-13 gives a comparison of the EBTR and STARFIRE tritium

parameters.

7.3.6. Structural Design

7.3.6.1. First-Wall/Blanket Modules. The design of the first wall and

blanket for EBTR utilized to a great extent the findings the STARFIRE commerical

tokamak research and tradeoff studies.1 Two important changes were made,

however: a) use of beryllium as the multiplier, which enhances the neutron and

energy multiplication of the blanket and also reduces the afterheat problem

intrinsic in the Zr5Pb3 neutron multiplier used in the STARFIRE design; and b)

incorporation of one coolant loop per blanket module.
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TABLE 7.3-11

SUMMARY OF TRITIUM INVENTORIES AS A FUNCTION OF

TIME, PELLET RADIUS, AND GRAIN SIZE USING THE

A12O3 DIFFUSIVITY OF REF. 1 ^

RADII (m) OF

PELLET GRAIN T

xlO"3

1

1

1

5

5

5

10

10

10

xlO~5 s

1 1.78(7)

5 >1.0(8)

10 >1.0(8)

1 1.55(7)

5 >1.0(8)

10 >1.0(8)

1 1.05(7)

5 >1.0(8)

10 >1.0(8)

I*

kg/ra

7.27(-3)

6.38(-3)

4.45(-3)

Kt-x*)

kg/m

2.43(-2)

2.12(-2)

1.45(-2)

I(t=lyr)

kg/m

3.57(-2)

9.14(-2)

1.22C-1)

3.43(-2)

8.47(-2)

1.20(-l)

2.99(-2)

7.82(-2)

1.12(-1)

I(t=3yr)

kg/m

7.63(-2)

2.08(-l)

2.95(-l)

7.24(-2)

2.02(-l)

2.88(-l)

6.07(-2)

1.84(-1)

2.66(-l)

I(t=5yr)

kg/m

1.03C-1)

3.02(-l)

4.32(-l)

9.71(-2)

2.93(-l)

4.2K-1)

7.96(-2)

2.65(-l)

3.88(-l)

I(t=10yr)

kg/m

1.49(-1)

4.98(-l)

7.26(-l)

1.38(-1)

4.8K-1)

7.05(-l)

1.09(-l)

4.29(-l)

6.45(-l)

'a'Numbers in parenthesis indicate exponents raised to the base 10.

The tradeoff consideration of safety, reliability, economics, and

producibility resulted in the choice of a single coolant loop for each blanket

module in EBTR rather than the two coolant loops (redundant only for blanket

cool down) proposed for STARFIRE. The thermal response resultiug from a

loss-of-coolant accident is addressed in the thermal-analysis portion of this

section. The improvements in design simplicity, reliability, and economics for

a single-loop design are self-evident. Table 7.3-14 summarizes the key EBTR

first-wall and blanket parameters.

The inherent geometric simplicity in an EBT reactor results in two basic

modules for the first wall/blanket, one denoted as the coil-plane module and the

other denoted as the midplane module. Each of the 36 sectors in EBTR is

composed of one coil-plane module and one raidplane module. This arrangement is

shown in Fig. 7.3-16.

The coil-plane module has a cylindrical first wall and a neutron reflector

which are eccentrically located relative to each other, resulting in a 0.45-m

breeder thickness at the outboard side of the equatorial plane and 0.14 cm at
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TABLE 7.3-12

SUMMARY OF TRITIUM INVENTORIES AS A FUNCTION OF

TIME, PELLET RADIUS, AND GRAIN SIZE USING THE

LiA102 DIFFUSIVITY OF REF. 2 4 ^

RADII (m) OF

PELLET GRAIN

xlO"3 xlO"5

1

1

1

5

5

5

10

10

10

1

5

10

1

5

10

1

5

10

T*

s

>1.0(8)

>1.0(8)

>1.0(8)

>1.0(8)

>1.0(8)

>1.0(8)

>1.0(8)

>1.0(8)

>1.0(8)

r*(b) I ( t = T*) I(t=lyr)

kg/m kg/tn kg/m

0.503

0.525

0.528

0.502

0.525

0.528

0.499

0.525

0.528

I(t=3yr)

kg/m

1.53

1.65

1.66

1.52

1.65

1.66

1.51

1.64

1.66

I(t=5yr)

kg/m

2.48

2.73

2.76

2.47

2.73

2.76

2.43

2.72

2.76

I(t=10yr)

kg/m

4.71

5.40

5.5C

4.68

5.40

5.49

4.60

5.38

5.48

^a'Numbers in parenthesis indicate exponents raised to the base 10.

'"'Values not given because T much greater than tritium half-life (12.7 yr).

the inboard side. Figures 7.3-1 and 7.3-17 depict a conceptual design for the

coil-plane module. The midplane module is designed with a conformal first wall

and contains the ECRH ducts in all 36 sectors. The LHH ducts are located only

in 4 modules. A constant breeder thickness of 0.46 m is used in the midplane

module. Figure 7.3-18 depicts a conceptual.design for the midplane module. In

both modules constant thicknesses for the neutron multiplier (Be) and reflector

(SS) equal to 0.07 m and 0.12 m, respectively, are required.

The first wall in all FWBS 'ules is a water-cooled panel of austenitic

stainless steel (single-face .rugatlon) that is integrally mounted to the

module. The corrugated part of the panel is constructed of 1.5-mm-thick

advanced austenitic stainless steel (PCASS). The 3.5-mm-thick back plate of the

panel coil is also PCASS. The pressurized-water coolant is maintained at a

temperature between 553 K and 593 K. For the reference conditions of 0.35-MW/m2

average surface heat flux, a neutron wall loading of 1.4 MW/m2, and a maximum

structural temperature of less than 673 K, a first-wall design life of 15 years
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Parameter

TABLE 7.3-13

COMPARISON OF STARFIRE1 AND EBTR

BLANKET/TRITIUM CHARACTERISTICS

STARFIRE1

Neutron first-wall loading (MW/m3) 3.6

Blanket volumes (m3)

• neutron multiplier'3^ (m3)

• tritium breeder (m3)

• reflector^

• water coolant volume fraction

• structural volume fraction

• total blanket volume

Shielding volumes (m3)

• bulk

• ducts and pods

• total shielding volume

Operating temperature range (K)

Material used to "evaluate"

tritium retention

Time required to achieve tritium
self-sufficiency, T (y)

Tritium inventory at self-sufficiency,

I*(kg)

Tritium inventory required to io'd'
self-sufficiency (kg)

Breeder morphology

• grain radius, r (pm) 1

• pellet radius, r'(mm) 1

EBTR

1.4

37

297

102

0.09

0.11

543

1303

1337

2640

823-1123

A12O3

__(c)

104

619

147

0.09

0.09

1108

1972

369

2341

823-1123

A12O3

0.33-0.56

3.2-5.3

1.0-1.6

10

10-100

LiA102

» 3

—(e)

10-100

10-100

(a>STARFIRE uses Zr5Pb3 and EBTR uses Be as a neutron multiplier.
has a carbon reflector and EBTR a stainless-steel reflector.

t calculated.
assumed value that is believed to be accurate to within a factor of 10.

Without radiation effects the estimated range is 0.7-8.2 kg and with
radiation effects this range is 7.4-380 kg.
>x is computed to be much larger than the tritium decay time (12.7 yr).
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TABLE 7.3-14

SUMMARY OF FIRST-WALL/BLANKET DESIGN PARAMETERS

First-Wall

Form
Structural material
Outer-wall structural thickness (mm)
Maximum structural temperature (K)
Coating material
Coating thickness (mm)
Maximum coating temperature (K)
Coolant
Coolant outlet temperature (K)
Coolant inlet temperature (K)
Coolant nominal pressure (MPa)
Coolant velocity (m/s)

Neutron Multiplier
Material
Maximum temperature (K)
Thickness (mm)
Theoretical density (kg/m^)
Effective density (%)
Total mass (tonnes)

Breeding Region
Structural material
Maximum structural temperature (K)
Breeder material
Theoretical density (kg/m3)
Effective density (%)
Grain size (urn)
Maximum/minimum temperature (K)
Region thickness (m)

Coolant (Pressurized water)
Coolant outlet temperature (K)
Coolant inlet temperature (K)
Coolant nominal pressure (MPa)
Tritium processing fluid

Reflector
Material
Thickness (m)
Maximum temperature (K)
Structure

Structure temperature (K)

Be-coated panel
Ausl.enitic stainless steel'a^
1.5
< 628
Beryllium
2.6
635
Pressurized water
593
553
15.2
6.1

Be
1020
70
1800
90
173.5

Austenitic stainless
673
ct-LiAlO-
3400
87
1-10
1123/773
O.'(6 (varies from 0.46 to
0.14 m for coil-plane blanket

module)

593
553
15.2
He (0.05 MPa)

Austenitic stainless steel
0.12
673
Austenitic stainless steel

(low Mo content)
573-673

candidate alloy, an advanced titanium-modified Type 316 austenitic
stainless steel.
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FIRST WALL/BLANKET
MIDPLANE MODULE

FIRST WALL/E1 ANKET
COIL"PLANE MOULE

SHIELD M1OPLANE
frfODULE

-SHIELD COIL-
PLANE MODULE

Fig. 7.3--16. Module nomenclature.

is estimated (16 MWyr/m2). A schematic view of the FWBS approach is given in

Fig. 7.3-19.

A 2.6-nun-thick beryllium costing on the first wall protects the plasma from

the high-Z wall material that may be eroded during plasn;a operation. This

thickness is sufficient to withstand the predicted surface erosion for the

design life of 15 years.

A 70-mm-thick beryllium neutron multiplier is located directly behind the

first wall to ensure adequate breeding with the LiAlC^ breeding material. A

concern over availability of beryllium has been expressed.3 The beryllium

requirement for several hundred reactors of the kind proposed here, however, is

only a few percent of estimated domestic beryllium reserves.5

The outboard (second) wall for the Be multiplier, which is also a coolant

ii.^erface with the LiAlC^ bleeder, is a water-cooled panel that is similar to

that used for the first wall. The first wall and second wall provide sufficient

edge cooling to maintain maximum multiplier temperature below 1020 K.
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Fig. 7.3-19. Schematic view of FWBS approach applied to both coil-plane and
midplane modules.

Corrugated structural webs (PCASS) located between first and second walls

enhance the structural integrity of this combination and allow for differential

thermal expansion. Although the Be multiplier is only 90% of theoretical

density, the effects of radiation damage, swelling, and gas production remain to

be better resolved.

The 0.46-m-thick tritium oreeding zone consists of a packed bed of LiAlC^

with 15-mm (outside diameter) and 10-mm (inside diameter) stainless-steel

coolant tubes spaced appropriately throughout the breeder zone so that regions

where the maximum oreeder temperature exceeds 1123 K are minimized. The coolant

tubes are oriented in a toroidal direction. Poloidal spacing varies from 40 mm

at the innermost array to 100 mm at the tube array adjacent to the neutron

reflector (Fig. 7.3-11). The radial dimensions between tube arrays vary from

30 mm to 90 mm. The nominal coolant pressure is 15.2 MPa. Tritium purge

channels (2-mm-diameter holes) are provided in the sintered LiA102 breeder

through which low-pressure (0.05 MPa) helium flows. These purge channels,
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together with the relatively low density ceramic breeder, should facilitate the

extraction of the tritium as T70 by the purge stream.

The neutron reflector consists of 0.12-m-thick austenitic stainless steel

that is cooled by the primary coolant water. Return coolant from the outlet

manifold is also routed through the reflector in the coil-plane module. Shape,

thickness, and location of the reflector suggest its usage as the primary

structural member within both FWBS midplane and coil-plane modules.

Ring manifolds for the primary coolant are 0.10 m in diameter and are located

between the reflector and closure rings; one inlet and one outlet manifold is

provided. Figure 7.3-17 illustrates this arrangement. Flow from the main

header pipe is bifurcated at the inlet, flows 180° around the manifold and

through the coolant tubes. A similar arrangement at the outlet manifold

provides for the return flow. The manifolds are mounted to intercostals that

join the reflector to closure rings at the outer surface of the blanket.

Breeder coolant tubes are welded into the manifolds with the appropriate

spacing, as is defined in Fig. 7.3-11. The tubes are stabilized by ring

bulkheads mounted ..o the reflector.

The first and second walls are segmented poloidally to allow for

differential thermal expansion, with a lap joint being design into each

submodule joint. The modules are shown conceptually in Figs. 7.3-17 and 7.3-18,

with eight joints per module. Header pipes for the first and second wall are

provided for each submodule and connected to the manifolds with one pipe per

submodule. A modified austenitic steel with low molybdenum content is used in

this region to reduce the long-term activation.

7.3.6.2. Shield Modules. The shield has been developed as an integral

part of the EBT reactor, with its primary function being radiation protection of

the superconducting coil sets. Other design goals are to minimize activation

products and to reduce the radiation levels such that personnel access to the

reactor room is possible within one to two days after reactor shutdown. The

shield also provides the vacuum boundary for the plasma. This particular

location for the vacuum boundary relative to a location that is closer to the

plasma has several important features: a) the vacuum seals are located in a

region of low neutron fluence, b) direct access is possible for the use of a

remote cutter/welder device to form and remove the seal, and c) incorporation of

the vacuum connection between the poloidal limiter and the vacuum pumps allows a

system of vacuum-tight ducts to penetrate the shield. This location of the
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vacuum boundary is also preferred to the evacuation of the entire reactor hall

or to an evacuated reactor "trench" because of: a) complications associated with

equipment operations in vacuuo, b) large vacuum pumping requirements, c) greatly

increased tritium permeation into the components that would be located in an

evacuated reactor hall or trench, d) larger tritium inventories, and e)

increased tritium losses that would require an improved tritium breeding ratio.

The choice of major subsystems, such as rf heating and the pumped limiter,

has also contributed to the overall shield simplicity. The radiation shields

are designed to support the first-wall and blanket modules, which can be done

easily because of the percentage and location of steel required for shielding

purposes alone. As in the case of the first-wall and blanket modules, only two

shield configurations are required: 36 coil-plane modules and 36 midplane

modules.

Auxiliary shielding at the interface between the midplane shield and the

coil dewar is provided to prevent neutron streaming and to facilitate midplane

module removal. The vacuum seal is located at the outer surface of one of these

auxiliary shields (i.e., the ring shield mounted permanently on each side of the

TF/ARE-coil dewar). One half of the shield is welded to this ring and the other

half to the midplane module. As is illustrated is Fig. 7.3-20, upon assembly

and after final adjustment, the two halves of the seal are welded together-. The

mechanical design for the coil-plane shield is shown in Fig. 7.3-21. The

midplane shield is similar in construction with appropriate geometric

modification being made.

These shields are composed of concentric rings of shielding material

arranged as shown in Fig. 7.3-22. An exception to this arrangement occurs at

the inboard side of the coil-plane module. The proximity of the plasma to the

TF coil due to magnetic field requirements necessitates the use of a denser

material and a neutron attenuator. In this area a tungsten/lead combination is

utilized, with the greatest thickness at the equatorial plane and tapering to

approximately half its maximum thickness at the vertical plane. In this manner

a crescent-shaped segment across the full width of the shield is formed. The

tungsten/lead shield is enclosed in a welded 304 stainless-steel container,

through which steel tubes pass for cooling. The remainder of the shield, from

the inside to within 0.16 m of the outer surface, consists of 304

stainless-steel rings into which are cut coolant slots to obtain the correct
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HALF S E A L -
ON AUX. SHIELD

HALF SEAL -
ON MIDPLANE SHIELD

Fig. 7.3-20. Detailed view of ring-shield and vacuum-seal configuration.

proportion of HjO. The outer 0.16-m-thick ring is a combination of Til^ and

Til$2 in powder form and enclosed in a welded stainless-steel container.

The midplane shield module incorporates the mounting for the vacuum pumps,

isolation valves, pod, and valve-stem covers, as well as connections for the

ECRH and LHH ducts, as is shown in Fig. 7.1-4. The rf ducts are shielded

completely along the lengths, but shielding is shown only at the point where the

ducts enter the nodule. The vacuum pumps are completely surrounded by

shielding, as is shown in the plan and section-BB views in Fig. 7.1-4.

A large percentage of steel is utilized in the construction of the EBTR

shields, and it was on this premise that the method of cooling was based. An

approach based on a water-tank design is used with coolant passages cut into the

steel shielding. Shielding material not compatible with the coolant is enclosed

In a steel container and cooled by tubes that are integrated into the container.
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Fig. 7.3-22. Schematic view of coil-plane snield and material composition
( W/Pb shielding semi-circular crescent as shown in Fig. 7.3-1).

Cooling for the 50-MWt nuclear heating deposited in the shield as low-grade

heat is provided by a 700-kg/s flow of water at 316 K that enters the lower

surface of the shields. In the case of the raidplane shield the coolant flows

circumferentially and exits at the lower surface. Inlet flow for the midplane

shield enters via tht main pipe disconnect and through an external pipe to the

bottom surface. It the i flows upward through the shield and exits at the upper

surface and out through the piping disconnect. Temperature at the outlet is

333 K. Flow velocity through the shield is below 1 m/s.

A possible condition was identified in which a leak of 15.2-MPa blanket

coolant into the vacuum cavity could cause a pressurization that could lead to

failure. To avoid the consequences of this overpressure, a shield vent plug is

incorporated into the midplane shield as shown in Fig. 7.3-23. The plug fits

loosely into a tapered hole; a thin seal weld between the outer surface of the

plug and the shield completes the vacuum boundary. Under normal conditions
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Fig. 7.3-23. Schematic view of shield plug proposed to prevent pressure failure.

atmospheric pressure in the reactor room holds the plug in place and the vacuum

seal is not loaded. In an overpressure condition, the plug is pushed outward

and ruptures the seal. The taper provides clearance for venting and a

mechanical stop retains the plug after actuation. The plug design will operate

when the overpressure reaches ~ 4 Pa.

Table 7.3-15 tabulates estimated weights for the FWBS modules. At the

rated 4028 MWt, the specific power for EBTR amounts to 0.98 MWt/tonne of blanket

and 0.23 MWt/tonne of blanket and shield; the comparable value25 for a PWR

fission power plant is 4.06 MWt/tonne of pressure vessel, Internals, and fuel

(2.37 MWt/tonne for a BWR).

7.3.6.3. Summary of Blanket/Shield Structural Design. The composite

structural design of the blanket/shield (and coils) Is based on separate, but

iteratively-coupled nucleonics, thermohydraullcs, vacuum, liaiter, and magnetics

calculations. In bringing together these essential elements of the overall

blanket/shield design process to describe a system that can be realistically
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TABLE 7.3-15

WEIGHTS OF BLANKET AND SHIELD (TONNE)

Individual Sectors Total

Coil Plane

• Blanket

• Shield

Midplane

• Blanket

• Shield

w/o H20

44.4

160.9

205.3

69.9

203.4

273.3

w/H20

45.3

163.5

208.8

71.3

207.2

278.5

w/o H20

1598

5792

7390

2517

7322

9839

w/H20

1631

5886

7517

2567

7459

10,026

TOTAL: 17,229 17,543

built, assembled, and maintained, minor dimensional deviations from an ideally

"self-consistent" engineering system inevitably result. These differences in

the "dimensional stackup" of first-wall/blanket/shield/coil elements are a

natural consequence of the pre-conceptual nature and related simplified models

of this study. Since such minor differences have little effect on engineering

feasibility and/or t>ystem costs, but nevertheless are bothersome, this section

on blanket/shield structural design concludes with synthesis of all previous

results, giving a composite of the final dimensions that reflect the natural

"give and take" embodied in a multifarious design process.

A dimensional stackup of the reactor elements, including the TF coil,

shield, and blanket components, is shown in Fig. 7.3-24. The blanket and shield

components are dimensionally the same as shown in the nucleonics one-dimensional

transverse (Fig. 7.3-3). The gaps between the blanket and shield have been

enlarged by slightly decreasing the blanket radii to provide adequate clearance

for manufacturing assembly for the coil-plane module and to provide a vacuum

plenum region in the midplane module. Additionally, the gap between the shield

and the TF-coil derar in the coil-plane module has been enlarged to 0.10 m in

order to provide the necessary assembly clearance. The small gap changes in the

coil fi-ane are expected to cause only a minor decrease in the blanket and

shielding performance. The larger gap in the midplane module for the plenum

region is accomplished by enlarging the shield radii relative to the blanket
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Fig. 7.3-24. TF coil, shield, and blanket components.

radii. This change enhances the bulk-shielding capability that is offset by an

increased probability of neutron streaming to the cryogenic vacuum pumps. An

order-of-magnitude analysis of the increased neutron streaming and heating to

the vacuum pumps indicates that the modified design is adequate. A more

rigorous nucleonic analysis is required to confirm fully the adequacy of this

altered design. The plenum region in the midplane module varies in thickness

from 0.22 m in the region opposite the vacuum pumps to 0.52 m near the pumps.

The vacuum effectiveness of the plenum region is discussed in Sec. 7.8. Also

shown in Fig. 7.3-24 is the plasma-to-wall distance, wnich is commonly referred

to as the scrape-off region, for several regions within the plasma chamber. The
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scrape-off layer in the midplane module is constant at a 0.080-m thickness. The

scrape-off thickness in the coil-plane module is maximum at the center of the

module, varying from 0.20 m at the outboard location to 0.29 m at the inboard

location; at the ends of the module the scrape-off thickness is reduced to

0.085 m at the outboard location and 0.125 m at the inboard location. These

coil-plane scrape-off thicknesses shown in Fig. 7.3-24 result from the specific

magnetics, impurity-control, and neutronics criteria. Although the scrape-off

thicknesses are acceptable, minor iterations with the TF-coil, blanket, and

shield geometry could be accomplished to tailor further the scrape-off region.
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7.4. Magnet Design

This section presents the engineering design that is proposed for the

aspect-ratio-enhanced E3TR. After summarizing in Sec. 7.4. L. the constraints

and design philosophy that have directed this task, a general description of the

EBTR magnet system is given in Sec. 7.4.2. Section 7.4.3. gives a

subsystem-by-subsystem description of the TF/ARE-coil set, the design bases for

which are given in Appendix J. The supporting electrical system is described in

Sec. 7.4.4.

7.4.1. Magnetics Requirements. This section describes the engineering

design of the TF/ARE-coil sets that are an essential element of the reactor

design point presented in this study. The procedure used to select a particular

TF/ARE-coil set is documented in Sec. 6.2. The magnetics models utilized in

this selection process is described in Sec. 4.3. and Appendix D. Three

important points that impact heavily on the magnet design are apparent from

these sections, and for convenience are summarized below.

• Only the current-carrying portions of the TF/ARE coils were simulated with
rectangular arrays of loop currents in the magnetics model.

• Part of the criteria for choosing a particular coil set for inclusion in
the reactor design point is that the TF-coil current conductor fit snugly
to the two-segment blanket while maintaining a specified ratio of the
toroidal lengths of the coil and midplane blanket segments.

• Only ARE coils of the "conventional" poloidally encompassing kind1 were
considered by this study. The potential advantages suggested2 by the use
of inboard "symmetrizing" coils to achieve aspect ratio enhancement remain
to be quantified for the reactor by future study.

The design of the magnets must comply with the first two points listed above.

Specifically, the magnet design must position the current-carrying materials at

the same locations as the regions simulating the current density in the

magnetics model, as well as provide the same total current capability in each

coil. These considerations mandate that the cross section of the TF-coil

current carrier must be rectangular with the dimensions given in Table 7.4-1;

the cross section of the ARE-coil current-carrier can be either circular or

square with an equivalent cross-sectional area, because a four-loop current

simulation of either cross-section is identical. In addition, the necessary

magnet structures that both coils require reduce the inner-bore radius and

extend the toroidal length of the TF coil; these dimensional changes must be

kept at a minimum in order to avoid encroachment upon the blanket/shield region
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TABLE 7.4-1

DESIGN PARAMETERS DERIVED FROM MAGNETICS RESULTS

Parameters Values

Number of TF coils, N 36

Number of ARE coils per TF coil 2

Current density (MA/m2) 16

Current per TF coil, ITp (MA) 31.35

Current per ARE coil, 1 A R E (MA) 6.97

Operating current, I(kA) 25

Average midplane field, B M p (T) 2.25

Peak field at conductor, Bc (T) 9.7

Mirror ratio, M 2.24

TF-coil length, £ T F (m) 1.98

TF-coil width, w T p (m) 0.99

Mean TF-coil radius, rc (m) 2.90

TF-coil center, R ^ (m) 35.08

ARE-coil radius, r A R E (m) 4.44

ARE-coil center, R A R E (m) 36.07

Angular displacement of RARE

relative to a coil plane (radians) 0.0370

Angular rotation of ARE-coil plane
relative to R A R E (radians) 0.164

and perturbation of the ratio of toroidal lengths of the blanket segments (i.e.,

reduced tritium breeding, Sec. 7.3.3.). On the basis of the data given in

Table 7.4-1, a magnet system can be designed that complies with these

requirements as closely as is practical. Figure 7.4-1 gives a schematic

representation of the TF/ARE-coil configuration that has emerged from these

trade studies; the engineering design of the magnets is described below.

7.4.2. General Description of Magnet System. The EBTR design presented

here has 36 superconducting mirror or toroidal field (TF) coils and 72

superconducting aspect-ratio-enhancement (ARE) coils. Each coil set consists of

one TF coil and two ARE coils located within a 10° toroidal sector. This

arrangement is shown in Fig. 7.4-1.

The two ARE coils are combined with the TF coil in a single dewar. This

approach was adopted because of the high intercoll loads. If the TF/ARE-coil

side loads were communicated through room-temperature structure, the heat leak
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Fig. 7.4-1. Schematic layout of TF/ARE-coil configuration for which the
parameters listed in Table 7.4-1 apply.

through the supports would be unacceptable. By combining the three coils (i.e.,

two ARE and one TF coil) into a single dewar, the intercoil loads are carried

efficiently by structure at cryogenic temperatures. All of the superconducting

coils are unconditionally cryostable to minimize potential shutdown risks. The

superconductor is cooled by a pool-boiling bath of liquid helium at

approximately 4.5 K. For the fields given in Table 7.4-1, the majority of

conductor can be NbTi. A small amount of NbSn^ conductor must be used in the

first two inner-layers of the TF coil, where the magnetic field may exceed 8 T.

The conductor stabilizer is copper.

All structural steel is placed in the coil case rather than distributed

throughout the winding in order to locate the effective coil cross section as

close to the plasma as is possible. Addition of distributed steel within the

windings per se would lower the achievable current density and move the

effective current center to a larger radius, thereby undesirably increasing Rc

and plasma transport for the same field and mirror ratio. Inflated bladders are
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used around the outer diameter of the coil pack to assure a tightly wound pack

after assembly of the outer ring of the helium vessel.

Layer winding is favored over pancake winding for two reasons: a) because

the width-to-length ratio is two, a pancake winding would require a large number

of inter-pancake splices and b) layer winding is more conducive to grading the

superconductor without excessive splicing (i.e., NbSn-j could be used in the

first two inner-layers with only one splice being required, whereas, grading in

a pancake winding requires a splice in every pancake).

The three coils will be connected in series so that only one set of leads

are required per coil set and fault modes can be minimized. Because of the high

ratio I A R E ^ T F = ~0*22, a loss of ARE-coil current as indicated in Sec. 7.4.5

would cause the TF-coil field to increase by 14.6%, the coil set would quench,

and unacceptably large forces would result. Each coil set (i.e., two ARE coils

and one TF coil), therefore, will be connected in series with the remaining coil

sets to assure a balanced loading condition at all times. It is emphasized,

however, that considerably more analysis of this fault mode than allowed by the

scope of this study is required. The magnet parameters used in the design are

shown in Table 7.4-1. The magnets are positioned as described in Fig. 7.4-1.

7.4.3. Conceptual Engineering Design of TF/ARE-Coil Set. This subsection

describes the conceptual engineering design of the TF/ARE—coil sets. The

conductor is described first, followed by a description of the winding packs,

the structure, the supports, and finally the dewar. A coil-set analysis is

given in Appendix J, which describes the rationale for selection of the coil

parameters and structural design.

7.4.3.1. Conductor. The high-field conductor selected for this EBTR

design is shown in Fig. 7.4-2. The conductor is sized for 25 kA. The conductor

will be fabricated in two components, both of which will be assembled prior to

winding. The first component is the superconducting insert. This insert is a

NbSn^/Cu composite with a copper-to-superconductor ratio of 1.8:1. The insert

could be a cable, a simple monolith, or a compacted monolith. In regions other

than the first two layers of the TF coil, the insert would be fabricated from

NbTi. By using the amounts of equal superconductor/copper ratios for both the

NbTi and NbSn-j inserts (i.e., 1.8:1), the superconducting components would

function satisfactorily at 8 T. At fields below 6 T a third grade can be used

to minimize superconducting material costs. Each of the inserts would retain

the same overall dimensions.
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Fig. 7.4-2. High-field superconductor selected for EBTR design.

The second component of the conductor is the copper stabilizer. The

stabilizer ..ould also have the same dimensions in each grade. The stabilizer

would be machined and soldered to the insert during the manufacturing/winding

process.

The conductor, which has an aspect ratio of 3.4, is wound the "hard" way

(i.e., curvature applied to longest dimension of cross sections) to facilitate

cooling. Each turn is insulated as shown in Fig. 7.4-3. Layer-to-layer

insulation wilL be slotted for helium ventilation. In addition, the percent

open space can be varied to accommodate the buildup of radial bearing loads. In

high-field regions near the inner ring, the slots in the insulation can be

widened to improve ventilation and cooling. In the lower-field regions near the

outer ring, slot sizes can be reduced to accommodate radial bearing loads

without impairing cooling.

7.4.3.2. Toroidal-Field Coil. The TF coil is cooled by liquid helium under

pool-boiling conditions. The conductor has an aspect ratio of approximately

three and again is layer wound the "hard" way. Fourteen layers and 90 turns per

layer result in 1254 turns. Figure 7.4-4 shows the TF-coil and the ARE-coil

cross sections. The winding cavity has an internal cross section of 0.99 m by

1.98 ra.
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LAYER-TO-LAYER INSULATION

SUPERCONDUCTOR

COPPER STABILIZER

TURN-TO-TURN INSULATION

Fig. 7.4-3. Composite winding of superconductor showing insulation and coolant
channels.

The TF-coil case structure encases the conductor winding in a liquid-helium

bath and also reacts the electromagnetic conductor loads. The case is made from

annealed 316L stainless-steel plate and employs an all-welded-joint

construction. The stainless-steel plate is burnished to eliminate surface

contamination that would otherwise cause outgassing into the vacuum chamber.

The burnished finish also provides a low-emissivity surface that reduces heat

input to the coil. A material with low magnetic permeability is required for

the case structure, a constraint that has led to the choice of the 316L alloy.

The TF coil is circular with an outside diameter of 6.94 m, an inner bore

diameter of 4.67 m, and a constant outside thickness of 2.126 m. The inner

ring, outer ring, and all side plates composing the case are 0.0635 m thick.

The coil is wound on a U-shaped bobbin consisting of the inner ring and

side plates. Prior to winding, the inside surfaces of the bobbin are covered

with two layers of 0.127-mm Kapton film and two sheets of 0.762-nun G-1UCR

glass-fabric epoxy laminate. The Kapton and G-10CR serve as the ground-plane

insulation between the conductor and the case. A lattice insulation is
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Fig. 7.4-4. Cross-sectional view of TF/ARE-coil arrangement.

installed over the ground-plane insulation on the side plates and inner ring.

The lattice insulation provides cooling to the adjacent conductors, additional

helium volume, and a helium flow path at the perimeter of the winding pack. The

lattice insulation is made from 7.75-mm-thick G-10CR. The conductor is layer

wound on the bobbin over the lattice insulation on the inner ring, and the

winding layers run between the case side plates.

As is shown in Fig. 7.4-3, the turn-to-turn insulation is 3.8-nnn-thick

G-10CR fiberglass and provides a 30% bearing area for the sides of the

conductor. The insulation permits longitudinal flow along the conductor and

lateral flow between winding layers. Large pads are centered on the

superconductor and can transmit the side loads that occur at the superconductor.

The inner and outer pads act as stabilizers to prevent rolling of the conductor

during operation or coil winding. The pads and pad ties form a modified "W"

which permits the insulation to conform readily to the coil winding radius.
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The layer-to-layer insulation is similar in appearance to a snow fence.

The insulation is 3.8 m:n thick and also is made from G-10CR sheet. The

insulation is graded and has 50% coverage at the inner ring and 70% coverage at

the outer ring. The layer insulation permits transverse and lateral liquid

helium flow relative to the conductor. The slots in the insulation are shown in

Fig. 7.4-3 running 90° to the conductor. Near the side plates, the slots will

run at a 45° an>le to the conductor; this arrangement allows the flow of

energy-laden helium to be away from the case structure.

Upon completion of the winding and installation of the outer ground

insulation, a stainless-steel bladder is placed between the ground insulation

and the outer ring. After completing the close-out welding of the outer ring to

the side plates, the bladder is inflated under pressure with a polyurethane

resin. Further research and development is necessary before a fill pressure can

be accurately determined. The inflating process causes the stainless-steel

bladder to yield and fill the voids between the winding pack and the outer ring,

to withstand the electromagnetic compression load.

7.A.3.3. ARE Coil. Two ARE coils are located adjacent to each TF coil,

giving a total of 72 ARE coils. These coils operate also in liquid helium in a

pool-boiling mode. The conductor is the same as that used for the TF coil. The

conductor is also wound the hard way and has 10 layers with 28 turns per layer,

for a total of 279 turns. The winding cavity has an internal cross section of

0.66 m by 0.66 m.

The ARE-coil case structure consists of an inner ring, outer ring, and side

plates and uses welded-joint construction. The case is a 63.5-mm-thick ground

plate of annealed 316L stainless steel. The outside diameter of the coil is

9.68 m, the inside diameter is 8.07 m, and the constant thickness is 0.806 m.

The insulation system, bearing area, liquid-helium flow paths, percent

helium volume, and construction are the same as described previously for the TF

coil. The case close-out welds of the outer ring to the side plate and the

bladder installation are also the same as that described for the TF coil.

7.A.3.4. Intercoil Support. The magnetic loading between ARE coils is

compressional at points where the coils are close together (i.e., outboard

locations) and tensional where the coils are far apart (i.e., inboard

locations). Nine wide-flange I-beams (0.86 m high) form the supporting

structure between ARE coils. At the horizontal center line where the ARE coils

are farthest apart, one intercostal T-section is used. Figure 7.4-5 shows the
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Fig. 7.4-5. Coil support structure at the horizontal cross section of the
TF/ARE-coil set.

coil support structure at the horizontal centerline of the coils. The T-section

attaches to the ARE coils and the vertical leg of the "T" attaches to the outer

ring of the TF coil. Both I-beams and T-sections are made from 316L stainless

steel.

Each of the two ARE coils are supported by the associated TF coil. At each

of the wide-flange I-beams described above, a W-shaped truss provides the

supporting structure. These truss members are composed of 0.152-m I-beams. All

of the intercoil support members are made from 316L annealed stainless steel .
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7.4.3.5. Dewar-Coil Support. The two ARE and one TF coils are he Id in the

dewar by two vertical supports and one horizontal alignment support. One

vertical support is located at the low part of the dewar and attaches to the

lower portion of the TF coil. The other vertical support is located directly

above the TF coil at the top of the dewar and attaches to the top of the TF

coil. The lower support reacts vertical and horizont. 1 loads. The upper

vertical support reacts horizontal loads only and has a slip fit to the dewar.

The slip fit accomodates thermal contraction of the coils relative to the dewar.

The vertical supports between the dewar and the TF coil are cone-shaped

structure with the apex of the cones positioned at the dewar. The cone ha;=

stainless-steel end fittings that are spliced to a fiber glass epoxy structure.

A liquid-nitrogen thermal intercept is incorporated in the fiberglass cone.

7.A.3.6. External Supports. The dewar and coils that compose each

TF/ARE-coil set weigh 726 tonnes and are supported by two vertical gimbal

supports and one horizontal gimbal alignment support. This support arrangement

is depicted in Fig. 7.4-6. For alignment, the dewar and coils all turn together

about the two vertical pivots and the horizontal support maintains rotational

position. The vertical pivot gimbals are directly in line with the

coil-to-dewar pivots but are located on the outside of the dewar. The lower

vertical gimbal reacts vertical and horizontal loads, and the upper gimbal

reacts horizontal loads. The horizontal gimbal reacts rotational loads. The

procedure proposed to align the coils with respect to the

first-wall/blanket/shield modules is described in Sec. 7.7.1.

7.4.3.7. Liquid-Nitrogen Shield. The liquid-nitrogen shield is located

between the coils and the vacuum vessel. The liquid-nitrogen shield is

supported by the vacuum-vessel inner surface with fiber glass epoxy standoffs.

The panels cover the inner surface area of the vacuum vessel, with the exception

of the inner vacuum vessel. Coverage is not provided to the inner vacuum vessel

in order to minimize the clearance between the TF coil and the plasna.

The LN9 shield panels are made from 6061 aluminum alloy and support an

extruded aluminum tubing with a flat base that Is welded to the panel. The

liquid-nitrogen tubing runs are designed with a gravity drain and do not have

traps or low areas that cannot be drained. Joints in the tubing manifold are

welded to prevent nitrogen leakage into the vacuum vessel. Slip joints are

incorporated in the panel-to-fiber glass standoff connection, which allow for

the thermal contraction of the panels.
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Fig. 7.4-6. TK/ARE-coil set arrangement showing dimensions and external support
structure.

7.4.3.8. Dewar. The dewar or coil vacuum-vessel structure is fabricated

from 304L annealed stainless-steel plate. All joints in this structure are

welded to ensure a vacuum environment. The stainless-steel plate has a

burnished surface finish to remove surface contamination and to prevent

outgassing into the vacuum. Figure 7.4-6 shows the vacuum vessel design.

The outside of the dewar is 10.06 m in diameter, and the inner bore

diameter is 4.51 m. The maximum width of the dewar is 5.07 m. The vessel is

fabricated from flat plate elements and circular rolled plate to minimize

manufacturing costs.

7.4.3.9. Magnet Alignment. It will be necessary to align the magnetic

field from each coil set when each of 36 sets is placed into a toroid. The

magnetic axis of each coil set should lie on the toroid axis and the magnetic

centers should lie on the 10° radials. The alignment accuracy must permit the

251



closure of any toroidal flux line to an accuracy of 6B/B < 2(10) *

(Sec. 4.3.3.)-

During manufacture of the coil sets, tolerance must be held sufficiently

tight to assure that final adjustment of the coils can be accomplished without

an interference between the coil and the shield/blanket modules, yet

simultaneously holding the oB/B value given above. After fabrication, the coil

sets will be cooled down and tested. A part of the testing will include

accurate field mapping of the magnetic axis and center for each coil set. The

magnetic axis and center will be identified by dimensions and angles to three

construction balls located on the coil case. Once the coil sets are delivered

and installed in the torus, they will be optically aligned using the

construction balls and the test data. Low-field flux mapping may also be

possible when the magnet sets are assembled into the torus, but mere accurate

measurements using electron beams can be made only after the vacuum chamber

(i.e., the first-wall/blanket/shield assembly) is in place.

7.a.4. Electrical System for the Magnets. The EBTR superconducting coil

sets will require an electrical support system to provide power, control, and

protection. The configuration of this electrical system is shown in the

COIL SET I COIL SET 2 COIL SET 3 COIL SET 36

r

POWER
SUPPLY
•.150V
25kA

Fig. 7.4-7. Magnet electrical power distribution system.
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simplified diagram in Fig. 7.4-7. Each of the TF/ARE-coil sets are arrayed

essentially in series. Across e.ich coil set is a dump resistor that is sized to

absorb the stored magnetic energy in the event of an emergency discharge.

Should an emergency discharge be necessary, each of the circuit breakers shown

in Ki.<:. 7.4-7 wilL be opened. This action isolates each magnet, allowing the

voltage to rise across the dump resistor to approximately 800 V. The diodes

placed across each coil and circuit breaker provide a shunt path to d a m p the

'.'"]ta;;t- until all breakers are opened.

The power supply was si£ed at ± 1 "SO volts to facilitate charging and

'! i srh.i r,.;i ng I" he magnets within a nominal 24-h period. bach power supply will be

Hi iiu> inverting type to enable the magnet-stored energy to be returned to the

jn.i'r grid during normal (i.e., scheduled) discharges. The stored magnetic

<M'i>r;:y amounts to 111 G.I (~ $1500 at 40 mi lls/kWeli). The coi L power supply will

ust." i twelve-pulse, SCR switching approach to provide reasonably ripple-f tee

ilri\''' to the coils. The utility and space requirements tor this power are shown

i-i Table 7.4-2.

The control and protection system provides magnet control while monitoring

suitable instrumentation to protect against fault conditions. (.'oil voltage taps

will be used to monitor for magnet quenches. In addition, lead temperature,

vacuum, pressure, helium level, and equipment operating status will be

monitored. Should a dangerous condition be identified in one of the magnets,

all of the magnets will be discharged simultaneously. This approach

conservatively avoids any possibility of asymmetric (out-of-plane) loads from

overturning a magnet. Admittedly, considerable development will be required in

the area of h i ,;;li-cur ren t circuit breakers. It may be necessary to replace each

circuit breaker with a series-redundant pair to assure systen reliability,

although the cost inpact of this kind of redundancy must be examined.

The dump resistor is fabricated from sufficient stainless-steel plate to

absorb 3.f>4 (!J of energy per TF/ARE-coiI set with an ensuing temperature rise of

Vn) K. This arrangement facilitates placing the dur.ip resistors as close to the

magnets as possible. The dump resistor and remaining equipment are also

described in Table 7.4-2.

In summary, since the magnets represent the single most expensive component

of the FBTR power plant (26% of the total direct cost, Sec. 8.3.), the

above-described protection system is crucial to economic operation. The

inconvenience and cost of unscheduled magnet dumps must he weighed against the
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TABLE 7.4-2

SUMMARY OF MAGNET SUPPORT EQUIPMENT

Dump Resistors (within reactor hall)

Number required, N

Resistance (ft)

Peak discharge voltage (V)

Current (kA)

Size (m x m x m)

Weight (tonnes)

Power Supply

36

0.032

800

25.

2 x 2 x 2

27.0

Number required

Input

• phases

• frequency (Hz)

» voltage (V)

» power (MW)

Output

o voltage (VDC)

• current (kA)

Coil input power (MW)

• during charge cycle

• steady state

Size (m x m x m)

Weight (tonnes)

Charge/discharge time

• nominal (hours)

• emergency (s)

Cooling-water requirements

* power (MW)

• outlet temperature (K)

• quality

Circuit Breakers

Number required

Size (m x m x m)

Weight (tonnes)

1

3

60

4160

5.6

i 150 (inverting)

25

3.75

1.0

6 x 2 x 2.7 (high)

15.0

24

400

1.85

340

tap water

36

2.7 x 2.7 x 2.7

2.5
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probability of serious damage and the related extended outage associated with a

serious nagnet failure. Only time and experience with large magnet ensembles of

tlio kind described here can elucidate this important area of system control,

operation, and protection. In addition, the potential for design innovation of

the kind suggested in Ref. 2 could reduce the magnet requirements (i.e., stored

energy, seriousness of fault conditions).

The electrical protection system described above and the external supports

discussed in Sec. 7.A.3.6. are sized to protect the magnet system in the

uillkuly event of a magnet quench. A class of "catastrophic" magnet failures

1 so exists. These failures, although even more remote, occur because of an

open circuit in a coil lead or in a superconductor/stabilizer. If this open

circuit occurs, arcing across the open circuit area will commence, resulting in

melting and vaporizing of the conductor/stabilizer. The current will continue

in the affected coil for a period of time during which the dump resistor

circuits for the remaining coils will be activated, dissipating the stored

energy. The exact failure mode analysis for this scenario has not been

a -omplished. The affected coil set will likely be destroyed, but the integrity

.e remaining coil sets must be assured. The failure analysis must,

therefore, identify the time scale of the current decay and the attendant forces

generated on the adjacent coils. This analysis will allow definition of

structural requirements along with the design of electrical protection schemes

and/or increased quality assurance to reduce the probability of "catastrophic"

failure.

7.A.5. Analysis of Coil Failure Events. The intent of this subsection is

to 'dicate the importance of designing for a coil failure event; the analysis

presented here is rudimentary. The analysis is based on vacuum magnetic fields.

The locations of vacuum field lines for the design point (Fig. 7.4-1,

Table 7.4-1) are computed with various subsets of the coils operational. These

calculations are used to estimate the changes in the magnetic forces on the

coils as well as displacements of the plasma. The coil failure scenarios

considered here are: a) the loss of a single ARE coil, b) the loss of both ARE

coils within a TF/ARE-coil set (Fig. 7.4-5) and c) the loss of a complete

TK/ARE-coil set. The loss of only a single TF coil was not simulated because

that case would result in even lower magnetic fields than in the case of a

complete TF/ARE-coil set failure and, hence, would present a more severe

situation. On the basis of the analysis of these three failure scenarios, it
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appears necessary to provide sufficient dump resistors in the reactor design to

allow all of the coils to be shut down upon detection of the imminent failure of

any single coil.

The calculations performed for this failure analysis trace the magnetic

field lines that define the plasma surface in the equatorial plane. The field-

line tracing begins in the sector that is farthest from the sector where the

coil failure occurs, as is shown in Figs. 7.4-8. As the magnetic field line

calculations proceed around the torus, the magnetic field profiles are

calculated in each midplane and coiL-pl-ane location encountered; these results

are presented in Figs. 7.4-9. The range of the magnetic field profiles

corresponds to the expanse of the TK-coil inner bore. Hence, the maximum field,

B^, at any TF coil for the three scenarios considered here can be obtained from

Figs. 7.4-9. The values of Bp normalized to the maximum field, B^, at a TF coil

with all coils operational are summarized in Table 7.4-3. The expression

F = i (d£ x B) gives the force, F, on a section, dl, of wire carrying a current,

i, in a magnetic field, B. The force on a TF coil will change by the ratio

BQ/B^. in the event of a coil failure, providing that the field changes only in

magnitude and not in direction. Any change in the direction of the magnetic

field can be inferred from the results given in Figs. 7.4-8.

In the first scenario considered, the current in a single ARE coil is set

to zero. The resulting asymmetry introduced into the system is responsible for

an outward shift of the field lines shown in Fig. 7.4-8A. Such a shift would

result in an undersirable enhancement of particle transport, particularly for

passing particles. Furthermore, the midplane magnetic field profile in the

sector closest to the failed ARE coil is sufficiently elevated to affect the

electron cyclotron resonance heating (ECRH) sustenance of the electron rings in

that sector. The force on the TF coil in the affected coil set increases by

7.5%. However, the force on the operational ARE coil of the affected coil set

and on the nearest ARE coil to the affected coil set will increase more than the

force increase on the TF coil by virtue of the displacements of the field lines

and the increased midplane field, respectively. All of these effects are

detrimental and most likely cannot be tolerated during continual reactor

operation.

The second failure scenario examined can be viewed as either the

accidental, simultaneous loss of current in both ARE coils in a coil set or as

the accidental loss of a single ARE coil initiating simultaneously the shut down
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Fig. 7.4-8A. The vacuum magnetic field lines for the design point with all
coils operational (solid Lines) and with the loss of a single ARE
coil (dotted lines).
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Fig. 7.4-8B. The vacuum magnetic field lines for the design point with the loss
of both ARE coils in a TF/ARE-coil set (dot-dashed lines) and for
the fully operational design point (solid lines).
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Fig. 7.48C. The vacuum magnetic field lines for the design point with the loss
of a TF/ARE-coil set (short dash - long dashed lines) and for the
fully operational design point (solid lines).
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design point (solid lines).

10

E 8
o
Q

o

i«
o
4
Z 2

0

^

MlDPLANES

^

•

/ -

\ COIL
/PLANES

33 34 35 36 37
MAJOR RADIUS,R (m)

Fig. 7.4-9C.

260

The vacuum magnetic field profile for the loss of a TF/ARE-coil
set (short dash-long dashed lines) and for the fully operational
design point (solid lines).



TABLE 7.4-3

THE RATIO OF THE MAXIMUM FIELD AT THE TF COIL WITH AND WITHOUT COIL FAILURES AT

VARIOUS LOCATIONS AROUND THE TORUS RELATIVE TO THE LOCATION OF THE FAILURE

Number of
Sectors from

Failure

0

I
2

3

4

5

6

7

8

13

Failure of
One ARE Coil

in a TF/ARE-Coil Set

1

1

1

1

I

1

1

1

1

1

.O2595(

.00479

.00155

.00067

.00030

.00018

.00012

.00008

.00001

.07480

a ) l.O1133(b)

1.00307

1.00116

1.00055

1.00034

1.00020

1.00013

1.00008

I.00001

Failure of
both ARE Coils

in a TF/ARE-Coil Set

1.14610

1.03736

1.00785

1.00271

1.00121

1.00064

1.00038

1.00024

1.00017

1.00003

Failure of
Entire TF/ARE

Coil Set

0.0254 5

0.98887

0.99880

0.99976

0.99993

0.99997

0.99999

0.99999

1.00000

1.00000

pa'These values are calculated on the same side as the failed ARE coil.
' 'These values are calculated on the opposite side of the failed ARE coil.

of the accompanying ARE coil. Because both ARE coils are lost, symmetry is

preserved. However, the field increase near the failure site results in a

compression of the field lines, as is shown in Fig. 7.4-8B. The field line

compression combined with the elevated midplane field profile (Fig. 7.4-9B)

would affect the electron rings even more "than in the single ARF.-coil failure

scenario. The force on the TF coil within the affected coil set increases by

14.6% (Table 7.4-3). The force on the nearest ARE coil on either side of the

affected coil set will increase even more, again, because of increases in the

magnetic field and displacements of the field lines.

The final failure scenario is envisaged as the complete loss of a TK/ARE-

coil set. In this case, the field lines (Fig. 7.4-8C) bulge outward from the

plasma center line. In fact, the outer line "explodes" so quickly that the

calculational mesh cannot resolve whether the field line wraps around the

adjacent coil set or merely is subjected to severe bulging. This field line

behavior, when combined with the decrease in the magnetic field shown in

Fig. 7.4-9C, would result in a local plasma dump onto the first wall. One can
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only speculate on whether or not all of the plasma would be deposited .it the

failure site. EBT experiments indicate that sectors operate more or less

independently of each other, but the betas in the experiments are substantially

lower than those needed for economic reactor operation. The electron rings

probably cannot be sustained in the adjacent sectors because of the lower

midplane field profiles (Fig. 7.4-9C.). The force on the adjacent TF coils is

decreased by 1.1? (Table 7.4-3), and the force on the nearest ARF. coils also

decreases. However, the ARF.-coil force becomes oriented raore in the toroidal

direction, a behavior that is opposite that of the first two scenarios where the

force on adjacent ARK coils becomes more radiilly directed.

As indicated from the progression of the failure scenarios presented here,

the shutdown of a few additional coils ia event of a single coil failure is not

a response that insures continued reactor operation. Because the failed coil

must eventually be replaced, the reactor will probably be shut down immediately.

The procedure proposed and adopted in this design simultaneously shorts out all

the coils to avoid the possible dumping of the plasma onto a single first-wall

section. Additionally, in order to avoid large, asymmetric forces, the two ARE

coils and one TF coil that compose a TK/ARE-coil set are connected electrically

in series.
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7.5. Plasma Impurity Control

_7_._5._1._ General Principle of the Pumped Limiter. Recent work on impurity

control and exhaust in tokamaks*'^ has identified the pumped liniter as a

potentially attractive alternative to magnetic divertor systems. This passive,

mechanical approach to impurity removal has many inherent advantages, as
i

compared to magnetic divertors:

• \\J perturbation of the magnetic configuration, thereby avoiding the
possible introduction of instabiLi'ies or enhanced ..ransport.

• Minimal space requirements; t!ie limiter fits naturally into the plasma
scrape-off region.

available surface area, which reduce!". surface heat loads on the
1 i m l t e r.

• Simple nu'rhanica 1 design that pnhances the maintainability of the reactor
and reduces costs.

In addition, the dose coupling of plasma transport, magnetic topology, and the

electron ring that is unique to the EBT gives added impetus to examine

nnn.~ia,:net i r me-ins f ir impurity control. For these reasons a pumped-limi ter

impurity control system was selected for the present study. A detailed design

analysis w.is carried out, resulting in a single-bladed, poloidal configuration.

Th(- cal nil ational basis and results for this pumped-limiter design are given in

Appendix 1. and are briefly summarized here.

The general characteristics of a pumped limiter are shown schematically in

Fig. 7.5-1. The pumped limiter consists of a front face, a leading edge, and a

slot region formed between the limiter and the first wall. Figure 7.5-1 also

shows the srrape-off layer, defined as the region enclosed by the first wall and

tae innermost tip of the limiter. The limiter slot leads to a vacuum duct that

penetrates the blanket and opens into a larger vacuum duct or plenum that

connects to the vacuum punps located outside the shield (Fig. 7.1-3). The

limiter intercepts charged particles diffusing from the plasma. The resulting

neutral atoms are concentrated in the vicinity of the vacuum ports, where a

fraction of the helium ash is subsequently pumped. It is not necessary to

remove all of the particles from the scrape-off region immediately upon

diffusing from the plasma. Particles that are not removed will simply recyei.3

between the plasma edge and the first wall, building up a density in the

pl.Tsma-edge region that is sufficient for the net removal rate to equal the

core-plasma refueling rate. Impurities also recycle between the plasma and the
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limiter; lience, the fraction of the leaking panicles that. is removed by the

limiter must be sufficiently large to assure that the impurity concentration at

the plasma edge is held to an acceptably low level.

The effectiveness of any pumped Limiter ay an impurity-control system

depends upon the plasma either expelling impurities or alternately shielding

itself from impurities. This behavior is required because only a fraction of

the sputtered .irst-\~all atoms are ionized in the scrape-off region; the

remainder remain un-ionized until reaching the plas:na edge. If these impurities

accumulate in the core plasma, a rapid quench of the burn would occur. In order

for a pumped-1imiter impurity control system to be viable, therefore, it is

imperative that the impurity confinement time is of the same order or less than

that for DT, or that a mechanism exists, such as the potential barrier that is

formed in an KBT, to prevent impurities from penetrating the plasma core.
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The design analysis given ;n Appendix L focuses on four major facets of the

pumped-limiter system:

o Identification of both the edge-plasma parameters and the neutral-atom
pressure at the plasma edge.

o Verification that thu particle pumping is sufficient to maintain acceptable
impurity levels in the plasma, under the assumption that the potential
barrier at the electron rings prevents most impurities from entering or re-
entering the core plasma.

« Calculation of the heat loading on the limiter and the development of an
appropriate thermomechanical design.

• Calculation of limiter erosion rates and estimating limiter lifetimes.

Whenever possible this analysis relies on the data base developed in conjunction

with the conceptual design of the pumped-limiter system for STARFIRE.1 The

suggested use of a low-Z material (beryllium) as a coating on all surfaces

exposed to the plasma has been retained by this study along with the four

limiter structural materials that were identified:' tantalum, niobium, vanadium,

and copper. Stainless steel has been added to this list of candidate materials

for the EBTR c'esign because of the lower edge temperature and reduced heat

loading. A mere thorough discussion of the structural aspects of this impurity

control system can be found in Ref. 1. The thermal analysis of the EBT limiter

design is presented in Sec. 7.3.4.4., and the design of the related vacuum

system i- given in Sec. 7.8.

^\_5.2. Physics Model for Pumped Limiter. Estimates of the edge-plasma

parameters have relied upon the coupling of global particle and energy balances

with a detailed analysis of neutral-atom recycle in the edge-plasma region. A

description of the neutral-atom transport is obtained through the conversion and

use of a standard, one-dimensional, discrete-ordinates, neutron-'iransport code^

(ONEDANT), wherein the charge-exchange cross section replaces that for neutron

scattering, and the ionizaM.on cross section is substituted for neutron

absorption cross sections. A shortcoming of this approach is the failure to

account directly for the effects of refluxing neutral atoms on the background

density and temperature profiles. Howevert on the basis of a study that

iteratlvely determines profile corrections, as discussed in the following

section and Sec. L.2.I., representative temperature and density profiles have

been identified.
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The description of the pumped-liraiter action is, therefore, based on the

iterative coupling of two physics models: a) a phenoraenological edge-physics

model and b) a neutral-particle transport model. As denoted in Fig. 7.5-1, in

applying the phenoraenological edge-physics models the plasma is divided into an

"edge" plasma and a "core" plasma. The edge-plasma region is defined by the

radii r and r , where a majority of the neutral-gas recycle occurs. The

edge-physics model is based on the definition of three phenomenological

parameters :

• RPT> limiter recycle fraction, defined as the fraction of leaking plasma
particles that are neutralized by the limiter and return as neutral atoms
to the plasma scrape-off region.

• fg, edge penetration fraction, defined as the fraction of neutral atoms
returning from the limiter that are not ionized while traversing the plasma
scrape-off layer.

• fj-., core penetration fraction, defined as the fraction of neutral atoms
returning from the limiter that reach the core-plasma region before being
ionized.

From these definitions, it follows that f£ < fg. The phenomenological constant

RQ-J. is determined from a separate calculation of the gas dynamics occuring

within the limiter slot,1'2 as is discussed in Sec. 7.5.3. The phenomenological

constants fg and f^ are determined from the neutral-atom transport model. Both

the edge-physics model and the neutral-atom transport model are coupled by the

mutual assumptions of density and temperature (radial) profiles and the value of

edge density, n(r ). Both models are used iteratively to determine a

self-consistent value for r and the associated value of fc.

"Self-consistency" occurs when equal particle fluxes are predicted by both

models. Each model and the coupling thereof are summarized below and are

described in detail in Appendix L (Sec. L.2.I.).

7.5.2.1. Edge-Plasma Model. In accordance with experimental observation

of plasma density and temperature distributions in the shadow of a limiter,1*'5 a

flat temperature profile and an exponentially decaying density profile have been

assumed in the scrape-off region. The density is then postulatsd to vary as

exp(-x/6n), where the value of the scale length, 6n, is determined by balancing

cross-field diffusion in the scrape-off region against parallel flow to the

limiter. Cross-field diffusion is observed experimentally to occur at the Bohm

rate^hereas parallel flow to the limiter occurs at approximately the ion sound

speed in the plasma-edge region. This model leads to a general picture of the
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edge-plasma region that is similar to one proposed by Ogden.6 In this model the

volume in the edge-plasma region is assumed to be small compared to the core-

plasma volume, whereas diffusion in the scrape-off region, and hence at the

plasma edge, is assumed to occur at Bohm rates. As discussed in Sec. L.2.I.,

global particle/energy balances result in relationships between total and core-

plasma confinement times and the particle flux leaving the core- and edge-plasma

regions.

7.5.2.2. Neutral-Atom Transport: Recycle Calculations and Core-Plasma

Penetration. In order to address the question of penetration of the core plasma

by the refluxing neutral-atoms, a series of one-dimensional, neutral-atom

transport calculations were made using the diffusion-accelerated

neutron-transport code ONEDANT. The modeling proceeds by generating macroscopic

scattering and absorption cross sections using well-known microscopic

cross-sections7 for charge-exchange, electron ionization, and proton ionization.

The background plasma particles are assumed to be described by a Maxwellian

energy distribution with spatial temperature and density profiles that vary as

power functions within the core plasma. Using this representation of the

background plasma, a series of radially-zone-averaged, energy-dependent

scattering and absorption cross sections can be generated for use by the

neutral-atom transport code. The refluxing neutrals are introduced as a 3-eV

(Franck-Condon) volumetric source in the scrape-off region, whereas the outer

boundary (i.e., the first wall) is treated as perfectly reflecting but totally

energy absorbing (i.e., all particles are returned from the first wall in the

lowest energy group). In order to decouple the numerical reflux calculation

from the (unknown) parameters introduced in the phenomenological edge-plasma

model (i.e., f(-., fg, and RQ-J-) , the reflux So ^c id normalized to the "net"

volume-averaged reflux rate. The details of this procedure are given in

Sec. L.2.2.

7.5.2.3. Limiter-Slot Model. The key to the pumped-limiter operation is

the effectiveness by which incoming plasma particles and the system geometry can

be used to restrict the return of neutral atoms from the slot, thereby building

up a significantly higher neutral-atom pressure in the slot than elsewhere in

the scrape-off region. This effect has been observed experimentally8'9 where

neutral-atom pressures in the raillitorr range have been measured for similar

slot geometries. The spatial variation of the neutral-atom density in the

limiter slot can be described by a simple diffusion model. This model is
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described in Sec. L.2.3. and relates Che ionization rate in the limiter slot,

the neutral density along the length of the slot, and the neutral-particle

diffusion rate in the slot. Through this relationship the neutral-atom density

profile along the pumped-limiter slot can be calculated as a function of the

slot geometry, the thickness of the limiter blade, the width of the scrape-off

layer, and the thermal velocity of the neutral atoms. The results of the

numerical evaluation of these models are given in Sec. L.3. and have been used

to arrive at the following limiter design.

7.5.3. Pumped-Limiter Design Summary. The design considerations discussed

in the previous sections and in Appendix L have led to the limiter configuration

shown in Figs. 7.5-2 through 7.5-4. The system consists of two single-bladed

limiters completely encircling the plasma poloidally at each of 36 midplane

locations. The limiters are composed of ten polodial segments similar to the

one shown in Fig. 7.5-2. The segments have a 0.58-m poloidal length. Located

at the juncture of the midplane and the coil-plane blanket modules, the blades

face the midplane, as is indicated in Fig. 7.5-3. The limiter blade and the

first wall form a 0.06-m-wide slot that extends 0.3 m along the field lines to

the neck of the limiter. The slot then widens to 0.10 m as it penetrates the

blanket at the coil-plane/midplane juncture; this blanket penetration opens into

a 0.37-m average width plenum region between the blanket and the shield, as is

shown in Fig. 7.5-4. The limiter is structurally mounted to the shield, but can

be moved radially in order to maintain the proper alignment and positioning of

the individual segments with respect to the plasma. The limiter assembly is

fabricated from stainless steel and is covered with a 1.0-mm-thick Be coating to

control erosion (Sec. L.3.3.).

As noted previously, particle removal through the pumped limiter is

facilitated by the buildup of neutral-atom pressure in the limiter slot. For

the present design the He-ash pressure in the slot is 8.1 mPa, and the DT

pressure is 38.3 mPa. These pressures result from the removal of 14.2% of the

He flow and 17.6% of the DT flow to the limiter. The unpumped particles recycle

between the plasma and the limiter, causing the slot pressure to increase until

the source and removal rates achieve an equilibrium. The He pressure increases

until the net pumping rate is equal to the He production rate by fusion in the

core plasma, whereas the DT pressure increases until the net pumping rate equals

the external refueling rate. These conditions correspond to a He-ash removal

rate of 9.0 Pa nr/s and a DT removal rate of 38.6 Pa m-Vs at the limiter slot.
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Fig. 7.5-2. Isometric view of a typical limiter segment.

The low plasma-edge temperature (~ 0.1 keV), which is required in order to

reduce the limiter heat flux and to enhance the limiter pumping probability

(i.e., 1 - Rpf), is provided through a combination of puffing small amounts of

high-Z gas (Xe) into the plasma-edge region and the charge-exchange losses

associated with edge-plasma recycle. The required Xe concentration

(nXe/npj ~ 1.4%) is sufficiently low to have a negligahle effect on the
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Fig. 7.5-3. Cross-sectional view through the limiter.

electron-ring losses while simultaneously causing a significant amount of the

core-plasma power loss (~ 360 MW) to be radiated to the wall. This effect

together with the charge-exchange loss (~ 100 MW) and the conduction to the

front face of the limiter (~ 61 MW) reduces the edge-plasma temperature to the

desired value of ~ 0.1 keV, thereby lowering the maximum heat load on the

limiter to ~ 2.3 MW/m . These conditions are crucial to the successful thermal-

mechanical operation of the pumped-limiter concept (Sec. 7.3.4.4.).

The total limiter heat load, including the nuclear heating, is 300 MWt.

This power is removed by low-pressure cooling water flowing at a rate of

1200 kg/s. The inlet temperature and pressure are 388 K and 2.1 MPa (300 psia),

and the outlet coolant conditions are 448 K and 1.7 MPa (250 psia). The lower

surface-heat loads and reduced thermal stress allow the use of stainless steel

as the reference structural material. The materials suggested in Ref. 1,

however, have been retained as alternatives in the event that higher surface

loads are encountered.
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Fig. 7.5-4. Overall view of the limiter/vacuum system. The plenum region
widens from 0.22 m at the inboard side to 0.52 m at the outboard
side, where the plenum joins to vacuum ducting that leads to the
(cryogenic) vacuum pumps.

It is proposed to ameliorate the problem of limiter erosion through the

continuous injection of Be (~ 244 kg/yr) into the edge-plasma region. The

injected Be, together with Be that is continually sputtered from the first wall,

le;ids to a Be deposition rate on the limiter that balances the limiter erosion

r.ite (Sec. L.3.3.). In addition, the injection of Be results in a net

accumulation of — 72 kg of Be in each blanket/shield module over its 11.6-yr

operating lifetime. A similar analysis of the first wall leads to a net erosion

rate of 0.22 mm/yr. The 2.6-mm-thick Be coating on the first wall, therefore,

should be sufficient to meet the design criteria of a 11.6-year operating

lifetime for the blanket module.
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7.6. Plasma Heating Systems

The EBTR design point selected by this study is based on a fully ignited

plasma; no bulk-plasma heating is required at steady state, because all energy

losses from the bulk-plasma are supplied by the 3.5-MeV alpha-particle fusion

reaction products. In practice, however, a modestly driven system may be

preferable from the viewpoint of plasma control. The bulk heating input for a

high-Q (Q > 100) driven plasma can be tailored to require a negligible

recirculating power while maintaining a desired level of control over the

thermal stability. The only significant bulk heating, therefore, is that

required for startup. This study is based on a peak startup-heating requirement

of 0.1 MW/m delivered to the plasma ions, because calculations show that ion

heating is preferred and possibly required for a thermally stable reactor

startup.

Unlike the bulk-heating requirement, which is reflected in this design as

an accessibility problem rather than one of recirculating power, the

steady-state power requirements of the electron ring translate directly into a

recirculating power issue. The use of first-harmonic electron cyclotron

resonance heating (ECRH) for startup and sustenance of the electron rings

precludes this power source from contributing significantly to the

above-mentioned bulk-heating requirement. The conditions of ring operation that

assure the ECRH power consuming less than 10% of the net electrical power have

been given in Sec. A.A. and Appendix E. The electron-ring power requirements

under these conditions will amount to 120 MWe if the plasma-to-ring volume ratio

can be maintained above Vp/Vg = 100. Using these conditions to define the

design basis, the technology requirements of both bulk- and ring-heating sources

are described.

7.6.1. Bulk-Plasma Heating. Although the zero-dimensional, time-dependent

physics model found a steady-state bulk-heating requirement of 110 kW/aiJ, an

ignited plasma was assumed because the numerical difference between the

moderately driven design point and one that ignites is small. This contention

is supported by the systems code (Sec. 5. and Appendix F), which yields an

ignited steady state that is very similar to the one obtained by the bu-n code.

Consequently, no reason could be found that an acceptable startup scenario for

such an ignited system could not be developed. Identification of an exactly

ignited design point with the burn code would require an amount of work that is

beyond the scope of this study. It has been assumed, therefore, that an
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appropriate startup procedure is obtainable, and that the plasma is ignited

during operation. The actual power density required for startup, however,

remains unknown. Economic considerations, however, dictate a startup scenario

that minimizes power requirements (e.g., by starting with a small radius,

low-density plasma that builds up gradually to full size and power). Reasonable

physics assumptions suggest that a potentially commercial reactor may thereby

require an average startup power density oi ~ 100 kW/m-!. This power density

corresponds to 69.1 MW of power for the present 691-m steady-state plasma

volume. A long plasma startup phase was adopted to minimize the thermal

stresses in the first wall, blanket, and steam turbine equipment. Prudent

design practice sets a limit on the increase in fusion power of 5% per -ninute,

implying a minimum startup time of 20 minutes.

7.6.1.1. Heating Methods. Four options for bulk-plasma heating during

startup were considered: neutral beams, ECRU, ion cyclotron resonance heating

(ICRH), and low hybrid heating (LHH). The use of tXRH for bulk-plasma heating

was disqualified because only electrons are heated, and startup studies

(Appendix K) have shown that electron runaway results rather than bul'<-plasma

heating. The use of neutral-atom beams is unattractive for reasons of size,

cost, increased reactor building volume (a high-cost item), and reactor

shielding problems related to neutron streaming through neutral-beam ducts.

Although ICRH is the most desirable method of bulk-plasma heating from the

viewpoint of a thermally stable startup, ICRH presents problems related to

antennae that must be exposed directly to the plasma. Unless these antennae are

retractable, they may not survive in the reactor environment for long periods of

time.

LHH presents a simple and attractive method for bulk plasma heating. This

heating method uses short waveguides as a launching structure, which is

completely passive and can be operated with an expected lifetime equal to that

of the first wall. Furthermore, LHH is expected to heat primarily the ions,1

thereby avoiding the problem of electron thermal runaway.

The lower-hybrid frequency, w^H' r e c5 u i r e c' f°r LHH heating is approximately

proportional to the square root of the electron density.1

ui 2.
n , (7.6-1)
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where the electron cyclotron, electron plasma, and ion plasma frequencies .ire

is M strong function of plasmaULH
mpc' ^pe' a n d ""pi' respectively. Also,

Cenperature, as is shown in Fig. 7.6-1.

Figure 7.6-1 gives the dependence of k̂ ~ Y_e_rsiliS- n e *"
or a cold and a hot

plasraa. In practice the wave absorption occurs ii the region where the k^

curve is vertical; the density corresponding to this point in a hot plasma (T>0)

is slightly less than that obtained from the relationship that applies to cold

plasma (T=0). Furthermore, this critical density decreases even more with

increasing temperature. It wiLl, therefore, be necessary tu increase the wave

frequency as the plasma density and temperature increase throughout the startup

period; otherwise, the wave absorption wilL take place only at the plasma

surface. The approximate starting (cold plasma) and ending (hot plasraa)

conditions are given Table 7.6-1 and were assumed in order to size the LHH

system. Above T ~ 6 keV, electron LanJau damping of the lower-hybrid (LH) wave

may dominate to an extent that the LH input no longer heats the ions directly.

The ion temperature will thereafter increase by collisions with the electrons

being heated by the LH waves and by the alpha particles. Above 10 keV,

bootstrap heating by alpha particles has been assumed to bring the system to

steady-state ignited operating conditions.

13-4253

T > 0

T=0

Fig. 7.6-1. Effect of
frequency (w?

plasma temperature on the lower-hybrid resonance
,cc n ).
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TABLE 7.6-1

STARTING AND ENDING PLASMA CONDITIONS ASSUMED TO MODEL

THE LHH POWER SYSTEM

Assumed Parameters

Plasma temperature, T(keV)

Average electron density, ng(10 /m )

Average magnetic field, B(T)

Parallel wave number, n?

Results

V / U )ce
Lower-hydrid frequency, fLpj(GHz)

( a )pi = ULH>
p ree-space wavelength, AQ(ra)

Plasma wavelength, ^D(m)

Starting
(Cold-Plasma)
Condition

1

0.1

3.5

6

~ 0

0.55

0.545

0.091

Ending
(Hot-Plasma)
Condition

10

1.0

3.5

2

1

1.4

0.214

0.107

7.6.1.2. Delivery System. The LH waves are launched from rectangular

waveguides whose dimensions are given by: width (wide dimension) = 1.15(AQ/2)

and height (narrow dimension) = AJ'l. The dimensions of a single-mode waveguide

for fLH = OJIH/2IT = 0.55 GHz are 0.314 m x 0.045 m, whereas for fLH = 1.4 GHz

they are 0.123 m x 0.054 m (higher and narrower). Since the waveguides can be

overmoded, a single set of 0.314-m x 0.054-m waveguides suffices.

Present LHH experiments operate with 50-MW/m2 power densities, and future

waveguides2 should be capable of sustaining 100 MW/m2. If a 10% reflection

coefficient is assumed for the plasma, a power of 76.8 MW is required for the

startup heating. Because the lower-hybrid waves launch at an oblique angle to

the plasma, IK'A waveguides are not required in every reactor sector. The LH

waves also couple directly from the waveguides; consequently, no launching

structure is required. The LHH input is applied in four midplane locations

equally spaced around the torus; 19.2 MW is introduced at each location through

12 waveguides opeiating at a power density of 94.4 MW/n2.

Figure 7.6-2 illustrates the waveguide configuration at the first wall.

These waveguides extend from the first wall, through the blanket and shield, and

out of the reactor hall to a set of crossed-f leld amplifiers (CFAs) located

inboard of the torus. The expected attenuation of these waveguides and windows

is 0.012 db/m, or ~ 3% over a 10-m length.2 The CFAs must therefore produce
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Fig. 7.6-2. LHH waveguide configuration (fLH = 0.55 - 1.4 GHz).

approximately 80-MW total power, or 20 MW at each of four toroidal locations.

Each CFA produces 420 k.W and measures 0.45 m in diameter by 0.60 ,n in length.

Therefore, 192 CFAs are required, in addition to 8 spares, for a total of

200 CFAs (48 active at each of four toroidal locations). The CFAs operate with

an intrinsic efficiency of 85%, and the required input power is 94 MW. Assuming

95% efficient power supplies, a total electric power of approximately IOO MW is

required for plasma startup.

Figure 7.6-3 illustrates the layout of the LHH and the ECRH waveguides at

midplane location. The LHH waveguide makes a nearly vertical enr.rance into the

plasma chamber. This arrangement is necessary to provide clearance between the

waveguide structure and the toroidal-field/aspect-ratio-enhancement (TF/ARE)-

coil set, as well as to provide the necessary neutron attenuation afforded by a

bend in the waveguide assembly and the surrounding shielding. This elevated

position also creates a favorable routing to the CFAs. The waveguides

themselves will dissipate less than 5 kW/tn during the startup time, so no active

cooling is required, except in the region exposed to the plasma during
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ECHH WAVEGUIDES

f

Fig. 7.6-3. Midplane cross section showing layout of LHH nnd ECRH waveguides.

steady-state operation. The waveguides within the blanket region are

constructed of stainless steel and are backed by cooling channels. Figure 7.6-3

shows the plumbing of the coolant to the waveguides in this region. This

coolant is also used by the pumped limiters. The heat deposited in the

waveguides is combined with that deposited in the limiter for use in the

feedwater heating of the steam generators.

Also shown in Fig. 7.6-3 is the LHH-waveguide window assembly. The window

assembly is removed from the line-of-sight to the plasma to minimize neutron

damage. The LHH window is composed of BeO. It is estimated that the life of

the window at this location is equivalent to the first-wall life and will be

replaced with the midplane blanket/shield module. Another window will be
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located closer to the CPA to serve as a tritium barrier; this window is

considered a 1 ife-of-plant Item.

The routing of the four waveguide assemblies is shown in Fig. 7.6-4. The

required proximity of the ECRH gyrotrons to the reactor dictates an assignment

to the middle aaxiLiary reactor room; the LH11 CFAs, therefore, are located in

the upper-level room. The requirement for only right-angle bends in the ECRH

duct also influences the relative locations of the ECRH and LKH waveguides. The

LHH waveguides penetrate the shield from the top of the reactor. To effect a

bend to the upper level, the LHH waveguides are split into two assemblies, which

REACTOR WALL

WAVEGUIDE^

WAVEGUIDE COLLECTORS

CROSSEDFIELD AMPLIFIERS

STACKED CROSSED-
FIELD AMPLIFIERS
(ARRAY OF 4Bj

WAVEGUIDE

Fig. 7.6-4. Routing of four LHH-waveguide assemblies required for plasma
startup.
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provide a better floor arrangement of the CFAs, as is shown in Fig. 7.6-4. This

arrangement also provides better accessibility for the auxiliary cooling system,

which removes the waste heat from each CFA.

7.6.1.3. Generation System. The microwave power is generated by 192 CFAs,

each capable of delivering 420 kW over a range of frequencies (0.55 GHz to

1.4 GHz). Discussions with Raytheon Corporation3 indicate that CFAs can be

developed to operate with these parameters at an efficiency of 85%. The design

consequences of lower efficiency are not serious because this system is only

operated during the startup period. A lower efficiency, however, would impact

the installed power ratings and related cost of the LHH power supplies. It is

also possible to increase the power rating of the CFAs to 0.75 MW or 1.5 MW,

decreasing the number of units required. This approach is desirable froin

ecnnonic and operational standpoints, but the development of a low-cost,

high-power amplifier that is reliable presents a difficult task. Higher-power

amplifiers are, therefore, not incorporated because they are not required for

successful steady-state operation of an EBT reactor. The actual lifetime of the

CFAs is unknown, but the Raytheon Corporation indicates a life of 10,000 to

2O,00U hours is reasonable. Because of the low unit cost (~ $27,500) of the

CFAs and tiie high economic consequences of being unable to start up the reactor,

t .JO spare units are included in each of the four CFA groupings to ensure quick

replacement. If a CFA fails during startup, the remaining 47 can be increased

in power by 2%, which is within design tolerances, to complete plasma

preheating. The failed CFA would then be replaced at the next available

opportunity.

7.6.1.4. System Efficiency and Power Requirements. Table 7.6-2 summarizes

the LHH system power requirements during the reactor startup period. The

TABLE 7.6-2

LHH STARTUP POWER REQUIREMENTS

£owe_r _(MW). Transfer Efficiency

Power absorbed into plasma

Power delivered to plasma

Power into waveguides

Power into CFAs

Power into power supplies

? H '•

69.1

76.8

80.0

94.0

100.0

—

0.90

0.97

0.85

0.95



duration of this power requirement is approximately 20 minutes. No problems are

anticipated in drawing power at these levels directly from the network power

grid.

7.6.2. Electron-Ring Heating

7.6.2.1. System Requirements^ The power required to sustain the hot

electron rings supplies losses incurred through collisional drag with the

background plasma and radiation. For the present design these losses amount to

~ 42 MW (Sec. A.4. and Appendix E) and are divided equally over each of the 36

toroidal sectors. The input power is supplied to each sector in the form of

microwave heating at the electron cyclotron resonance. The field at the ring

location is ~ 1.8 T; the required microwave frequency for heating at the first

harmonic is 50 GHz, which corresponds to a cutoff density of 3(10)19/m (i.e.,

30% of the average plasma density). Figure 4.4-3 and the related arguments

indicate that the ring losses should be maintained at 42 MW for a ring volume

that is less than a few percent of the core-plasma volume. The design of the

steady-state ECRH system is based on these assumptions, which assure that the

recirculating-power requirement associated with ECRH is < 10% of the gross

electric output. It should be noted that higher-frequency (> 100 GHz), second-

harmonic ECRH is not required for the present reactor design because the

background plasma, once ignited, needs no steady-state power input, whereas

plasma preheating is supplied by lower-frequency LH waves.

The development of high-power microwave generation and distribution systems

is a mainline effort in the EBT experimental program."4 The objective of this

- 'ort is a gyrotron/waveguide system capable of delivering 200 kW using a 60-mm

ide diameter, overmoded (TEQ2) circular output waveguide; preliminary results

are quite promising.1* A 28-GHz gyrotron that is capable of generating 212 kW of

continuous wave power at 40% efficiency has been demonstrated, and a scale-up

to 56-GHz operation is underway. The salient features of the gyro*".ron are shown

schematically in Fig. 7.6-5. Each gyrotron consists of an electron gun that

emits a beam of high-energy electrons, a long solenoidal resonance cavity where

the energy exchange between the electrons and the rf wave occurs, an

electron-beam collector where the excess electron-beam energy is accumulated and

removed, and an output waveguide that delivers the resulting microwave power to

the desired location. An individual gyrotron is 2.36 m long, 0.724 m in

diameter, and weighs 454 kg.
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2 GUN MAGNET COIL
3 ELECTRON GUN
1 CAVITY
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7. COLLECTOR MAGNET COILS

Fig. 7.6-5. Layout drawing of a CW gyrotron with a tapered output guide.

The waveguide system proposed to deliver the ECRH power represents

essentially state-of-the-art technology. During the past 30 years Bell

Laboratories5'' has worked extensively on the design and fabrication of an

overmoded cylindrical waveguide (60-mm inside diameter) to transmit the circular

TE Q 1 mode over distances of kilometers at frequencies up to 100 GHz. As a part

of this work, many components, including miter elbows and hybrid junctions that

are applicable to high-power transmission in circular guides, have been designed

and tested.8*9 This large and developing data base promotes confidence in the

ability to achieve similar results using the TEQ2 mode that is required for the

200-kW/tube power level.

It is possible that several megawatt gyrotron tubes will be available by

the time an EBT reactor is built, particularly if the frequency is limited to

the present design value (50 GHz). The economies of scale for such a tube would

be considerable because of the high levels of technology and engineering

required to implement the ECRH system using lower power gyrotrons. The

important role that the gyrotron plays in the EBT design, however, has led to

the more conservative choice of the 200-kW tube as the baseline driver for this

design.
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7.6.2.2. System Description. The ECRH power generation and distribution

system requisite for the 42 MW of delivered power (1.2 MW per sector)

necessarily is complex. A total of 216 gyrotrons are needed. They are

installed in groups of six with the waveguides feeding together into the

midplane of each sector, as is shown in Fig. 7.6-6. The gyrotrons are located

on the second level of a raceway that completely encircles the reactor on the

inboard side and are situated in two rows of three on 4-m centers. This

arrangement provides inter-gyrotron and gyrotron-coi1 spacing that is sufficient

from both the viewpoints of stray field (Sec. J-3) and maintenance.

REACTOR WALL

SHIELD DELETED
FOR CLARITY

SHIELD MODULE

Fig. 7.6-6. ECRH generation and delivery system.
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Simultaneously, the waveguide lengths are sufficiently short to minimize

transmission losses.

The six waveguides form a matrix, as is illustrated in Fig. 7.6-7. The

matrix is composed of Primary Candidate Alloy Stainless Steel (PCASS) that is

coated with a thin layer of copper to reduce transmission losses. This assembly

is shielded along the entire length, with cooling being provided ai each vacuum

window to prevent burnout. All bends are required to be right-angle miter

elbows, and mode suppressors are included between bends to ensure that the power

remains in the fundamental mode. To prevent breakdown, the waveguides are

filled with freon gas up to the final vacuum window, which is located at the

mating flange (Fig. 7.6-3) where the midplane sector is connected to the

external feed lines. An additional vacuum window is also included within the

Reactor Building to assure the integrity of the tritium/vacuum boundary. All

vacuum windows are composed of beryllium oxide, which should introduce little

additional power loss.

The launching of high-power rf waves into a plasma is a subject of much

theoretical and experimental activity.10'11 Presently, a simple stepped-plate

configuration11 is thought to suffice. This geometry is easily incorporated

into the first-wall structure, as is shown in Fig. 7.6-8 and, therefore, has

been chosen in lieu of more complicated horn antennas. The function of the

stepped-plate launcher is to convert the microwaves from the circularly

polarized form, which is used for transmission in a low-loss mode, into a

linearly polarized form that is more easily absorbed by the plasma. This

0.060m DIA

0.0 I Om —

0.010m

Fig. 7.6-7. ECRH waveguide matrix.
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ECRH WAVEGUIDE
ASSEMBLY

RECESS TO ALLOW WAVE
PROPAGATION

FIRST WALL/

VIEW OF ECRH LAUNCHER
FROM INSIDE PLASMA CHAMBER

LAUNCHER STEP
FOR 6mm WAVELENGTH

B-B

PROJECTION OF
LINEARIZED WAVE ONTO
STEPPED-PLATE LAUNCHER

Fig. 7.6-8. ECRH wave launcher assembly.

transform is accomplished by designing the step size to give a 180° phase shift

to one side of the wave electric field, thereby producing the polarization

pattern indicated in Fig. 7.6-8. The size of the step, h, is dependent on the

frequency and wavelength, \, of the wave. The relative angle, a, made by the

plate and the incoming wave is given by
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M-f. ]
2 1 - cos2a

(7.6-2)

For the present case the required step size is h = 3.1 mm. It should be noted

that more elaborate, multi-level step configurations may be needed if the

linearization provided by the present two-level geometry is insufficient.

The gyrotrons are assumed to operate with an efficiency of 38%. An

electrical power input of ~ 114 MW, or 528 kW per gyrotron, therefore, will be

required; this power is delivered almost entirely into the electron beam

produced by the electron gun. The nominal beam voltage and current for each

tube are expected to be 80 kV and 6.6 A, respectively. The most attractive

means of supplying this power appears to be through the use of a

multiple-gyrotron power supply. This approach offers significant savings when

compared to the conventionally used single-gyrotron power supply.12

Consequently, multiple-gyrotron supplies have been chosen for the present

design. The key to this approach is the individual control of each gyrotron

using a series high-voltage regulator/switch tube. This approach allows the

operating requirements of each gyrotron to be satisfied while maintaining a

fixed power-supply output. Assuming that 7.5-MW power supplies that are

similiar to the 5-MW units proposed for the EBT-P heating system12 will be

available within the time frame of the present reactor, a power supply

substation of the type shown in Fig. 7.6-9 is needed to supply the 114-MW input

power. In this arrangement half of the power supplies drive 13 gyrotrons, and

the remainder drive 14 gyrotrons.

Additional components of the ECRH system include the waste-heat removal

system for the electron-beam collector and the cryogenic requirements of the

superconducting gyrotron field coils. Each gyrotron produces ~ 328 kW of waste

heat, giving a total of 71 MW. This power is nonrecoverable and, therefore, is

removed and dumped using low-pressure, deionized water at temperatures of 317 K

(inlet) and 332 K (outlet); a total mass flow rate of 1130 kg/s (5.23 kg/s

through each gyrotron) is required. The liquid-helium cryogenic requirement is

expected to be ~ 2(10)~J mJ/h for each gyrotron, which adds a total of

~ 0.5 m3/h to the overall helium requirement.
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Fig. 7.6-9. ECRH power-supply substation.
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7.7. Primary Reaccor Structure

7.7.1. Description of Primary Structural System. The primary structural

system for the EBT reactor is an integral part of the overall reactor design and

plays an important role in the successful operation of the reactor. Included in

the structural system are all structural elements that provide support for,

react loads from, and limit daflections to, the major reactor components. Loads

on these components are generated by magnetic fields, pressure, thermal

environment, gravity, and seismic conditions. The structural system must be

designed to assure that the reactor will function as specified without

compromise of safety or environmental standards.

An additional requirement of the primary structural system is that totally

remote maintenance can be achieved using current technology, this maintenance

being performed within a time period that is compatible with the scheduled

reactor downtime. Scheduled functions include, but are noL limited to, exchange

of first-wall/blanket modules, refurbishment of vacuum-system components, and

Tower hybrid heating/electron cyclotron resonance heating (LHH/ECRH) systems

maintenance.

Loads generated by an operating EBT reactor arise primarily from magnetic

fields. Large centering forces are imposed on the toroidal-field (TF) coils in

a conventional (toroidal) configuration; • the aspect-ratio-enhancement (ARE)

coils, however, negate these loads to a great extent, resulting in a less

critical condition. Out-of-plane magnetic forces caused by the failure of a

TF/ARE-coil set can be obviated to a large degree by series electrical

connections and appropriate design of the control system (Sec. 7.A.). Ln lieu

of a comprehensive structural-dynamics analysis of the EBTR configuration, which

is beyond the scope of this study, a static gravitational loading of ±4.4 g's

acting simultaneously in one vertical and two horizontal planes was adopted, as

is recommended in Ref. 1. This inertial loading conservatively simulates a

seismic condition and is critical for the elements supporting the TF/ARE coil

and the mldplane first-wall/blanket/shield module. Figure 7.7-1 shows the

overall reactor design and structural support elements.

The supporting structure for a TF/ARE-coil set employs an upper structural

beam cantilevered from the inner wall of the Reactor Building into which is

incorporated an adjustable yoke fitting. This provides the mounting for thfc

upper gimbal on the vertical axis of the coil. The corresponding lower gimbal

is mounted into a lower support fitting. This fitting is attached directly to
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the floor of the Reactor Building; an adjustment capability on the gimbal

location is incorporated into this design (Fig. 7.7-1).

A similar capability is designed "• ito the hor.; soi.tal gimbal attachment that

is mounted on the inner wall of the R<oetor Building. The combination of

vertical- and horizontal-axis gimbals give the capability to align accurately

each TK/ARE-coil set. Radial and circumferential adjustment is achieved by

shims on the upper and lower yokes, with the verticality of the axis verified by

use of optics. Radial orientation of rl.c coil about its vertical axis is

accomplished by adjustment of the horizontal gimbal fitting. The coil-plane

first-walL/blanket/shield module is installed inside the TF/ARF.-coil dewar, the

former being supported by two sets of rails that are positioned iu the

horizontal plane and one set positioned in the vertical plane located on the

upper surface of the opening through the dewar- Adjustment is provided by shims

located on each rail, installed prior to assembly of the iTic4vle» Location of a

magnetic-field center will be determined at the fabricatioi cf each TF/ARb-coll

p.ct (Sc-r. 7.A.). .-nid adjiistrEfiTs will be made accordingly ii. L..i:atc ciie module

within a specified tolerance. This tolerance reflects a toroidal-field line

closure upon one circuit around the torus to within SB/B < 2(10) , a typical

cant-nngle allowance of ± 0.025° results.

The midplane module includes a first-wall/blanket sector mounted inside the

shield, as is shown in Fig. 7.7-2. Adjustment of its location is made by

installation of shims on the lug fittings mounted to the shield and by final

installation of the outboard clevis fitting upon assembly of the

first-wall/blanket section into the shield. A poloidal limiter array of 10

limiter segments is mounted to the shield inner surface on each side of the

first-wall/blanket module.

Two cryogenic vacuum pumps, together with isolation valves and shielding

pods, are mounted on the outboard surface of the shield. The pumps and

associated hardware are not assembled until after installation of the

f irst-wall/blanket/shield module.

Installation of a midplane first-wall/blanket/shield module is achieved by

moving it radially inwards between the adjacent TF/ARE coils already in

position; final location is determined by relative positioning of the

vacuum-sealing surfaces and equalizing of gaps between adjacent ring-shield and

midplane-module end faces. Adjustment of the lower monoball center-line fitting
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Fig. 7.7-2. Midplane first-wall/blanket/shield module mounting and support

concept.

and upper support strut and shimming of the lower locating lug are the means for

achieving the required final position.

The primary members of the support structure discussed previously are

constructed of Nonmagne 30 (Ref. 2.), a nonmagnetic, austenitic, manganese steel

with low nickel and chrome content. This alloy was selected to reduce long-term

activation of the structure to minimal levels. Nonmagne 30 is readily welded to

itself and to other steels.

7.7.2. Design Considerations. The primary structure system reacts all

loads acting on reactor components resulting from magnetic, thermal, pressure,

gravity, and seismic forces. This system must perform this task efficiently in

order to minimize the required amount of structural material and, therefore,

this system must not complicate maintenance tasks more than necessary, in order

to minimize reactor downtime and maximize availability. The primary structure

system should be designed for life-of-plant operation.
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In order to achieve these objectives, it is mandatory that the reactor

support structure be considered and designed as a system and not as individual

components, each designed to perform specific tasks. Furthermore, the design of

the system must be integrated with the reactor design from its inception. This

integration is necessary to ensure that the most efficient "load paths" (i.e.,

planes or axes along which forces react) are used for the components of the

support structure system, consistent with the requirements of other reactor

systems and the selected maintenance approach. The structure must not be

considered as an "add-on" to the reactor design after completion of the basic

designs for other subsystems. The latter approach can result in oversized and

costly structure, simply because the permissible load paths remaining after

separate components are independently designed may require the use of

less-efficient methods of reacting loads.

Another consideration in the design of the structural system is to minimize

the effect of thermal environment on the alignment of the reactor. This

constraint led to the establishment of the basic support axis on the plasma

vertical centerline for the TF/ARE coils, shields, and first wall/blankets with

expansion radially outwards of this axis. Gaps are provided between modules to

allow for thermal expansion in the circumferential direction. The TF/ARE-coil

lower gimbal fitting is mounted directly to the floor of the building to

minimize structural weight and to facilitate installation. This approach also

minimizes support structure for the mid-plane module by keeping the plasma

equatorial plane as close to the floor as possible. Component materials and

weights that have resulted from this design approach are summarized in

Table. 7.7-1.

A design approach used for the EBT reactor requires that fully remote

maintenance must be accomplished on limited-life major elements within scheduled

downtime and on all elements in case of a failure. To this end, the structural

attachments have been simplified consistent with all other requirements (e.g.,

structural integrity, sealing, coolant, and electrical connections). The EBT

configuration simplifies this effort because a large aspect ratio makes a

single-tier construction possible. A design goal was to keep the area exterior

to the reactor free of structure and ancillary equipment that would hamper

access to and restrict removal of the major reactor elements. All structure,

therefore, is inboard of the plasma major radius.
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T\BLE 7.7-1

PRIMARY STRUCTURE SYSTEM COMPONENT MATERIAL AND WEIGHTS

Component

Upper beam
structure

Lower support

Horizontal
gimbal fitting

Support pedestal

Upper strut

Material

Nontnagne

Nontnagne

Nonmagne

Nonmagne

Nonmagne

30

30

30

30

30

Density
(kg/m3)

7?

7940

7940

7940

7940

1.53
55.05

0.17
6.12

0.17
6.12

2.36
84.96

0.64
23.04

Volume
(m3)

(per coil)
(total)

(per coil)
(total)

(per coil)
(total)

(per module)
(total)

(per strut)
(total)

Mass
(tonnes)

12.1
437.3

1.4
48.6

1.4
48.6

18.7
674.6

5.1
183.0

TOTAL 1,392.1

7.7.3. Structural Analyses. The EBT reactor-support-structure system

conceptual design was derived by the qualitative comparison of the relative

advantages and disadvantages of various design options in terms of the benefits

to the overall reactor design. Conservative strength analyses were performed in

a first-order approximation as required to support these comparisons.

Considering the inherent simplicity of the configuration, the modular

construction, and the basically nonredundant structural support, this level of

analysis on the selected design is appropriate.

7.7.3.1. TF/ARE-Coil Support. Figure 7.7-3 shows the loading imposed by

the simulated seismic condition (4.4 g's on a TF/ARE-coil module and a

coil-plane first-wall/blanket/shield module; total force is 9.16 MN) and the

magnetic centering forces. Because the lower vertical and horizontal gimbals

are mounted directly to the floor and inner wall of the building, respectively,

the reacted loads can be sheared directly to ground.

The largest structural element of this subsystem is the upper beam, which

locates the top vertical-axis gimbal (Fig. 7.7-1). Loads are transferred to the

building by bending and shear. This results in moments that exceed 100 MNm and

shear forces of 20.2 MN. Alignment of the .floors of the rf equipment rooms in

the Reactor Building with these structural attachments optimizes the load path.

The induced moment can be transferred as ring bending to the vertical walls in
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Fig. 7.7-3. Coil-plane module support structure and critical loads.

each quadrant (main coolant header ducts) and sheared to ground. A tangential

deflection of the upper gimbal is 13.4 mm at a maximum seismic loading, which

will not compromise the integrity of the machine.

7.7.3.2. Midplane-Module Support. Critical loads on the midplane module

and support structure are shown in Fig. 7.7-4. The weight of the module is

taken by a support pedestal, the baseplate of which is attached to the floor of

the building. This pedestal also provides stabilization of the module for

out-of-plane loads by means of a locating lug. A percentage of this

out-of-plane load may be reacted by adjacent coil dewars. Stiffness is the

primary criteria for design of the upper strut. Allowable deflection under load

should be such that the flexible welded metal vacuum seal should not be impaired

or ruptured. A strut deflection of 4.0 mm was assumed, which corresponds to 66%
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Fig. 7.7-4. Midplane-module support structure and critical loads.

of the yield stress for the Nonmagne 30 steel used for the strut. Deflection at

the seal diameter is 2.0 mm.
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7.8. Vacuum System

7.8.1. Design Summar_y_̂  The primary requirement on the vacuum system is

the removal of the helium ash generated by the fusion reaction. Attaining this

objective necessitates a number of physics and engineering tradeoffs, all of

which ultimately affect the plasma impurity level. For example, the large

vacuum ducts and short conduction paths needed for high pumping rates can result

in excessive neutron and gamma-ray streaming, resulting in excessive nuclear

heating and activation in the vacuum pumps. Also, highly efficient removal of

helium ash necessarily is accompanied by the removal of large amounts of

unburned DT fuel and a high tritium inventory in the vacuum pumps. The present

vacuum 3ystem represents a compromise between these conflicting constraints.

The flow path from the limiter slots to the pumps provides a reasonably high

conductance (~ 31 m /s) while also minimizing radiation streaming and nuclear

heating in the pumps.

The EBTR vacuum system is incorporated in each of 36 midplane sectors,

illustrated schematically in Fig. 7.8-1. This system consists of: two vacuum

slots that are defined by the surfaces of the coil-plane and midplane blanket

modules; a vacuum plenum that is defined by the outer surface of the blanket and

the inner surface of the shield in the midplane sector; a vacuum duct that

connects the vacuum plenum to the pumps; and the vacuum pumps which themselves

are mounted to the outboard surface of the shield. Two vacuum pumps are used

for each midplane sector, andjat any time 36 pumps are operating while 36 are

being regenerated =. During routine regeneration, which occurs every two hours,

the pumps are isolated by right-angle gate valves. A back-up gate valve is also

provided in the event that repair or replacement of a right-angle valve is

needed.

The vacuum pumps, shown in Fig. 7.8-2, are compound cryopumps with both

cryocondensation and cryosorption elements operating at 4.2 K. The

cryocondensation element will pump DT, l>2> ^2' anc^ m o s t impurities, while also

providing a shield for the cryosorption surface so that only nor condensable

gases (helium) reach the absorbent. The helium generation rate in the plasma is

4(10)~5 m3/s(STP); therefore, ~ 0.3 m3(STP) of helium nust be pumped during the

2-h operation interval. Each of the 36 operating pumps must, therefore, have a

capacity of ~ 0.008 m3(STP). Previous studies1 indicate that four times this

capacity can be attained witli ~ 400 g of Mole Sieve 5A distributed over a 0.3-m2

cryogenic surface. The present 120-m3/s system (Fig. 7.8-2) uses 3.6 kg of Mole
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Fig. 7.8-1. Limiter/vacuum system for EBTR. The two pumps shown are needed to
allow for continuous operation during pump regeneration.

Sieve 5A distributed over an area of 2.7 m2; consequently, the helium pumping

speed should change very little over the 2-h operating period. Molecular sieve,

a zeolite product, was chosen over charcoal as the absorbent because charcoal

can react with tritium to produce tritiated hydrocarbons, thereby complicating

the fuel processing system.

A single-vacuum-pump failure mode was considered, but it should have only a

minimal effect on the short-term reactor performance because the

impurity-control system normally relies on only a small fraction of the

particles reaching the limiter actually being pumped (Sec. 7.5.). A pump outage
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REGENERATION PORT

Fig. 7.8-2. Section view of LHe cryosorption pump proposed for EBTR.

will simply cause the recycle level in the remaining cells to increase until the

overall helium removal and production rates are again equal. The effects of

long-term operating under reduced pumping conditions can be more damaging,

primarily because of the increased first-wall erosion that accompanies the

increase in recycle at the plasma edge (Sec. 7.5.3.1.). A small increase in

first-wall erosion integrated over a long time period can lead to a substantial

shortening of the lifetime of the Be first-wall coating. The maximum

recommended operating period with a failed vacuum pump, therefore, is one month.

7.8.2. Conductance Analysis. As was indicated in Sec. 7.5.2.3., the key

to the operation of the pumped-limiter system is the buildup of neutral-atom

pressure at the back of the limiter slot. This pressure buildup results in

neutral-atom migration, in two directions. The majority of the particles diffuse

out of the limiter slot and back into the plasma, but a significant fraction

(14.2% He and 17.6% DT in the present design) migrate through the vacuum slot

and plenum into the vacuum pumps, where removal occurs.

The particle removal depends upon estimated vacuum conductances for the

path taken by neutrals as they migrate from the slot to the vacuum pumps.

Because the neutrals are in the molecular flow regime, the vacuum system can be
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analyzed using the following relationships for the conductance of

room-temperature helium in slot-like (a > 10b) ducts.

and for simple rectangular (a ~ b) ducts,

C(tn3/s) = 232z
 b 3 , (7.8-2)

where a(ra) and b(m) are the cross-sectional dimensions of the flow channel,and

£(m) is duct length. The effective vacuum-system dimensions, temperatures, and

resulting helium conductances are summarized in Table 7.8-1, where Eq. (7.8-1)

is used for the slots and plenum, and Eq. (7.8-2) is used for the ducts

(Fig. 7.8-1).

Table 7.8-1 indicates that the conductance-limiting component in the

reactor vacuum system is the vacuum duct leading from the plenum region to the

vacuum pumps (Fig. 7.8-1). This duct is comprised of two 0.5-m x 1.0-m x

0.6-m-long segments that penetrate the sh?eld and merge into a single 1.0-m x

1.0-m x 3.0-m-long section that continues through the right-angle valve and to

the pumps. The net conductance (per sector) of this duct assembly is 62 m^/s.

The vacuum duct, therefore, accounts for ~ 50% of the total impedance in the

vacuum system. Increases in the vacuum-duct conductance, consequently, have the

greatest improvement on the overall vacuum-system performance. The present

design, however, is already near the lower limit for vacuum-pump shielding. As

a result, little improvement can be realized to increase the vacuum-duct

conductance. The remaining vacuum-system component impedances are fairly well

balanced, each contributing 10% of the total flow impedance. Changes in the

impedance of any part of the vacuum system, therefore, can have a significant

effect on the overall llmiter reflection coefficients and subsequently on the

plasma purity.

The total vacuum system conductance for the 36 sectors is 1116 m3/s for

helium and 1008 m3/s for DT, assuming the same pumping speed for both species.

The helium and DT gas loads at the limiter are found by multiplying these
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TABLE 7.8-1

SINGLE-SECTOR VACUUM-SYSTEM COMPONENT

CONDUCTANCES FOR HELIUM

Vacuum
System

Component
(Number per sector)

Vacuum slots
(2)

Plenum
(2)

Vacuum duct
(2)
(1)

Vacuum pump

TOTAL

Dimensions
a b
(m) (m)

8.8

3.0

1.0
1.0

0.07<b>

0.37

0.,5
1.0

Length
I
(m)

0.67

4.0<c>

C.6
3.0

Temperature

(K)(a>

573

473

293
293

Vacuum
Conductance

(m3/s)

218

283

138
111

120

31

a^Temperature correction factor is (T/293)1/;? applied to Eqs. (7.8-1) and
(7.8-2).

•'Effective slot thickness, including support structure.
c^Effective plenum length has been chosen as 1/3 that of the reactor minor

circumference at its radial location.

pumping speeds by the partial pressure of each gas in the limiter slot. This

results in helium gas load of 9.0 Pa m3/s and a DT gas load of 38.6 Pa m3/s.

The total DT injection rate must equal the sum of these two values, or

47.6 Pa m3/s at a 673-K slot temperature. The fractional burnup is then

computed to be 9.0/47.6 = 19%, again showing a significant DT recycle at the

plasma edge.

The plasma exhaust consists of 1.79 kg/d of tritium, 1.19 kg/d of

deuterium, 0.56 kg/d of helium, a small amount (~ 50 g/d) of xenon, and traces

(< 10 g/d) of other gases that are trapped in the wall during maintenance and

are slowly desorbed during reactor operation. The maximum tritium inventory in

a single vacuum pump is ~ 4.1 g, because of the short (2 h) cycle time and the

large number of vacuum pumps (36). This active tritium inventory is quite

reasonable from a safety standpoint and is small compared to the ~ 1 kg/sector

contained in the blanket (Sec. 7.3.5.).
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7.9. DC Power Supplies, Switching, and Energy Storage

7.9.1. Design Considerations. The steady-state operating mode of an EBT

plasma favorably impacts the characteristics and costs of the electrical storage

systems and power supplies for EBTR; no electrical energy storage is required.

All power necessary for startup (~ 316 MWe) is derived directly from the local

power grid. Furthermore, the power system equipment is either within

state-of-the-art technology or is being developed presently, as is the case for

gyrotron power supplies needed for electron-ring heating. The general sequence

of operation of the power system is as follows.

o Approximately 24 hours prior to startup the superconducting toroidal field
(TF) and aspect-ratio-enhancement (ARE) coils are energized by a constant
I50-V power supply, and the toroidal field begins to rise to an average
value of 3.6 T. The primary-coolant pumps are energized to circulate the
primary coolant. The pump work (34 MW) preheats the blanket and steam
generators to near operating temperatures. All other reactor and plant
systems are brought online in a time-phase sequence to be ready for plasma
startup.

• Plasma startup is inititated by applying the 120-MW electron cyclotron
resonance heating (ECRH) system for electron-ring generation. This system
initially breaks down the fill gas, but it remains on during steady-state
operation to maintain the electron rings.

«» Once a background plasma is formed, the 100-MW lower hybrid heating (LHH)
power supply is turned on, providing ~ 69 MW of plasma ion heating. This
input brings the background plasma to ignition in ~ 20 minutes and is not
required thereafter. The 20-minute criteria is determined by a requirement
that the steam turbine not exceed a rate-of-change in power level of 5% per
minute. The startup scenario modeled by the burn code (Sec. 6.2.2.) showed
a considerably shorter startup time at higher peak LHH powers.

The maximum load on the power grid imposed by steady-state reactor operation

equals, therefore, the sum of the dc electron-ring power requirements (~ 220 MW)

and the various heat-removal and auxiliary systems (~ 96 MW). The duration of

this peak load is ~ 20 min, after which the plasma ignites and the plant begins

to supply power to the grid.

7.9.2. Lower Hybrid Heating Power System. The LHH system operates for

only a short period of time (~ 20 min) during reactor startup, bringing the

initial low-grade plasma to ignition conditions. Approximately 69 MW of power

is required by the LHH system; this power is generated using 192 crossed-field

amplifiers (CKAs), each capable of outputting 420 kW over a range of frequencies

(0.55 to 1.4 GHz). Frequency tracking is needed to follow the increasing plasma

temperature and to maintain an optimum heating efficiency (Sec. 7.6.1.). An
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efficiency of 85% is expected for the CFAs, each requiring a separate supply.

The LHH power-supply system, therefore, consists of 192 500-kW units (20-kV dc,

25 A) that are located in the upper level of the Reactor Building, as is

indicated in Fig. 7.9-1. The ac/dc-conversion efficiency for these power

supplies is expected to be 90-95%, Riving a 13.8-keV (3ij>) input-power

requirement of 100 MW.

7.9.3. Electron Cyclotron Resonann^ I,eating Power Sy_stem_._ The ECRH system

operatys continuously, supplying input energy to the electron rings. The 42-MW

power requirement is generated using 216 gyrotrons, each capable of a 200-kW

output of high-frequency (50-GHz) rf power. An efficiency of ~ 38% is expected

for the gyrotrons.1 Individual power supplies are not required; instead,

multiple gyrotrons will be driven from each power supply as discussed in

Sec. 7.6.2. The ECRU power-supply system, therefore, consists of eight 7.4-MW

Fig. 7.9-1. Location of LHH power supplies in Reactor Building.
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units (100-kV dc, 75 A) driving 14 gyrotrons and eight 6.9-MW units (100-kV dc,

69 A) driving 13 gyrotrons; the units are located in an outdoor substation, as

is indicated in Fig. 7.9-2. A power supply ac/dc conversion efficiency of

90-95% is expected for these power supplies, giving a 13.8-k.V (3<j>) input-power

requirement of 120 MW. An additional 2 MW (480 V, 3<j>) of input power is also

required for the gyrotron electron guns.

7.9.A. Magnetic Field Coil Power System. The magnetic field coils consist

of 36 TF/ARE-coil sets (Sec. 7.4.). These coil sets (1 TF coil, 2 ARE coils)

are connected in series with a dump resistor wired in parallel with each coil

set, as is indicated in Fig. 7.9-3. Should an emergency discharge become

necessary, each coil set is isolated by opening the circuit breakers, causing

the stored energy (131 GJ) to be dissipated in the dump resistors over a 400-s

period of time. The power-supply system needed to energize the TF/ARE coils was

sized at 3.75 MW (± 150 V, 25 kA) to facilitate charging and discharging the

magnets within 24 hours. Each power supply will be of the inverting type to

' 56M '
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Fig. 7.9-2. ECRH power-supply substation.
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Fig. 7.9-3. Magnet electrical-power distribution system-

enable the magnet-stored energy to be restored to the power grid during normal

discharges. The input power required for the magnetic coils is 5.6 MW at

A.16 kV.

REFERENCES

I. "Introduction to Gyrotrons," Varian product brochure, Varian Associates,
Santa Monica, California.
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7.10. Main Heat Transfer and Transport Systems

The thermal energy deposited in the first wall, blanket, ana pumped limiter

is transported to the power-conversion system by the Main Heat Transfer and

Transport System. The design approach selected for EBTR uses pressurized water

as the heat transfer medium. This medium provides excellent thermal

conductance, high heat capacity, and a highly reliable and uniform cooling

mechanism to assure design integrity and safety. Pressurized-water systems have

operated reliably for yaars in PWRs, and for this reason have been adopted in

EBTR. Thermal energy available from the reactor shield is at low temperature

and power density and, therefore, is not utilized in the power-conversion

system; the shield heat is rejected through a closed-loop cooling system. The

primary (blanket) and feedwater (limiter) coolant systems are described in this

section along with the consequences of reactor building overpressure resulting

from a coolant-line break.

_7_-J.0.1. Primary Coolant System. The primary coolant loop system receives

heat from the first-wall and blanket regions of the reactor and delivers this

thermal nergy to the steam generators. Because of the 1.4-MW/m2 neutron wall

loading, a single coolant flow path through the wall and blanket appears

feasible. A pump failure or pipe rupture resulting in a loss-of-coolant

accident would not present serious consequences if the plasma burn is terminated

within seconds and auxiliary gas (CO2) cooling is established (Sec. 7.3.4.5.).

The blanket design (Sec. 7.3.) uses beryllium as the neutron multiplier in place

of Zr^Pb-j (Ref. 1). The afterheat in an uncooled Zr^Pb-^ multiplier would cause

a temperature rise to ~ 9Ti K in less than 10 minutes,* a condition that would

be much less severe with the Be design.' All these factors lead to a

technologically less stringent design for the EBTR primary coolant system.

Because 26 sectors contain two unique blanket regions, 72 sets of primary

coolant pipes join to the main primary headers. The STARFIRE tokamak design1

utilized four steam generators, each handling 950 MWt. Because of similar

design conditions, EBTR will also use four identical steam generators.

Overpressure in the EBTR Reactor Building (which has a smaller free volume)

resulting from a LOCA condition has required the use of separate main heat

transfer and transport loops, each with its own steam generator and pressurizer.

Figure 7.10-1 schematically illustrates one of the four coolant loops.
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PRESSURI2ER

OUTLET HEADER

Fig. 7.10-1. Flow diagram of one of four identical primary coolant loops
proposed for EBTR.

The principal primary-coolant-loop parameters are summarized in

Table 7.10-1. Primary coolant enters the blanket at 5 53 K (280°C) and leaves at

593 K (320°C). The water is pressurized to 15.2 MPa (2200 psia). These

conditions are similar to a PWR fission reactor. The thermal energy from the

blanket is transported at a rate of 3692 MWt, or 923 MWt per loop. The design

flow velocity in the headers and main piping requires a pipe diameter of 0.70 m.

The smaller pipes (0.14-m diameter) are sized on the basis of a flow velocity

equal to 20 m/s. Based on these pipe sizes, the blanket-coolant volume, and the

size of the steam generators, the total coolant mass is estimated to be

350 tonnes. Using these pipe sizes and line lengths to the steam generator, the

required pumping power is 34 MW. Two primary coolant pumps per loop are used,

each rated at 4.25 MW (6000 hp). The pressure drop through the entire coolant

system is approximately 1.0 MPa (~ 150 psia). Approximately one half of the
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TABLE 7.10-1

PRIMARY-COOLANT-LOOP PARAMETERS

Parameter

Coolant

Heat load (MWt)

Blanket inlet temperature (K)

Blanket outlet temperature (k)

Maximum coolant pressure (MPa)

Number of independent loops

Maximum pipe size (m, diameter)

Maximum flow velocity (m/s)

Total mass flow rate (kg/s)

Total pumping power (MW)

Total coolant mass (tonnes)

Number of steam generators

Total number of primary-coolant pumps

Single pump capacity

Value

Pressurized water

3692

553 (280°C)

593 (320°C)

15.2 (2200 psi)

4

0.70 (headers and main piping)
0.14 (headers to blanket)

24

16,800

34

350

4

8 (2 per loop)

50% of loop capacity

pressure drop occurs in the main piping, valves, and the ring manifolds. About

10% of this pressure drop occurs in the steam generators, and the remaining 90%

is incurred in the blanket and piping between the ring manifolds and the

blanket. During reactor startup, the coolant pumps can be used to supply 34 MW

along with 2 MW from the pressurizer heaters to preheat the system. The

resulting heatup rate is about 25 K/h, which is a rate compatible with the

desired plant startup scenario.

The primary-coolant-loop components are expected to be contaminated with

tritium and activated corrosion products. These components, therefore, are

located inside the shielded, pressure-contained Reactor Building where they are

remotely maintained. The piping components are constructed of stainless steel

or are lined with stainless steel. The steam generators, primary-pump modules,

and pressurizers are located in a central room and are connected to the main

headers in the reactor hall.

Each loop incorporates a vertical, straight-tube-and-shell steam generator.

These units are each rated at 932 MWt and are shown in Fig. 7.10-2. The four

units provide 7200 tonnes/h of slightly superheated steam to the turbines at
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Fig, 7.10-2. Typical system module for primary coolant loop.

572 K (299°C) and 6.3 MPa (910 psi). The steam generators are approximately 24

m in height and 2.7 m in diameter, with a mass of about 300 tonnes each. Design

data for these systems are shown in Table 7.10-2.

Reactor coolant enters the top of the steam generator, flows downward

through the tubes and out at the bottom, where it passes to the primary pumps.

Feedwater enters on the secondary side, at the side of the shell, passes

downward through an annulus just inside the shell, and subsequently flows upward

on the outside of the tubes where it is converted to steam and superheated. The

hemispherical heads, the tubesheets, and the tubes all operate in the

high-pressure environment of the primary coolant.

Like all components inside the Reactor Building, the steam generators are

maintained remotely. They will be designed with access provisions to allow

automated inspection equipment and repair machines to be inserted inside the

hemispherical head where leak checking and repair activities can be performed.

Each of the four primary loops require a pair of vertical, single-stage,

shaft-seal pumps that develop a head of 1.05 m and circulate 2100 kg/s. These

pumps, which take suction from a common manifold just beyond the steam generator
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Parameter

Number and type

TABLE 7.10-2

STEAM GENERATOR DESIGN DATA

Value

Heat transfer rste (MWt)

Primary-coolant inlet temperature (K)

Primary-coolant outlet temperature (K)

Steam flow rate (tonnes/h)

Steam outlet temperature (K)

Steam outlet pressure vMPa)

Feedwater temperature (K)

Height (m)

Diameter (m)

Tube outside diameter (nun)

Tube wall thickness (mm)

Tube material

Shell material

Dry mass (tonnes)

4 vertical straight-tube-and-
shell steam generators

932 (each)

593 (320°C)

553 (280°C)

7286 (total)

572 (299°C)

6.3 (910 psi)

508 (235°C)

24

2.7

15.9 (0.625 inches)

0.9 (0.034 inches)

Inconel 600

Low-carbon steel

300

outlet, are driven by electric motors. These 4.25-MW (6000 hp) units are

comparable in size to those presently utilized in PWR fission reactors.

The pump itself and the support system into which it is assembled

(Fig. 7.10-2) are designed to permit the complete motor/pump assembly to be

lifted out of the casing for inspection or repair without separating the casing

from the piping. This approach permits rapid replacement of those components

which are most prone to failure. In the event one of the 50% capacity pumps in

a given loop must be removed from service, this unit can be valved out of the

system while the reactor operates at ~ 50% of maximum power. Remote maintenance

can then be performed without totally shutting down the plant. Some

consideration was given to incorporating a third 50% capacity pump into each

loop so that full operation could continue during repair of a single pump. A

preliminary assessment indicated pump reliability is probably sufficiently high,

and redundancy at this level is not warranted.
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Pressurizers that are similar to those utilized in PWR fission reactors

maintain the proper primary-coolant pressure. Electric immersion heaters,

located in the lower section of the tank, heat the pressurized-water inventory

and increase the pressure, while water sprays in the upper part of the vessel

are used to condense steam and to decrease the pressure. One pressurizer for

each loop is used and is connected directly to the inlet ring manifolds. This

arrangement allows for pressure control of the coolant in the blanket even when

the loop has been isolated. Figure 7.10-2 illustrates the pressurizers in one

possible mounting arrangement. The flanged covers located near the bottom of

these units allow the heaters to be removed for replacement. This procedure may

be accomplished under conditions of total remote operation while the reactor is

shut down and the pressurizer has been isolated and drained.

The primary coolant circuit will be serviced by a water makeup and

conditioning system that maintains the proper water purity and chemistry,

provides the appropriate water inventory, and is the source from which primary

coolant IP directed to the tritium facility for tritium removal. It was assumed

that this system would incorporate a pair of regenerative heat exchangers for

each loop, a nonregenerative heat exchanger (letdown cooler), a letdown orifice

and valve, a demineralizer bed, coolant filters, a makeup surge tank, a chemical

mixing tank, two charging pumps, and interconnecting piping. These components

fit within a standard support-system module inside the primary-loop compartment

with sufficient room allowed for maintenance and component replacement.

7.10.2. Pumped-Limiter Feedwater-Heater Loop. The high heat loads incident

on the pumped llmiter dictated a lower-temperature coolant system than is used

in the primary coolant system. This lower-temperature energy is utilized for

feedwater heating. The limiter coolant transports a total of 302 MW in a single

loop, as is shown in Fig. 7.10-3. The coolant loop consists of an inlet and

outlet header, pressuiizer, feedwater heaters, and two pumps. The limiter

coolant enters the limiter at 388 K (115°C) and leaves at 448 K (175°C). The

maximum pressure in the system is 4.11 MPa (600 psia). With a flow velocity of

10 m/s, the diameter of the main piping and headers is 0.40 m, and the smaller

pipes to each midplane sector have 0.07-m diameters. The main design parameters

of the limiter coolant system are shown in Table 7.10-3.
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Fig. 7.10-3. Flow diagram for pumped-limiter coolant loop.

TABLE 7.10-3

PUMPED-LIMITER FEEDWATKR LOOP PARAMETERS

Parameter Value

Coolant

Heat load (MWt)

Limiter inlet temperature (K)

Limiter outlet temperature (K)

Maximum coolant pressure (Pa)

Number of loops

Maximum pipe inside diameter (m)

Maximum flow velocity (m/s)

Mass flow rate (kg/s)

Pumping power (MW)

Number of pumps

Number of feedwater heaters

water

302

388 (M5°C)

448 (175°C)

4.11 (600 psi)

1

0.40

10

1166

2.5

2

3
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The main header for the limiter coolant loop is locatad in the reactor

hall. The remainder of the pumps, pressurizer, and feedwater heaters are in the

primary-loop compartment. This approach assures that all activated components

are contained in a remotely maintained ar«a.

7.10.3. Reactor Building Overpressure. The Reactor Building overpressure

requirements are governed by a LOCA in the primary coolant loop. Because of the

relatively small size of the EBTR Reactor Building, the consequences of a LOCA

are a concern. The mass of coolant in the entire primary coolant loop is 350

tonnes at an average temperature of 573 K and average pressure of 15.1 MPa. If

a major coolant-pipe rupture occurs, coolant will be vented to the Reactor

Building environment of CO2 gas at an operating pressure slightly below

atmospheric. For a one- or two-loop primary-coolant system, this accident would

create a high overpressure and would require a thicker wall for the Reactor

Building. Because of the significant extra expense incurred in the Reactor

Building, it was decided to adopt a four-loop configuration so that only

1100

a
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LOCA * 25* SAFETY FACTOR

TOTAL COOLANT MASS
- 350 TONNES

LOCA IN ONE OF FOUR LOOPS
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CONTAINMENT VOLUME (rti3]

Fig. 7.10-4. EBTS Reactor Building overpressure requirement.
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one-fourth of the coolant inventory can be vented at one time. Figure 7.10-4

defines the overpressure requirement of 80 kpa, including a 25% design margin.

Simultaneous venting of the cryogenic helium inventory associated with one

TF/ARE-coil set was not considered as a credible (overpressure) accident,

because the overpressure that would result is not significant.

REFERENCES

!. C. C. Baker (Principal Investigator) et al,, "STARFIRE - A Commercial
Tokamak Fusion Power Plant Study," Argonne National Laboratory rtport
ANL/FPP-80-1 (September, 1980).
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7.11. Reactor Maintenance Approach and Equipment

Perhaps one of the greatest attractions of the RBTR concept is the

simplicity of design and the consequent maintainability of the system. The

large aspect ratio of the reactor torus allows easy access to all components,

and the simplicity of the magnetic coil system means that no coils need be

removed or repositioned in order to access the reactor. The large aspect ratio,

however, implies a low neutron wall loading for a given total power. While this

results in lower power density and higher reactor capital costs, it also results

in a longer first-wall life, which further decreases maintenance requirements.

This long wall life is further enhanced by the EBTR's steady-state operation,

which eliminates the life-limiting cyclic wall loading of pulsed machines.

7.11.1. Scheduled Reactor Maintenance. Scheduled reactor maintenance

consists mainly of first-wall/blanket replacement and cryopump maintenance. The

toroidal-field/aspect-ratio-enhancement (TF/ARE) coils are considered to be

life-of-plant items and, hence, only unscheduled maintenance is anticipated for

these systems (Sec. 7.11.2.1.). Coil anneals are done on a periodic basis to

reduce radiation-induced resistance. All reactor maintenance is accomplishable

within the required annual balance-of-plant (BOP) maintenance time of 28 days or

less. All other annual maintenance [e.g., gyrotron or crossed-field amplifier

(CFA) maintenance] is assumed to require substantially less time and equipment

than those activities mentioned above and, hence, is not considered here.

With regard to scheduled fIrst-wall/blanket/shield replacement, four major

topics must be considered:

• Reactor Building concept

• First-wall/blanket/shield replacement scenario and schedule

© Maintenance equipment

• Optimization of replacement scenario

The results of this analysis are:

• Maintenance equipment that moves and operates inside the reactor hall on a
dual monorail system

• The maintenance time for one sector is 8.S days; 15.4 days are required for
two sectors done serially; and for three sectors 22.4 days would be
required

333



o One set of maintenance equipment (including spares) costs ~ $16M

• In the optimum practical maintenance scenario, 3 sectors are replaced per
year in series for each of the last 12 years of first-wall/blanket/shield
module life (15 years)

The following sections discuss these results and the rationale for their choice.

7.11.1.1. Maintenance Procedure. The EBTR design is based on the

assumption that a mature fusion economy exists and that all facets of the design

have been demonstrated by previous power plants. The premise that a fully

understood technical basis exists for EBTR leads to the assumption that periodic

component replacement can prevent unscheduled failures from dominating the

maintenance needs. The goal, for plant availability is 77Z, and the system

reliability requirements have been established accordingly, based on the

projected time for replacement of system components.

For an EBT reactor, systems, and facility, it is projected that scheduled

maintenance activities can best be accomplished using a preprogrammed automatic,

remote maintenance system. This approach minimizes radiation exposure to

maintenance workers. A totally remote maintenance facility has been designed

for all equipment located within the Reactor Building and Hot Cell. Based on

current trends in fission-reactor maintenance, it is assumed that "hands-on"

maintenance will not be allowed in the reactor hall.

The reactor facility was developed to assure that radioactive products are

confined to the Reactor Building and Hot Cell where totally remote maintenance

is provided. Solid- and liquid-waste processing and waste-storage systems are

provided in the Hot Cell. These systems provide for segregation of materials,

compacting and packaging for storage and subsequent shipping to recycle centers.

A Reactor Service Building is provided for repair of decontaminated parts and

for pretesting of new parts before transport into the Hot Cell.

The Reactor Building has been designed to assure that only those subsystems

that are potentially contaminated with significant radioactivity are located

within the Reactor Building. Most notably, these items include the steam

generators, other primary heat-transport components, and the Atmospheric Tritium

Cleanup system. A modular approach is used for all subsystems, and emphasis is

placed on removal-and-replacement maintenance operations instead of in situ

repair. A monorail system is provided throughout the Hot Cell and Reactor

Building for transporation of subsystem components and accurate positioning of

maintenance equipment. The gyrotrons and CKAs are shielded to allow contact
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maintenance after shutdown. Design of the auxiliary reactor buildings (e.g.,

Hot Cell and Tritium Reprocessing) is based on the STARFIRE tokamak reactor

design. *

7.11.1.2. Reactor Building Concept. Several schemes and building concepts

were considered for blanket/shield maintenance. The three main concepts

considered were:

• complete maintenance performed in reactor hall

o use of a mobile maintenance module for fully remote maintenance

• reactor located in a vacuum trench

Each of these alternatives are discussed in the following sections.

Full-Sized Reactor Hall Concept. This scheme, shown in Fig. 7.11-1,

employs a pressure-tight building that surrounds the torus and encloses an area

SHIELD AND- -
BLANKET SECTOR

TROLLEY -

MONORAILS REACTOR STRUCTURAL
SUPPORT

Fig. 7.11-1. Maintenance scheme based on the concept of a full-sized reactor
hall.
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radialLy outboard of the torus for maintenance equipment. A monorail-mounted

transporter ferries new and spent blanket/shield modules to and from the Hot

Cells and storage areas. A second monorail is placed between the torus and

transporter for various maintenance machines. These -nachines can reacn from the

maintenance monorail to most parts of the torus in order to perform maintenance

tasks. An overhead crane is used to transport the heavy (~ 280 tonnes)

blanket/shield modules between the torus and the transporter. Overhead

manipulators are installed on the overhead crane for increased access to

fittings and valves that are located on the inboard side of the torus. The Hot

CelLs and supply rooms are located adjacent to the Reactor Building on the

outboard side.

Mobile Module Concept. This maintenance concept employs a maintenance

module that moves around the outside of the Reactor Building and is depicted in

Fig. 7.11-2. For maintenance of a particular reactor sector, the module

attaches and seals to the Reactor Building at the appropriate place and opens a

door in the Reactor Building to gain access to a specific reactor sector. The

Reactor Building for this concept contains only the torus, plus a small outboard

area to allow small maintenance machines to replace cryopump seals (replaced

every two years) and perform other similar functions. For replacement of a

blanket/shield module, the maintenance module moves to a position outboard of

the sector to be replaced. The mobile module then seals to the building, and

the door to the reactor hall is opened. Maintenance is performed entirely by

floor-mounted maintenance equipment, although an overhead crane may be required

for emergency use. The hot cells and supply rooms are either separated from the

reactor hall to allow the maintenance module free movement around the torus, or

they are attached to the reactor hall and have auxiliary equipment sets for

removing sectors that are inaccessible to the mobile module.

Vacuum Trench Cqncept_. For this concept, the reactor is placed in a trench

that is sealed and then evacuated, as shown in Fig. 7.11-3. The reactor itself

is not sealed with welded or mechanical vacuum-tight seals. Instead,

leak-resistant seals are used, and the reactor is then differentially pumped to

maintain the required vacuum. This concept has been extensively explored for

the Tandem Mirror Reactor.2 The maintenance hall is located above the vacuum

trench, and large vacuum doors are placed over the trench. One door is required

for each of the 36 sectors, and during sector replacement each module is lifted

out of the trench and carried to the Hot Cell by a crane. Floor-mounted
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Fig. 7.11-2. Maintenance scheme based on the concept of a mobile module.

maintenance systems adjacent to the torus are not as useful here because the

sectors must be lifted out of the trench. Trench robots are used to aid in

module removal (e.g., vacuum seal cutting, line removal) and for cryopump seal

replacement. Hot cells are placed adjacent to the Reactor Building on the

outboard side.

A study of each of these three maintenance schemes was made, and an

analysis of the "Full-Sized Reactor Hall" concept predicted 7.5 days for the

required replacement time based on three sectors replaced in series. This time

is one day (12%) less than the maximum allovible serial replacement time for

EBTR. An INTOR analysis3 of the "mobile module" maintenance concept has shown

that maintenance times would be about twice as long for a mobile module concept
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Fig. 7.11-3. Maintenance scheme based on the concept of a vacuum trench.

compared to the full-sized building concept. This result appears to disqualify

the mobile module concept for serial sector replacement.

A cost comparison of the full-sized reactor hall and the mobile module

concepts was made for a 35-m major radius machine with 36 sectors. The

full-sized reactor hall concept requires 142,200 m^ of Reactor Building volume,

whereas the mobile module concept requires 128,500 m^. At an average
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construction cost for these buildings'1 nf 500 $/m3, S71M and $64M, respectively,

emerge. The mobile module volumetric cost is assumed to be approximately three

times higher, 1500 $/m3, which is much lower than the 30,000 S/m3 cost used in

Ref. 3, including doors, seals, and drives. The mobile module must be designed

to contain two new plus two spent blanket/shield modules (one each for

coil-plane and midplane locations). The total volume of the mobile module,

therefore, must be approximately 4100 m3, which gives a cost of $6.2M per mobile

moduJe. For two mobile modules (i.e., one operational plus one spare) the total

costs are $12.4M. An outer building must also be built through which the mobile

modules move; this outer structure also protects the tracks, reactor doors, and

seals. At a cost of 100 $/m3, this 104,500-m3 building would cost $10.4M. One

airlock is required for the full-sized building concept while 37 sealed doors

(one for each sector and one for the Hot Cell) are required for the mobile

module concept. The cost of the 37 sealed doors should be prorated, since they

replace a significant fraction of the building structure. Assuming, therefore,

$10M each in the full-sized building concept1 and $0.5M each for the mobile

module, the costs are $10M and $18.5M, respectively. The total building costs

for the full-sized building are $52M, while the building cost for the mobile

module concept is $90M.

An estimate of the floor-mounted maintenance equipment shows the full-sized

reactor hall concept requires an associated cost of approximately $15M, while

the mobile module concept requires approximately $12M (Table 7.11-1). Both

concepts require two 300-tonne cranes costing $2M each. Hence, the total

maintenance capital costs are $81M for a full-sized reactor hall concept and

$106M for a mobile-module concept.

This analysis has included only scheduled blanket/shield replacement. In

the event of unscheduled blanket/shield replacement, the actual replacement time

becomes important and costly. Because annual costs (payments, taxes, 0&M), are

approximately $500M for a 1200-MWe power plant, downtime costs approximately

$1.4M/d, assuming no makeup power must be purchased. For the full-sized reactor

hall concept, the maintenance times are estimated to be 7.5 d, costing $10.5M.

If the mobile-module concept requires a time that is 40% longer, 12.5 d would be

required at a cost of $17.5M.

The vacuum-trench concept would require less maintenance equipment because

a transporter is not required. No more than two sector replacements could be

expected to occur simultaneously, however. Since the overhead cranes must
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transport the modules to hot cells, and provisions for only one hot cell have

been made, more than two cranes operating simultaneously would cause congestion

in the reactor hall. Multiple hot cells or floor-mounted transporters would

alleviate this problem, but this approach would also significantly increase

building volumes. Also, the fact that the crane must transport each module to

and from a hot cell may increase the maintenance time by over 50% (Ref. 2),

thereby making serial maintenance of multiple sectors unattractive. In

addition, although the horizontal dimension of the reactor hall decreases from

25 m for the full-sized reactor hall to 19 m for the mobile module concept, the

vertical dimension will increase from 20 m to about 37 m, increasing the reactor

hall volume from 142,00 m3 to 203,200 m3; the reactor hall cost will

correspondingly increase from $71M to $I01M. Although the building size has

been increased, the volume available to relieve a LOCA-related overpressure has

decreased, creating more serious design constraints.

A comparison of the three maintenance concepts Is summarized in Table

7.11-1. Based on this information, the full-sized reactor hall has been

selected for the EBTR.

7.11.1.3. Blanket/Shield Replacement. The replacement of the

blanket/shield system represents a major part of any fusion reactor maintenance

task. Because this task is so important, this analysis of EBTR maintenance has

focused on optimizing the blanket/shield replacement procedure. A

fusion-neutron fluence limit of 16 MWyr/m2 has been assumed for the EBTR first

wall/blanket, which is the same limit used in the STARFIRE; the STARFIRE neutron

wall-loading is 3.6 MW/m2, whereas the EBTR wall loading is only 1.4 MW/m2. It

is shown, however, that small increases in the neutron fluence limit do not

significantly reduce the maintenance costs for the design reported here. The

STARFIRE design also assumes a 75% availability based on 91 days of downtime per

year. The 91 days are comprised of 37 days of average annual scheduled reactor

and BOP maintenance (28 days per year plus 120 days every 10 operating years for

turbine overhaul), 34 days annual unscheduled reactor maintenance, and 20 days

annual unscheduled BOP maintenance. The scheduled and unscheduled BOP

maintenance times are based on historical data for PWR fission power plants5

and, hence, should not change for EBTR. The scheduled reactor maintenance is

performed during the 28 days of annual BOP maintenance and hence requires no

extra time. The unscheduled reactor maintenance, however, is reactor-dependent

and would be expected to decrease for an EBTR relative to STARFIRE because of
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TABLE 7.11-1

COST (M$) COMPARISON OF REACTOR BUILDING CONCEPTS AND MAINTENANCE SCHEMES

Full-Sized
Reactor Hall Mobile Module Vacuum Trench

Reactor hall (size)

Mobile module

Protective enclosure

Airlocks (number)

Sealed doors (number)

Trench doors (number)

General maintenance
machine

Cryopump maintenance
machine

71 (142,00 m3) 64 (128,500 m 3) 101 (203,200 m 3)

- 6 -

10(1)

10

13.5(37)

10 (1)

9 (36)

3

Welders

Sector extractors

Cranes and overhead
maintenance equipment

Transport equipment

Maintenance time

Accessibility

TOTAL COSTS(M$)

0.25

0.25

1.5

1.0

reasonable

good

88

0.25

0.25

1.5

2.0

unre

poor

106

0.25

1.5

unreasonable'8' unreasonable^'

fair

125

'a^Based on a cost of $1.4M/d for each day over 28 days, not including make-up
power cost.

better maintainability. Compared to STARFIRE, the EBTR has a lower probability

of shield failure, and the reduced number and complexity of coils should reduce

the composite failure probabilities. Blanket replacement Itself requires about

25% less time than for STARFIRE, with an equal probability of failure. Because

of the larger number of vacuum pumps required for EBT, some increase in the

failure rate is expected. Because of built-in redundancy, no reactor shutdowns

for gyrotrons or CFAs are expected. Hence, it can be assumed that at least a

?0% decrease in unscheduled reactor maintenance time compared to STARFIRE, or 27

days, will result, giving 84 days total and 77% availability.
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For a neutron wall loading of 1.4 MW/m2 and a 16-MWyr/m2 fluence limit, the

wall life for EBTR is approximately 15 calendar years. Because 36 sectors

compose the torus, several replacement schedule options exist. Two sectors per

year could be replaced during the first nine years and three sectors per year

during the last six years. This proposed schedule requires either replacing

three sectors in series or two in series and two in parallel, and results in

blanket maintenance activities every ye.ir. Alternatively, all sectors could be

left in place for the first three years and then three sectors could be replaced

annually during the last twelve years. This approach represents a better use of

resources. In the limit, all sectors could be replaced in the last few years of

the blanket life, but would require multiple sets of reactor maintenance

equipment. This latter approach, while requiring significantly more outlay for

equipment, has potential advantages. For instance, in the first two approaches

two or three sectors are replaced annually. Those sectors that are replaced in

the first few years of reactor operation have not been subjected to a full-life

usage, but probably cannot be reused because of thermal distortions,

radioactivity, and corrosion. Hence, a significant part of the associated

capital cost is lost. A tradeoff exists, therefore, between equipment cost and

blanket/shield cost; this tradeoff will be explored later in this section.

Blanket/Shield Replacement Time. As seen from Fig. 7.11-4, each of the 36

blanket/shield sectors have been divided into two modules: a "coil-plane"

module, which is located under the TF coil?, and a "midplane" module, which is

located between TF coils. Replacement of a blanket/shield sector consists of

exchanging both modules plus the two cryopumps that are attached to the midplane

module. At no time is it anticipated that work would be performed in situ on

these modules. If any fault occurs within a blanket/shield module that causes

inefficient plant operation or a shutdown. the defective module would be

completely replaced and subsequently repaired in the Hot Cell area. This

procedure eliminates the need for specialized equipment (e.g., to repair coolant

leaks) and also decreases the fault-isolation requirements. Cryopump failures

would not require a midplane module replacement, because these units are mounted

on the outside of the torus, but they too would be completely replaced.

Based on the analysis described in the previous paragraphs, a minimum

requirement is placed on the replacement time. At least two sectors must be

replaced in a 28-d period (BOP scheduled maintenance time), in either a serial

or parallel fashion. Assuming a 10% contingency time for the replacement
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-SHIELD COIL-
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Fig. 7.11-4. Schematic layout of a typical first-wall/blanket/shield sector (36
total), each comprising a midplane and a coil-plane module.

process, this requirement results in the maximum replacement times for one

sector given in Table 7.11-2.

TABLE 7.11-2

TIME REQUIRED TO REPLACE A BLANKET/SHIELD SECTOR

Sectors replaced per outage 2 3

Serial replacement (d) 12.6 8.4

Parallel replacement (d) 25.2 25.2

A maximum scheduled replacement time of 25.2 days, therefore, is allowed

for the replacement of one sector. Table 7.11-3 shows the approximate times

required for the various maintenance actions demanded by the replacement of a
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single sector. Because of the large aspect ratio, the EBTR maintenance

requirements and times should be similar to a linear device such as the TMR.2

The estimates of maintenance times for EBTR, therefore, are based on the

detailed maintenance analysis made for the TMR.

TABLE 7.11-3

SCHEDULED MAINTENANCE ACTIVITIES FOR EBTR

BLANKET/SHIELD REPLACEMENT

Activity Time (hours)
Reactor Shutdown and Equipment Placement 24
• Discharge plasma
• Shut down ECRH
• Discharge magnets
• Cool down blanket/shield modules
• Warm up cryopumps
• Position overhead crane, transporter and GPM

Coolant Purge, Line Removal and Intersector-Seal Removal 20
Purge coolant
Initiate C02 coolant flow
Disconnect midplane master coolant/ECRH/LHH fitting
Disconnect and remove cryopump vacuum, liquid He and LN~ lines
Cut intersector seals (3)

Removal of Midplane Module 10
• Disconnect and remove module support beams
• Move module to transporter
• Connect auxiliary CO^ coolant pumps

Removal of Coil-Plane Module 20
• Cut module coolant lines
• Extract coil-plane module from inside TF/ARE-coil dewar
• Move module to transporter
• Connect auxiliary CO2 coolant pumps

Replacement of Coil-Plane Module 35
• Move new module to torus
• Align module with rails inside TF/ARE-coil

dewar and engage sector extractor
• Slide sector into place
• Check alignment
• Weld coil-plane module coolant line
© Fill and test coil-plane module cooling system
• We'd intersector seal and leak-check

Replacement of Midplane Module 70
• Move new module to torus
• Align module
• Connect sector support beams
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Table 7.11-3 (contd)

Activity Time (hours)
• Remove crane
• Adjust alignment
• Connect midplane coolant/ECRH/LHH fitting
o Fill and test midplane coolant system
9 Test ECRH waveguide
• Test LHH waveguides
« Weld intersector seals (2)
• Replace cryopump vacuum, liquid He and L ^ lines
o Check liquid He and N2 lines
• Evacuate torus, check vacuum lines, and leak-check intersector seals

Reactor Startup 24
• Remove maintenance equipment
o Cool down cryopump
• Warm blanket
« Charge magnets
• S t a r t FXRH and LHH sys tems

TOTAL 203 ( 8 . 4 6 d)

The blanket/shield maintenance procedure begins with the shutdown of the

reactor. The plasma is quenched and purged fr;:ii the reactor, the blanket is

cooled down, and the magnets are discharged while hting maintained at cryogenic

temperatures, and the cryopumps are warmed. The time-limiting activity is

blanket cooldown. Based on calculations made for STARFIRE and TMR, it is

estimated that 24 hours will be sufficient for the decay heat, to be reduced to

levels below which the water coolant can be turned off and drained, and TO2

coolant flow initiated. After the magnets have been discharged, the required

maintenance equipment can be moved into place at the appropriate blanket/shield

sector. This equipment includes: an 0vt.The.1d crane for lifting and positioning

the modules; a general purpose maintenance machine (GPM), shown in Fig. 7.11-5,

for cutting and welding seals, removing lines, etc.; a transporter that carries

two new modules p?us has space for two spent modules; and an overhead

manipulator. The overhead manipulator is attached to the crane and is used to

access areas that are radially inboard of the torus and not accessible to the

GPM.

Following the reactor shutdown sequence, the coolant is purged from the

modules being replaced, and the main coolant/electron cyclotron resonance

heating (ECKH)/lower hybrid heating (LHH) fittings are disconnected from the

midp'.ine module. The coolant is purged with CO2 gas, which enters the coolant
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Fig. 7.11-5. General purpose maintenance (GPM) machine.

line through a valved connection in the coolant header; the coolant is then

expelled into a purge tank for reuse.

The CO2 is taken from and recycled to the reactor hall. The CO2 cooling of

the modules is continued until the coolant lines are disconnected. The low

afterheat rate in the blanket then allows extraction of either a midplane or a

coil-plane module without auxiliary cooling. The CO2 cooling is reinstituted

when the module is placed on the transporter and is maintained during storage in

the Hot Cell until it is dismantled for repair or refurbishment. The main

coolant/ECRH/LHH lead couples to the midplane module via a master fitting, which

allows all connections/disconnections to be made simultaneously (Sec. 7.3.).
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1

Fig. 7.11-6. Bridge crane and manipulator.

The main clamp for this fitting is opened by the overhead manipulator (OM),

which reaches down from the crane bridge, as is shown in Kig. 7.11-6. Although

the GPM could be designed to perform this function, the OM has direct access to

this clamp and eliminates the need for reaching over the torus. This procedure

also frees the GPM to perform, simultaneously, other activities, such as placing

the three intersector-seal welder/cutters in place and disconnecting and

removing the vacuum and cooling lines (He and LN9) from the cryopumps. All

three cryogenic lines run from the cryopumps down to the floor, as is shown in

Fig. 7.)1-7. Bayonet-type quick disconnects are used with self-sealing valves

on both ends. Atmospheric gases are excluded from all lines as well as the

cryopumps to avoid unnecessary overloading of the cryopumps or He and LN9

refrigerators. After removal, these lines are placed aside for reinstallation.

The intersector vacuum seals are flexible, grindable seals that can be rewelded.

If adjacent sectors are replaced at different times, each seal may be broken and

resealed twice for scheduled maintenance plus perhaps twice for unscheduled

maintenance. Reusable seals of the kind proposed are currently available.6 The

GPM will first place three miniature welder-cutters, which are also currently

available7, on the seals to be removed, one on each side of the midplane module,

plus '.:he one on the far side of the coil-plane sector. The welder-cutters will

autorniit ically move poloidally around the torus cutting the welds. As is shown
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Fig. 7.11-7. Reactor cross section showing gyropump service lines.

in Fig. 7.11-8, these welder-cutters attach to tracks that run parallel to the

seals, using these tracks for driving and aligning the cutter. Meanwhile, the

GPM can remove the three cryopump lines. This task is expected to take about 20

hours (total).

Once all seals and lines have been removed, the midplane module is removed

from the torus. The overhead crane attaches to the top of the module support

web with help from the overhead manipulator and removes the load from the module

support beams; this arrangement is shown in Fig. 7.11-9. The overhead

manipulator then rsmoves the lugs from the support beam and lifts it out of the

way. Subsequently, the crane begins to move the module radially outward with

the GPM using alignment equipment to ensure that the midplane module clears the

coil-plane modules on either side. The GPM moves toroidally to clear a path for

the midplane module, and the crane moves the module to the transporter. The

module is placed in one of the open cradles on the transporter, and the crane is

343



AUXILIARY
SHIELD

SHIELD
INSERT

COIL-PLANE
SHIELD

TF/ARE-COIL
DEWAR

AUTOMATIC WELDING/
CUTTING MACHINE

WELDED SEAL

MIDPLANE
SHIELD

Fig. 7.11-8. Welded vacuum-seal concept.

disconnected. FinalLy, the auxiliary C02 cooling pumps on the transporter are

connected to the module to restore blanket cooling.

The coil-plane blanket/shield module is now exposed and can be removed.

This module is first extracted toroidally from under the TF/ARE-coil set and

then moved radially out to the transporter, as is shown in Fig. 7.11-10. The

coolant lines, however, enter the coil-plane module radially and hence run

perpendicular to the removal direction. Because of the location of the vacuum

seal, which must be accessible to the welder-cutters, the outboard shielding

block through which the coolant lines pass must remain welded to the coil dewar,

and the coolant lines must be welded into the blocks to prevent vacuum leaks.

This configuration is shown in Fig. 7.11-11. The coil-plane module coolant

lines can be cut only in the region between this shielding block and the main

shield of the coil-plane module. Because this connection is in a vacuum

environment, it must be a welded seal, and a small cutout is fabricated into the

outboard shielding block to allow access to this connection (Fig. 7.11-11). The

GPM arm moves into the space previously occupied by the midplane module and cuts
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Fig. 7.11-9. Midplane module removal.

this weld. The coil-plane module is extracted from inside the TF/ARE-coil set

by sliding along tracks mounted Inside the coil dewars. These tracks are of

sufficient strength to sustain the weight of the module while allowing enough

clearance for easy movement of the module, even with manufacturing tolerances

and warping due to possible thermal stress being considered. Running parallel

to the three tracks are three gear racks which are mounted on the coil-plane

module. The GPM mounts a sector extractor on the side of the coil dewar. This

extractor is a simple ring with three worm gears that are mechanically connected

to assure synchronous movement. The gears engage the racks on the module, and

the GPM turns the gears to extract the module, with the extraction force being

reacted by the coil dewar. As the coil-plane module begins to protrude from the

coil dewar, the crane attaches to points on the top of the module and supports

the protruding weight. Strain guages on the tracks sense alignment inaccuracies

of the module and the crane action provides an appropriate compensation. When

the coil-plane module is almost completely removed from under the TF/ARE-coil

set, the crane moves it free of the tracks. The GPM then moves out of the way,
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Fig. 7.11-10. Removal of coil-plane sector.

and the crane carries the module to the remaining unoccupied cradle on the

transporter and unhooks. Auxiliary CO2 coolant pumps are connected and module

cooling is resumed.

The preceding activities are now repeated in reverse as new coil-plane and

midplane modules are installed. During replacement, alignment techniques are

employed to insure proper installation of the modules without damage to

intersector seals. The GPM will be equipped with laser and optical alignment

equipment and active feedback will be maintained between all equipment. In

addition, complete testing of systems at each stage of installation will be

carried out to insure proper operation. The coil-plane module coolant lines

will be welded, and the system will be filled and tested before further work is

done. Also, the vacuum seal between the new coil-plane module and old midplane
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Fig. 7.11-11. Detail drawing showing the interface between coil-plane and
midplane modules, where coolant lines to coil-plane module can be
cut prior to removal of coil-plane module.

module will be welded and checked before the new tnidplane module is installed.

The welder-cutter units will be equipped with He gas jets, and the GPM will also

be equipped with a He sniffer. After welding of the midplane module seals is

finished, the torus will be evacuated and the welder-cutter units will make a

second pass in a leak-check mode to test these seals.

This entire process is expected to require approximately 200 hours or

slightly less than 8.5 days. If multiple sectors are replaced in series, tha

first sector will not require the final 24 hours for reactor startup, and the

last sector will not require the first 24 hours for shutdown; for each sector

beyond the first two, the 24 hours for startup and shutdown can be eliminated.

However, some time will be required between each sector replacement for moving

equipment. Hence, 12 hours should be added to the beginning of each sector
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replacement after the first for equipment movement and positioning. The

resulting maintenance times for serial sector replacement are shown in Tables

7.11-4 and 7.11-5. Three sectors, therefore, can be replaced in series in the

required BOP maintenance time of 28 days. Ample time is available in all cases

to account for maintenance equipment failure or other contingencies.

Blanket/Shield Maintenance Equipment. As discussed in the preceding

section, the following maintenance equipment is required for blanket/shield

replacement.

Overhead crane (300 tonnes)
General purpose maintenance machine (GPM)
Overhead manipulator (OM)
Transporter
Welder-cutters with He vacuum-leak detectors (3)

Sector extractor

Several options were explored concerning the required maintenance

equipment. First, the function of the overhead manipulator could be performed

by the GPM, thus reducing the number of unique pieces required by one. The

functions performed by the OM are particularly convenient for an overhead

TABLE 7.11-4

TIMES REQUIRED FOR SERIAL SECTOR REPLACEMENT

Sector
Numbe r

First

Middle

Last

Equipment
Movement

0

12

12

Times for

Shutdown

24

0

0

Maintenance Functions
(hours)

Replacement

155

155

155

Startup

0

0

24

Total

179

167

191

TABLE 7.11-5

TOTAL TIMES FOR SERIAL SECTOR REPLACEMENT

Number of
Sectors

Total Maintenance Time
hours (days)

203 ( 8.46)

370 (15.42)

537 (22.38)

1038 (43.25)
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device, and the cost of such a device would be small relative to its usefulness.

For these reasons it was decided to retain the OM. The possibility of using

floor-mounted dollies instead of an overhead crane for moving the modules

between the transporter and the torus was also considered. The use of a dolly,

however, would result in a congestion of equipment on the floor, would require

highly specialized equipment for handling the shifting weight of the coil-plane

sector as it was extracted, and would only increase the number of unique pieces

of equipment because a crane would undoubtedly be required in any event. In

additici, highly accurate, heavy-lift bridge cranes are already available, and

no special-purpose features would be required. For these reasons the use of

dollies was not incorporated into the maintenance approach.

Another piece of equipment that will be required to perform routine

maintenance is a cryopump maintenance machine (CMM). Cryopump seals and

molecular sieves are expected to have lives of about two years, and, hence, up

to 36 pumps (2 per sector on each of 18 sectors) will have to be serviced

annually. This task is estimated to require only 24 hours per pump1 and, hence,

12 pump replacements can easily be done serially in the 28 days allowed for BOP

maintenance. Not more than three CMMs will be allowed in the reactor hall in

order to avoid congestion of maintenance machines. This machine is shown in

Fig. 7.11-12. The approximate costs of the seven unique pieces of maintenance

equipment are summarized in Table 7.11-6.

If only one sector is to be replaces at a time, one set of maintenance

equipment plus spares must be purchased. Two 300-tonne cranes, two overhead

manipulators, two transporters, and two GPMs, therefore, will be required.

Should a major piece of equipment (e.g., a crane) fail without a spare,

sufficient time would not be available to procure a replacement or repair the

fault. Hence, a spare set is always required. Each GPM will carry four

welder-cutters and two extractors. Three CMMs will be purchased, because if

one fails the other two can finish the work alone. The total cost of this

equipment is $16M. If two sectors are to be placed in parallel, three full

sets of maintenance equipment will be required at a cost of $22.5M; four full

sets (except CMMs) will be required for three sectors at a cost of $26M.

If more than three sectors are to be replaced simultaneously, a problem

arises. More than four overhead cranes will not fit conveniently in the

reactor hall without creating severe congestion. Assuming that even four

cranes can be accommodated, replacing four sectors simultaneously will require
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Fig, 7.11-12. Illustration of the cryopump maintenance machine (CMM).

TABLE 7.11-6
ESTIMATED COSTS OF EBTK REACTOR MAINTENANCE EQUIPMENT

Item

300-tonnes bridge crane

Overhead manipulator

Transporter

General purpose maintenance machine

Cryopump maintenance machine

Welder-cutters (4) and sector extractors (2)

Cost

1

0

1

3

1

0

(M$)

. 5

. 5

. 0

. 0

.0

.5

operating witnout a spare crane. This situation will not cause severe

problems because the cranes are not required constantly during a sector

replacement, and, hence, three can be shared between several sectors if one

fails. For more than four simultaneous sector replacements, sharing will have
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to be done even under normal circumstances, so the serial maintenance time

will increase somewhat. For five simultaneous sector replacements this

crane-sharing seems reasonable, because the sectors being replaced would be

fairly close together. For more than five simultaneous replacements, however,

the maintenance scenario becomes too complicated. Table 7.11-7 summarizes

equipment costs for up to 12 simultaneous sector replacements for comparison

purposes.

Maintenance Equipment Placement. The placement (logistics) of equipment

during maintenance is crucial to efficient blanket/shield replacement. Three

major pieces cf equipment (overhead crane, GPM, and transporter) must be

simultaneously located and lined up at the appropriate sector.s The crane

bridge is mounted on the upper walls of the reactor hall and, hence,

encounters no obstacles to movement. The transporter and GPM, however, both

occupy floor space in the same vicinity, but must be able to move

independently and without mutual hindrance. For instance, during the initial

phases of module removal, the GPM works close to the sector, while the

transporter is unused. When the crane moves a module to or from the torus,

however, the GPM must move clear of the area and the proper transporter cradle

must line up under the crane bridge. In addition, it is more convenient to

locate the GPM (and transporter, if possible) on a monorail for support. This

method obviates the need for large trucks to withstand tipping loads. If both

the GPM and the transporter are mounted on the same monorail, the GPM must

COST SUMMARY FOR

Number of Active
Maintenance
Operations

1

2

3

4

5

6

12

Crane

2

3

4

4

4

4

4

TABLE 7.11-7

MAINTENANCE EQUIPMENT VERSUS NUMBER OF
SECTOR REPLACEMENTS

Number of Individual

OM

2

3

4

4

4

4

4

Transporter

2

3

4

5

6

7

13

L Items

GPM

2

3

4

5

6

7

13

CMM

3

3

3

3

3

3

3

SIMULTANEOUS

Welders

2

3

4

5

6

7

13

Total
Cost (M$)

16.0

22.5

26.0

33.5

38.0

42.5

69.5
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move far out of the way to allow access by the transporter, requiring longer

arms on the GPM and leading to wasted time for equipment movement. In

addition, serious congestion would result should one machine fail; it would be

difficult to remove the failed equipment to a repair area, particularly if

multiple sector replacements are being carried out siniultaneously. For these

reasons the use of two monorails was selected; an outer monorail for

transporters and the inner one for the GPM and CMM. This arrangement allows

the GPMs and CMMs the closest approach to both the torus and the transporter

while minimizing movement of equipment during maintenance. This layout is

shown in Fig. 7.11-1.

Sector Replacement Tradeoffs. As was mentioned previously, some capital

investment is lost at the beginning of reactor operation by replacing sectors

before the 15-year design life has elapsed. A brief comparison has been made

of the tradeoff between purchasing fewer maintenance sets for replacing a few

sectors each year, and purchasing multiple maintenance sets for replacing all

of the blanket/shield modules in the last few years of life. Table 7.11-8

shows the total lost sector-years and lost capital investment for different

numbers of active maintenance sets. For instance, because three sectors can

be replaced in series for each maintenance set, one active mairtenance set

would replace three per year, two sets would replace six, etc. For a 15-year

blanket life, one maintenance set would require 12 years to replace the whole

torus, and, hence, no scheduled maintenance would be performed during the

first three years. The original option of replacing two sectors per year for

the first nine years and three annually for the remaining years wastes more

sector-years of blanket life than does replacing three annually for 12 years;

hence, this option must he disqualified. If two maintenance sets are used,

nine years would elapse before the first replacement. With this information,

the lost life in total years can be calculated. For one maintenance set the

first three sectors are replaced after four years, and, hence, each of those

sectors has 11 years of unspent life, corresponding to a total of 33

sector-years of lost life. A sector may be replaced by a new sector at a cost

of $5M or by a refurbished sector at a cost of $1.2M. For a 15-year blanket

life, these replacement costs result in costs per sector-year of life of

$333,333 and $80,000, respectively. As is shown in Table 7.11-8, in the first

15 years of plant operation, $66^ of capital investment is lost if one

maintenance set is employed and new replacement sectors are employed, whereas
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only $15.8M is lost if refurbished sectors are used. If two maintenance sets

are used, these costs decrease to $30M and $7.2M, respectively. For a wall

life of 20 years rather than 15 years, the same number of sector-years are

lost, but this loss is spread over 20 years instead of 15, and the cost of a

sector-year of blanket life decreases to $250,000 (new sector) and 560,000

(refurbished sector). Table 7.11-8 shows that the 20-year life decreases the

capital investment loss, but this cost decrease is not nearly as significa.it

as that due to the increase in the number oi maintenance sets or the use of

refurbished sectors. If these costs as well as the maintenance equipment

costs are assumed to be simple capital costs (i.e., no interest on investments

over time), the lost capital costs can be added to the various maintenance

equipment costs (Table 7.11-6) to obtain the curves shown in Fig. 7.11-13. If

new replacement .sectors are used, a definite economic advantage to using three

active maintenance sets is evident. However, with refurbished sectors, two

maintenance sets are optimum, but one set is only $2.1M more expensive.

Because fewer maintenance sets will decrease the probability of failure, it

seems most practical to use only one active set. This study assumes

refurbished sectors can be used, so only one active maintenance set plus

spares will be used.

7.11.1.4. Cryopump Maintenance. The cryopump and isolation valve

systems are shown in Fig. 7.11-14. The isolation val"es have a design

lifetime currently limited to 2000 cycles for the gate valve and 8000 cycles

for the right-angle valve. Provisions have been made in the shielding design

to permit quick access to the entire pump and valve assembly by removing the

shield cover.

The gate valve that is located in series with the right-angle valve

permits the vacuum system to remain sealed when a right angle vacuum seal is

replaced, in addition to providing redundancy in event of an isolation-valve

failure. The right-angle valve is normally cycled every two hours to

rejuvenate the pump, and, therefore, will require replacement every two

operating years. A small plug is incorporated into the shield design to

permit access to the right-angle valve stem for replacement of the seals

without disturbing the rest of the vacuum system. The valve stem is designed

so that a standardized Latching drive can release or reattach the valve stem

and the actuator controls.
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» - 2 0 YEAR WALL LIFE
N -NEW REPLACEMENT SECTORS
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NUMBER OF MAINTENANCE SETS

Fig. 7.11-13. Capital-cost tradeoffs for various maintenance options.

The vacuum pumps use a molecular-sieve material that is expected to

deteriorate during vacuum-pump operation. Currently, vacuum-pump

inufacturers" recommend that these components be replaced annually. It is

expected, however, that pump operation can be continued for two years in EBTR,

because operation in a clean environment is planned. The pump and valve will

normally be removed as a unit. In the event of an unscheduled shutdown for

valve failure, however, the small shield plug shown in Fig. 7.11-14 is removed

to replace the valve seal. Replacement of the valve and pump is expected to

take 24 hours based on estimates made in Ref. 1.
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VACUUM OUCT

Fig. 7.11-14. Vacuura-punp and isolation-valve configuration.

7.11.1.5. Magnet Annealing. The neutron radiation impi nginj; on the

magnetic coils will increase the resistance of the copper stabilizer over

time. Section 7.A. describes Lht> magnet design, and Sec. 7.3. describes rhe

associated neutronic analysis. The cooper matrix material 'vis an intrinsic

resistivity of l.O(lO)"1" i2m, and at a magnetic field of 9.7 T the

magnetoresistLvity is 4.4(10) ^ i«n. The maximum allowable resistivity is

9(10)~ 1 0 JJai, with 8(1())~10 Hai being a desirable upper limit (Appendix J ) . The

damage rate in the copper is 9.6(li))~6 dpa/s, corresponding to a rate of

resistivity increase of 1.22(1O)~11 iin/yr {lit plant avai lahiLity). Each

roon-temperatare anneal (300 K) will recover 8 V of the radiition-induced

resistivity increase, whereas an anneal to 80-K recovers only 49'» of the

induced resistivity. A room-temperature anneal requires 45 to f>0 days,

however, whereas an 80-K anneal requires only two to three days. Since the

annual scheduled maintenance period is only 28 days, and .i 120-day turbine
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overhaul occurs once every 10 years, an 80-K anneal can be made annualLy,

whereas a room-temperature anneal can be done only once every 10 years.

Table 7.11-9 compares the net resistivity after 10 years for coils annealed

annually to 80 K and for coils annealed every 10 years to room temperature.

The annual 80-K anneal performed in conjunction with a 300-K anneal after 10

years is as effective as the single 10-year anneal. After 40 years operation

with one 300-K anneal every 10 years, the total copper resistivity is less

than 8(10)~10 flm, which is significantly less than the maximum allowable

resistivity of 9(10)~10 ftm. Because it seems best to perform as few anneals

as possible, the coils will be annealed at 300 K once every 10 years.

7.11.2. Unscheduled Reactor Maintenance. Most subsystems in the EBTR

have been designed with adequate redundancies in order to minimize unscheduled

outages. Major reactor components such as blanket/shield sectors and magnetic

coils, however, cannot reasonably be designed redundance, and, hence, failures

of these major subsystems must, be corrected during an unscheduled shutdown of

TABLE 7.11-9

COPPER RESISTIVITY IN EBTR COILS FOR TWO RADIATION-DAMAGE ANNEALING SCHEMES

Year of
Operation

1

2

3

4

5

6

7

8

9

10

20

30

40

80-K
Annual Anneal

Po(10"10 Om)

Before
Anneal

5.52

5.55

5.57

5.59

5.61

5.63

5.65

5.67

5.69

5.71

After
Anneal

5.42

5.44

5.46

5.48

5.51

5.53

5.55

5.57

5.59

5.54

T(K)

80

80

80

80

80

80

80

80

80

300

300-K
10-Year Anneal

P O O

Before
Anneal

6.62

6.83

7.04

7.24

LO~10 ftm)

After
Anneal

5.61

5.82

6.02

T(K)

300

300

300
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the reactor. The issue of unscheduled maintenance of major reactor components

is treated briefly. In most cases unscheduled maintenance uses the same

equipment and procedures as that described for scheduled maintenance and

generally requires the same amount of time. In the case of a TF/ARE-coil

failure, however, no parallel scheduled-maintenance procedure exists, and,

hence, an outline for coil replacement is presented below.

7.11.2.1. TF/ARE-Coil Failure. Since the TF/ARE-coil set is considered

a 1 ife-of-plant system and because the removal of one of these structures is

expected to be an extensive and time-consuming procedure, the TF/ARE-coil

replacement sequence will not be included within forced-outage downtimes. The

TF/ARE-coil set and supporting structure will be removed using gas-bearing

pads that are capable of lifting and transporting the 726-tonnes coils and

structure. These pads are used in conjunction with a TF/ARE-coil maintenance

trolley that spans both maintenance monorails as is shown in Fig. 7.11-15.

Overhead cranes and manipulators will be utilized to guide and stabilize the

structure during transport. Figure 7.11-16 shows a cross section of the

building with the trolley and air-bearing pad in place for coil removal. The

f iR-BEAR!NG—.
PAu 1REF.]

TROLLEY

GUIDE R0LLER5 ION ONE
MONOR/ML ONLY I

Figure 7.11-15. TF/ARE-coil maintenance trolley.
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Figure "7.H-16. TK/ARE-coil removal equipment.

phantom outline of the coil set Illustrates that the coil set in the extracted

position must be rotated to provide proper clearance for transport.

Before a TF/ARE-coil set can be removed, the associated coil-plane

blanket/shield module and both adjacent mldplane blanket/shield modules must

be removed according to the sequence outlined in Sec. 7.11.1.1. Following the

removal of these blanket/shield modules, the liquid He and N? systems are

drained, and the fittings are disconnected and removed. The power-supply

buses are then disconnected and removed from the work area. The system is now

ready for extraction of the TF/ARE-coil set.

The overhead crane moves into position and connects to the attachment

lugs located on top of the coil assembly. Figure 7.11-17 shows the trolley

and air-bearing pad in position for beginning the coil removal sequence. The

collars on the upper and lower support gimbals are disconnected and removed,
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UPPER BEAM —

TF/ARE-C01L
TRANSPORT

(AIR BEARING)

REACTOR BUILDING
WALLS

RAISED FLOORING

Fig. 7.11-17. Trolley and air-bearing pad in position for beginning of coil
removal sequence.

allowing for placement of the bearing pad underneath the coil assembly. Next,

the bearing pad is moved from the monorail trolley to a position underneath

the coil dewar and secured by side-mounted attachment lugs as is shown in

Fig. 7.11-18. Gas pressure is applied to the bearing pad to raise the coil

assembly from the reactor floor. The crane is utilized to move the assembly

onto the trolley, after which the coil assembly is rotated 90°, as shown in

Fig. 7.11-19, in order to allow travel in the space between the torus and the

outboard wall of the reactor hall.

Once the coil assembly is moved to the transfer trolley, the bearing pad

is deactivated, lowering the structure onto the trolley. The entire assembly

is subsequently moved to the Hot Cell to be repaired or replaced. A second
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UPPER BEAM —

TF/ARE-CO 1L TRANSPORT -
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7
y
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Fig. 7.11-18. Air-bearing pad in position underneath TF/ARE-coil set.

trolley is required to move down the Hot Cell monorail. Because of the

relative ease of movement with bearing pads, reversal of this method provides

a means of installing the magnets when the reactor torus is first assembled.

However, the initial installation would not use the Hot Cell corridor, but

instead would use a separate construction opening.

7.11.2.2. Blanket/Shield Component Failure. Because of the low wall

loading and the selected wall and blanket materials, the blanket/shield

modules require no redundant systems. However, in the event of a component

failure, immediate reactor shutdown is necessary in order to prevent serious

damage to the failed module. The following components would have the greatest

likelihood of failure.
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UPPER BEAM-

TF/ARE-COIL AND
TRANSPORT READY
FOR TRANSIT

/ v , ., \ \ \

yA \ \
MONORAILS-^'

RAISED FLOORING

Fig. 7.11-19. TF/ARE-coil assembly in rotated position for transport to Hot
Cell for removal.

Limiter and associated coolant headers, pipes, and passages
First-wall-coolant headers, pipes, and passages
Blanket-coolant headers, pipes, and passages
Tritium purge system
Vacuum cryopumps
Vacuum seals
LHH or ECRH windows
Midplane blanket/shield module master connection and seals

The cryopumps can be replaced by the CMM without removing the midplane

module (Sec. 7.11.1.4.). Vacuum seals would be checked and resealed by the

welder-cutters placed on the torus by the GPM (Sec. 7.11.1.3.). Both of these
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procedures would require discharging the magnets. All other procedures would

require removal of the midplane module. If the master connection associated

with the midplane module requires only seal replacement, this procedure could

be completed without completely removing the midplane module. More serious

damage would require removal or even replacement of the module. Replacement

of LHH or ECRH windows could be accomplished after removal of the midplane

module rather than replacing the entire module, because these windows are

easily removed. Limiter failures would also be repaired by replacing the

damaged component. An operation of this nature would require 48 hours for

shutdown and startup plus 100 hours for removal and replacement of the

midplane module. In addition, 12-24 hours would be required for correction of

the particular problem. All failures related to first-wall, blanket, and

shield-cooling systems, including the cooling systems for LHH and ECRH, as

well as failures in the He purge system needed for tritium recovery will be

corrected by replacement of the particular module. Times for this replacement

are 148 hours (6.2 days) for a midplane module and 203 hours (8.5 days) for a

coil-plane module.

7.11.2.3. Cryopump Failure. Failure of seals or molecular sieve

materials could be repaired in situ by the CMM. This repair would require the

same 12 hours as required for scheduled maintenance; an additional 48 hours

for shutdown and startup, including magnet electrical discharge, would be

needed. At $1.4M per day operating expense, this shutdown would cost $3.4M,

which is unacceptable. Since the reactor could operate in a state of slightly

degraded performance with one sector not pumping 50% of the time, this mode of

operation would be used until the reactor is shut down for some other reason.

7.11.2.4. CFA/Gyrotron Failure. Both the CFAs and gyrotrons are

equipped with redundant components and operate below peak power ratings. A

failure in these components, therefore, can be compensated by increasing the

power jf the remaining components until a reactor shutdown occurs for some

other reason. At that time the failed component can be replaced with a spare.

7.11.2.5. Main Heat-Transport System Failure. Four main heat-transfer

loops are designed into the EBTK. Although redundancy is possible in this

system, such as dual piping or steam generators, it was thought to be too

expensive given the high capital costs and low failure probability related to

these "conventional" engineering systems. Hence, a major piping, pressurizer,

or steam-generator failure would result in an immediate shutdown. The primary

368



coolant and limiter pumps, however, have a higher probability of failure, and,

consequently, two are used in parallel, each pumping 50% of the coolant-flow.

A failure of one pump would mean a 50% reduction in cooling capacity in one

quadrant of the reactor, requiring operation of the reactor at 50% capacity

until the failed pump can be replaced.

7.11.2.6. Blanket-Cooling Requirements for Unscheduled Maintenance

Actions. For all actions which do not affect the first-wall/blanket cooling

system, normal module cooling is maintained. For those actions which require

module replacement but. where no first-wall/blanket coolant line damage has

occurred (e.g., a limiter failure), cooling requirements are the same as those

for scheduled blanket replacement.

o Shut down plasma

• Continue water coolant for 24 hours
• Purge water coolant and substitute CO2 coolant until coolant lines are

broken
• Re-establish CO2 cooling wVien module reaches transporter

When a situation arises where the first-wall/blanket cooling system fails or

is damaged, several different courses of action can be taken depending on the

type of failure.

Failure in One Module. If there is a failure in one module, the

procedure is as follows.

• Determine size and location of leak and shut down plasma.
• If leak is small and under high pressure, continue water cooling at a

pressure that is lower but adequate to prevent boiling and institute
normal module replacement.

• If leak is large, isolate and drain module and continue CO^ cooling.
Replace module as quickly as possible (~ 8 days).

Failure in Coolant Header. If a leak is detected in a coolant header,

the procedure is as follows.

• Determine size and quadrant location of leak and shut down plasma.
» If leak is small, continue cooling in low-pressure mode and institute

normal maintenance procedure.
• If leak is large, isolate and drain all 18 modules in affected quadrant.

Continue ^2 cooling of all modules until leak is repaired.

Failure in Other Primary Piping. If the leak is farther away from the

reactor than the header, the particular quadrant header can be isolated from

the leak. Because all four headers are connected (Fig. 7.10-1), an adjacent

header can be used to supply both quadrants at 50% flow, thus obviating the

need for draining and gas-cooling the modules. The procedure is as follows.

369



© Determine location of leak and shut down plasma.
• Isolate affected quadrant header from primary piping.
» Open valves to adjacent header.
• Operate both quadrants at 50% water flow until leak is fixed.

7.11.3. Hot Cell Facility. The Hot Cell facility is located adjacent to

the Reactor Building in the Turbine and Support Building (Fig. 7.13-1).

Locating the Hot Cell outside of the Reactor Building minimizes Reactor

Building size, minimizes the volume contaminated by tritium in an accidental

release, and provides less potential for contamination of Hot Cell equipment.

An air lock connects the Reactor Building to the Hot Cell. Transportation of

equipment and components between the Hot Cell and the Reactor Building is made

via a monorail system. The equipment airlock and Hot Cell are sized for all

components within the Reactor Building, including the TF/ARE coils.

Specific tasks to be performed in the Hot Cell are:

new and spent blanket module storage
blanket disposal
solid-waste packaging
holdup treatment of nontritiated liquid and gaseous wastes
remote maintenance of activated components
decontamination of nonactiviated components for out-of-cell handling
atmospheric tritium recovery

* storage of activated components

The Hot Cell consists of a central corridor containing the monorail with

working and storage areas on either side. At one end of the corridor is the

air-lock entrance to the Reactor Building. At the opposite end of the

corridor is a decontamination chamber. The decontamination chamber is

connected to the Reactor Support Building by another air lock. All

processing, handling, and storage within the Hot Cell is done on either side

of the monorail corridor. Shield doors isolate the monorail corridor from the

cells. Turntable switches connect the monorail with these cells.

The blanket-disposal area consists of a blanket-cooldown area,

disassembly area, cutting area, baking area, and compacting/packaging area.

Prior to any processing or maintenance, blanket segments are connected to a

closed-loop, forced-convection system using water cooling. The blanket

segments are cooled for 30 days until the afterheat can be readily handled by

the Hot Cell heating, ventilation, and air conditioning (HVAC) system. Up to

six blankets can bo cooled at one time. After cooling, spent blankets are

disassembled to reduce the size of pieces that must be handled. Tritium is
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driven out of the cut-up blanket segments in a baking operation. Off gas from

the bake-out oven is routed to the tritium processing system. The baked

blanket segments are compacted and packaged for storage and disposal. Other

solid waste consisting of filters, process containers, and used parts are

handled in a similar manner.

Holdup treatment of nontritiated liquid and gaseous wastes consists of

chemical treatment, including ion exchange and physical treatment:. The

physical treatment may include absorption, adsorption, filtration,

evaporation, drying, incineration, compaction, solidification, and

encapsulation.

Maintenance and repair of activated components takes place in th^

remote-handling maintenance and repair shop. All maintenance and repair work

is done using servo-manipulators, overhead bridge cranes, and bridge-mounted

electromechanical manipulators. Typical maintenance operations include repair

of the rf ducts, replacement of the limiters, repair of blankets,

refurbishment of vacuum-pump isolation valves, repair of support-system

modules and subcomponents, and repair of maintenance equipment. Once

repaired, testing and check-out of the refurbished components is done. Some

repair of nonactivated components may be performed in the Hot Cell. A

case-by-case evaluation will be necessary to determine if decontamination is

more expedient than remote maintenance.

Decontamination of nonactivated components takes place in the

decontamination chamber. The decontamination consists of washdown,

monitoring, and bagging or packaging. From the decontamination chamber the

components can enter the reactor service area through an air lock. Repaired

but activated components are stored in the Hot Cell facility. All remote

equipment for the Hot Cell is controlled from the Hot Cell control room.

Included in the control room are CCTV viewing, audio, manipulator masters,

control consoles, and central processing units (CPUs).
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7.12. Miscellaneous Reactor Equipment

This section describes several subsystems that are either related directly

with the function of the reactor or considered as an intergal part of the

reactor. Subsystems associated with the site in general and the balance-of-

plant (BOP) specifically are described in Sees. 7.13. and 7.14., respectively.

Figure 7.12-1 gives the layout of major reactor subsystems.

7.12.1. Cryogenic Systems. The cryogenic system is located in the Tritium

and Cryogenics Building (Fig. 7.12-1) and supplies the liquid helium and the

liquid nitrogen required by the vacuum,, coils and other cryogenic systems. The

largest user of helium is the superconducting toroidal-field/aspect-ratie-

enchanceraent (TF/ARE)-coil sets, with lesser requirements for other systems

shown in Table 7.12-1. These helium and nitrogen requirements are similar to

those estimated for STARFIRE.1 Because of this similarity, the STARFIRE

cryogenic system has been adopted by the study.

Cryogenic refrigeration is supplied at two temperature levels.

Vaporization of liquid nitrogen at 80 K is used for thermal shielding of

components cooled by liquid helium and for precooling warm helium gas in the

helium refrigerator liquefier. Liquid nitrogen is supplied to the user systems

from a central pressurized storage dewar (Fig. 7.12-1). The nitrogen gas is

returned to the s ipply dewar. The nominal liquefaction capability of the

nitrogen plant is 1,500 l/h. A A(IO)1* I (40 m3) storage dewar will be used to

supply LN« for a 24-h period without the liquefier in operation. The initial

nitrogen filling requirements as well as make up nitrogen will be supplied as

liquid to the storage dewar. The power required for the nitrogen system will be

approximately 1 MW.

Refrigeration at 4.2 K is supplied to the user system by pumping liquid

helium from the central liquid-helium storage dewar through vacuum-jacketed and

liquid-nitrogen-shielded transfer lines. The liquid helium is vaporized and

returned to the central helium refrigerator-liquefier as either cold or warm

gas, depending on the user requirements. The return helium gas is liquefied and

returned to the central supply dewar. The nominal liquefaction capability of

the liquid helium system is 2.6(10)'' A/h. A large, medium pressure, helium-gas

storage facility supplies makeup gas to the system and is used to store the

helium when the cryogenic system is warmed up. Several large helium compressors

with aftercoolers and oil-removal equipment are required for the helium

liquefier. Total required power for the compressors will be about 6 MW The
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18,280

2,360

1,500

500

600

760

2,500

26,500

900

150

125

50

50

125

100

1,500

TABLE 7 . 1 2 - 1

EETR LIQUID HELIUM AND NITROGEN REQUIREMENTS

Liquid-He Liquid-N2

System Flow Rate (£/h) Flow rate

TF/ARE-coil sets

Vapor-cooled e l ec t r i ca l leads (for coi ls)

DT fuel processing

Electron cyclotron resonance heating

(ECRH) gyrotron magnets

Cryogenic vacuum pumps

Transfer and storage

Inventory margin

TOTAL

anticipated compressor package consists of several rotary screw compressors

arranged both in parallel and in series flow to provide helium gas at a pressure

of approximately 2 MPa. These compressors are also used to fill the gaseous

helium storage tanks when the helium system is warmed. The heat exchangers,

expansion engine, helium purifiers, and other components of the helium

1iqudfier-refrigerator that operate below ambient temperature are mounted in

insulated vacuum-jacket vessels. Liquid nitrogen will be used to cool the

helium from 300 K to 80 K in the liquefaction cycle.

A 105 l/h, 100 m3 dewar is used to allow for supply and demand differences

in the liquid-helium system. This capacity permits approximately four hours of

liquid-helium supply in the event of a liquefier shutdown. With cold-box

components designed with several elements in parallel, the liquefier could

operate at reduced output during certain repair operations, and the storage

dewar could make up the difference for a much longer period of time. The helium

storage dewar operates at a pressure of 0.1 MPa (1 atm).

Because of the economic value of the helium inventory in the cryogenic

system, a means of storing the helium in gaseous form is necessary. A maximum

gas storage pressure of 2 MPa in other that the refrigerator compressors will be

capable of filling the system. Liquid helium is supplied to users by pumps with

the helium subcooled to A.2 K after being pumped in a heat exchanger inside the

storage dewar. Separate transfer lines to each superconducting coil are

required so that a transient in one coil set will not affect the others. The
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separate lines, including the cold-helium return lines,, .ire installed in a

common vacuum-jacketed , liquid-nitrogen-shieIdod transfer i-ipe.

7.12.2. Radioactive Waste Treatment and Disposal. Thi5 system processes,

stores, and readies for transport all radioactive waste products frue the plant.

Operating in conjunction with the Fuel Handling and Storage system (FI1S), -my

gaseous or liquid waste products from the Fuel Handling and Storage .system are

transferred to the Radioactive Waste Treatment and disposal (RUTD) sy^tens.

Gaseous products from the plasma chamber other than tritiun .Jill be transported

through the vacuum roughing punps to the FHS system and tiien to the RWTb system.

A large .source of liquid radioactive waste will be generated hy fluids r rum I he

primary coolant loop and the steam condensates. A portion of these t luids will

be continuously removed for processing, and clean cool ml »at.-r *ilL 5e added as

makeup. Most of the solid waste will accrue from the activated reactor

structure, (e.g., first-wall/blanket and limiter materials). Solid waste will

also come from particulates removed from the coolant streams and tne Fuel

Handling and Storage system.

Referring to Fig. 7.12-1, the RWTD system is located in the Hot Cell. This

location is the central receiving location for nost of the .solid waste and some

of the gaseous and liquid waste. The remainder of the *aste products can be

delivered from other buildings via shielded piping. The Liquid Waste Processing

system consists of storage tanks, pumps, compressors, heaters, heat exchangers,

condensers, gas strippers, evaporation systems, ion-exchange system, filter, and

separators. The liquid waste is processed through the system, and is returned to

this source stream if the liquid can be adequately decontaminated. The

remainder of the fluids are packaged for storage at an offsite location.

The Gaseous and Off-Gas Processing system collects off-gas products from

the liquid or solid waste products and the gaseous products from Khe Fuel

Handling system. Equipment in this system include tanks, process columns and

towers, filters and blowers, pumps, and chemical reactors. The gaseous products

are processed through the system and, when permissible, are vented through the

stack as a routine release. If the radioactivity of the gases is too high for

atmospheric release, the gases are stored in pressure bottles and readied for

either shipment offsite or dilution and periodic release.

The Solid Waste Processing system handles waste from the large reactor

components, the partlculate matter from the Atmospheric Tritium Cleanup (ATC)

system, and the radioactive crud from the primary and closed coolant systems.
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Equipment in this system includes filters, centrifuges, separators, heaters,

ovens, pumps, compressors, incinerators, a baler, and a drunraer. The

first-wall/blanket/shield sectors wilL be sent to a remote central facility for

replacement of the first wall and any required replacement of coolant tubes.

The neutron multiplier and the tritium-breeding materials will also be

refurbished, and any depleted or unuseable material will be replaced. The

entire first-wall/blanket/shield module will be reconstructed, quality tested,

and returned to the reactor site as a spare. Prior to shipment offsite, the

tritium-breeding material will be subjected to temperatures in excess of normal

operating values in order to purge as much tritium as possible. The particulate

matter from the FHS system will be condensed, processed, and drammed for offsite

shipment.

7.12.3. Fuel Handling and Storage. The Fuel Handling and Storage (FHS)

system extracts, recovers, purifies, prepares, stores, and injects the DT fuel.

The FHS system designed for the STARFIRE reactor1 is adopted for use by this

study. The system requirements are identical to those reported in Ref. 1,

except for the higher mass flow of tritium because of a lower recycle fraction

compared to the STARFIRE design. Only the system function is discussed here.

The system is designed to maintain a minimum inventory of tritium fuel

while assuring a minimal tritium impact on the environment. Where possible,

knowledge gained at the Tritium Systems Test Assembly2 has been incorporated

into this design. The system performs the following functions: a) reprocess

tritium for fueling, b) process tritium produced in the blanket, c) control the

amount and location of tritium in the plant, d) process tritiated wastes, and e)

inject the DT fuel into the reactor. The first function is accomplished by

process units that chemically purify and isotopically enrich the fuel. The

tritium generated in the blanket as T2O (HTO) is electrolyzed and then passed to

the main fuel cycle for processing. The location of tritium in the plant is

managed by a storage and disposition system. Several treatment systems maintain

low tritium levels in the secondary enclosures and in the coolant streams. The

ATC systems are designed to scrub the atmospheres of the Reactor Building, Hot

Cell, and Fuel Handling and Storage Building in the event of a tritium release.

The tritiated wastes (solids, liquids, and gases) that accrue as by-products

from various tritium handling systems are detritiated and/or consolidated by

several processing units. The DT fuel is prepared in pellet form for injection
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into Che reactor. Vaporized beryllium is also injected into the scrape-off zone

for control of the limiter erosion rate.

_7_!_12.A. Instrumentation and Control. The Instrumentation and Control

(I&C) system for the reactor is also adopted directly from the STARFIRE

tokamak. The functions, requirements, and capabilities are identical in both

STARFIRE and EBTR in that both systems are based on a steady-state operation of

a magnetically-controlled fusion reactor. The STARFIRE design proposed that

significant technology advances would occur before the introduction of

commercial fusion. Even so, certain functions will be required. The reactor

I&C equipment includes local controllers, communication concentrators, local

analysis/control systems, communication control systems, and plasma

instrumentation. Monitoring systems include data-base and network communication

systems, displays and controls, sequencing systems, alarm and monitoring

systems, and remote access with communication links. Instrumentation and

transducers are required on the reactor system, ancillary systems, and remote

handling systems. Plant simulation systems are also included that must be

capable of generating projections at 100 times real time. An integrated safety

system is included as a key element of the I&C system. Table 7.12-2 summarizes

some of the I&C issues and concerns involving any reactor system operating with

high-voltage and high-power radio-frequency systems. None of the items

mentioned are difficult to develop or implement; instead this table was

developed to initiate examination of the unique I&C needs of a future fusion

power plant.

7.12.5. Other Reactor Plant Equipment. This category collects several of

the less important systems. The individual systems that are usually included in

the generating plants are shown below, although some items are not required in

the EBTR design and some have already been discussed.

• Maintenance Equipment (Sec. 7.11.)

• Special Heating Systems (Sec. 7.6.)

• Coolant Receiving, Storage and Makeup Systems

• Gas Systems

• Inert Atmosphere System

• Fluid-Leak Detection System

• Closed Loop Coolant System (Sec. H.I.3.)
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»• Standby Cooling System (Sec. H.I.4.)

The maintenance equipment for the reactor plant and the Hot Cell is

included in this category. The maintenance equipment is used to replace and

repair the rejetor, the primary-coolant-loop components, and equipment in the

Hot Cell. Operation in the reactor room is accomplished with overhead

manipulators for use with the overhead cranes. As discussed in Sec 7.11.,

the general :naintenance machines that operate on monorails perform maintenance

TABLE 7.12-2.

l&C ISSUES AND CONCERNS

Environment-! I

• Effects of high energy neutrons, x-rays, and gamma rays

- ne.̂ d tu develop resistant sensors, transducers, leads, cables, and

connectors

- application of shielding for I&C components in areas of high-radiation

fluxes

- reactor room should be monitored for acceptable background levels

• Radiated and conducted rf electromagnetic interference effects (EMI)

- require complete shielding of gyrutrons, crossed-field amplifiers (CF-\s),

and any other EMI sources

- need rt filtering on data channel, low-level-signal inputs

- use nonrectifying contacts in data channel wiring

- evaluate antenna effects in signal cables

- employ extensive grounding system for conducted rf

- adopt monitoring system around all rf sources and cavities

Electrical Grounding

• A reactor with an rf system will require a hybrid ground system.

- single-point grounding for low-frequency ( < 30 kHz) signals

- multi-point grounding for high-frequency (> 30 kHz) signals

• An earth electrode must be installed such that the effective resistance to

earth is less than ] U.
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Table 7.12-2 (contd)

© All conductive components in Reactor Building must be electrically

interconnected and grounded.

- reactor components (eg, vacuum pumps, waveguides)

- ancillary systems (eg, primary cooling piping, cryogenic piping)

- structural steel, rebar, sheet-steel flooring, and liners

- cable trays, bus duct, and conduit

• The low-frequency, high-frequency, and ac power-distribution ground systems

must b . separate. AC neutral and ac ground for I&C system should be

ke: ,jl=ted.

• Fiber-optic data links should be used for all field cables, especially those

terminating in the control room This approach solves the ground loop

problem and prevents hazardous voltages or conducted EMI frorc entering

control room.

High Voltage I&C Components

• Selected I&C components, including data acquisition microprocessors, will

have to be floated at high dc potentials (~ 100 to 500 kV). Fiber-optic data

links and isolated power sources for these I&C systems are required along

with fiber-optic computer bus structures.

• Sophisticated multitier fault interlock systems, including programmable

controllers, will be required to handle anomalies in the HV power supply.

I&C Equipment Development

• Must develop new I&C system equipment

- overmoded waveguide rf power transducers

- waveguide frequency and mode-measuring transducers

- fast response rf switches

activities on the various reactor components. These maintenance machines are

also assisted by sector-welding and inspection machines. New and spent sector

modules will be brought to their needed positions by transporters, which also

ride on the maintenance monorails. The Hot Cell also has dedicated maintenance

equipment consisting of manipulators, test fixtures, and miscellaneous

equipment. Although the overhead cranes and monorails perform essential

maintenance functions, the cranes are considered and costed as Transportation

and Lifting Equipment in the Miscellaneous Plant Equipment (Appendix G).
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The Special Heating systems are used for heating or preheating the plant

components or for producing steam as an emergency or auxiliary plant source. In

EBTK, the preheating function is accomplished by using the primary coolant pumps

to heat the blanket and the remainder of the primary loop. Hence, no unique

equipment is anticipated for this function.

The use of light water as a coolant simplifies the Coolant Receiving,

Storage and Makeup systems. Only a storage tank and associated pump and piping

are required. This system accomplishes the necessary receiving, storage, and

makeup of all the heat-transfer fluids. The chemical treatment of these fluids

is included as part of the individual system definition.

The Gas Systems typically supply all gases required for cover gas, inert

gas, and any specialized gas needs. Most gas systems for the EBTK are an

integral part of the associated system, such as nitrogen and heliun in the

Cryogenic Cooling system and tritium and deuterium in the Fuul Handling and

Storage system. The freon fill gas for the rf waveguides is a part of the RF

Heating system. The only gas system not specifically a part of another system

is the COo required for the inert atmosphere in the Reactor Building. The

equipment required for this use includes the storage tanks, pumps, piping

valves, and supports. The CO2 is exhausted through the ventilation stack. The

Inert Atmosphere System maintains the CO-, atmosphere at a pressure slightly

below atmospheric pressure to prevent leakage out of the Reactor building in the

event of a tritium leakage. Carbon dioxide is used instead of air or nitrogen

in order to eliminate the transmutation of N into radioactive l 4C. The

radioactivity expected to be generated in a CM .7 atmosphere is principally N,

which has a half-life of 7.1 s. During normal operations, exhaust compressors

maintain a slight negative pressure in the building. In the case of a tritium

leak, monitors within the building will stop the compressors, and quick

activation valves will seal the building. The hardware associated with these

systems is considered a part of systems already identified.

The Fluid Leak Detection system is designed to detect remotely vacuum leaks

in the shield and a portion of the rf waveguides, to detect coolant leaks in the

blanket and coolant piping, and to detect helium/tritium leaks in the

hoi inn-purge svstem. The system is designed witli dual seals and a cavity that

is re^ulirly sampled for pressure buildup and/or radioactivity. A tracer gas

:.-i.i be introduced into this cavity and the leak can be isolated with a residual

?H<I inalyzer (RGA). I-eak detection systems are also incorporated on all helium-



and coolant-line joints inside the Reactor Building. The system will consist of

RGA seals and sampling cavities, tracer gas systems, tubing and test lines, and

remote detectors.

Tha Closed Coolant system provides cooling for the folLowing potentially

radioactive systems.

• all ATC in the Reactor Building, Hot Cell, and Fuel Handling Building
(normal operation)

• solid waste storage (normal operation)

• fuel handling and storage process equipment

• ECRH system cooling

• reactor bulk shield

• power supplies

• vacuum roughing pumps

• HVAC for the Reactor, Hot Cell, and Fuel Handling Buildings

The heat obtained from these systems is transferred via a heat exchanger

into the main heat rejection system. During a system failure, the ATC and Solid

Waste Storage cooling will be transferred over to the Standby Cooling System to

maintain cooling function. The system consists of pumps, three heat exchangers

and a surge tank.

The Standby Cooling System is designed to provide standby cooling for all

essential systems in the event of a closed-loop system failure. The systems

provide cooling on a standby basis for the Solid Waste Storage in the Hot Cell

and all the ATC systems. The cooling system is a single loop that is circulated

with two pumps through a dry cooling tower.
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7.13. Structures and Site Facilities

The balance-of-plant (BOP) facilities for the EBT fusion power plant are a

combination of features common to any large power plant xnd d.-ments peculiar to

the fusion technology. For example, the steam generators, turbine-generator,

and main condenser components of the power-conversion system and the

natural-draft cooling towers used for ultimate heat rejection are generic to all

power plants. The tritium reprocessing facilities that ninimize the tritium

inventory in the plant, the vacuum pumps, electron cyclotron resonance heating

(ECRH) and lower hybrid heating (LHH) power supply systems, and the Hot Cell ir>.

which fully remote repair and maintenance functions are performed are unique to

a fusion power plant. The design of the BOP facilities has i significant impact

on both the economic viability of a fusion power plant .aid the construction plan

and schedule for such a plart. The cost estimate for the BOP (Sec. 8.2. and

Appendix G) shows the overall economic importance of these facilities <Jiid

identifies the hi^h-cost elements.

A design synopsis of key BOP mechanical and electrical systems is given in

Sec. 7.14.; this section gives a more general description of BOP structures and

site layout, with an emphasis placed on principal buildings and their spatial

relationships. In the overall plan of this fusion pc^er plant, closely related

facilities are combined into the same buildings, which are then located to

achieve a functional and economical layout. The principal buildings and ttuir

spatial relationships are shown in Fig. 7.13-1 and discussed below. The

rationale, tradeoffs, and options considered in arriving at the particular BOP

layout depi " d in Fig. .13-1 are discussed in Appendix I.

The central facility structure is the circjlar, multi-level Reactor

Building that contains the EBT fusion reactor and supporting systems, including

the primary coolant loop components and both ECRH and LHH system components.

The design of this building is economic, while meeting the requirements for

totally remote maintenance, for a minimum wall thickness of 1.5 m for

biological-shielding purposes, for overpressure protection against postulated

loss-of-coolant accidents, and for constructibility and logical space

utilization. To the south of the Reactor Building is the Turbine and Support

Building which contains the energy conversion equipment, a reactor service area

in which blanket sections and other new reactor subsystems are prepared, a plant

auxiliary area that houses the Closed Loop Cooling Water system, and the Hot

Cell. The Tritium Reprocessing and Cryogenics Building and equipment yard are
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located to the west of the Turbine and Support Building. The administration,

facility-control, and site-service complex is located to the south of the

Turbine and Support Building.

Although the facility shown on Fig. 7.13-1 is designed to be suitable for a

wide range of potential power plant sites throughout the continental United

States, the following assumptions are made for this EBTR study.

• Location: Kansas City, Missouri (to facilitate and unify cost estimate)

© Seismic conditions: UBC Zone 2

© Site size: 400 hectares (4(10)6 m2 or ~ 10 acres)

• Ambient temperature for

- cooling: 312 K

- heating: 296 K

• Altitude (maximum): 600 m

• Principal heat rejection system: natural-draft cooling towers

• Water supply: adequate to satisfy all normal requirements

• Electrical utility transmission: EHV (345 k.V)

7.13.1 Site Plan. Figure 7.13-2 complements the site plan with an

artist's rendition of principal site elements include buildings, roads, walks,

fencing, surface and subsurface mechanical and electrical equipment and

utilities, and most notably the natural-draft hyperbolic cooling towers.

Because the cooling towers are of such overwhelming scale relative to other site

elements, they are grouped at the rear of the site to provide a visual

"backdrop" as viewed from the approach to the main entrance. The remaining site

elements are located and arranged to optimize functional interrelationships

(i.e., to minimize piping, electrical, and utility runs while providing adequate

separation and circulation around and between buildings and other elements). An

orderly and logical asymmetrical composition of site elements adds interest and

yet maintains simplicity.

External access to the site from a major highway is available from an

8-km-long secondary road. The road terminates at the main entrance gate to the

site. Plant personnel and visitor parking for 90 vehicles is accommodated in a

paved and landscaped parking lot located outside the perimeter fence and

adjacent to the Security Building. Kith the exception of railroads, all traffic

to and frum the site is controlled at the Security Building. Transport; and

delivery trucks undergo inspection by security personnel at this point. Visual
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Fig. 7.13-1. EBTR power plant and BOP layout.
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surveillance of the railroad spur entrance is also possible from the Security

Building.

Located nearest to the Security Building and main entrance, the

Administration, Control, and Site Service Building contains the greatest number

of site personnel under normal conditions. A receiving area for both truck and

rail transport is located on the north side of this building adjacent to the

Warehouse and Maintenance Shop entrances. The widened road and driveways

provided for increased maneuverability and give access to the Turbine and

Support Building.

The Turbine and Support Building has the largest floor area of any building

in the plant. Adjacent to the turbine side is the main transformer yard and

switchgear room, which is enclosed by a chain-link fence. The support portion

of the building includes the Reactor Service Building, the Plant Auxiliary

Building, and the Hot Cell. Two connections to the Reactor Building include the

air lock and the subgrade steam-line tunnel.

The Reactor Building, in addition to containing the EBT fusion reactor

device and supporting systems, houses the electrical and HVAC equipment at the

upper level. The only entrance to the reactor portion of the building is

through the Hot Cell air lock. The building is centrally located between the

Turbine Building, auxiliary systems, Hot Cell, Tritium and Cryogenics

facilities, and other related facilities. Underground tunnels for piping,

conduit, and equipment access connect lower floors to some of these other

buildings, as shown in Fig. 7.13-1. The rationale for selecting this particular

arrangement is given in Appendix I.

Equipment and storage facilities for the treatment and reprocessing of

tritium are located in the Tritium Reprocessing Building. In the adjacent

Cryogenics Equipment Building and fenced yard, gaseous and liquid helium and

nitrogen are processed. A bank of helium storage tanks is located across a

driveway.

Directly east of the Reactor Building is the Onsite AC Power Supply

Building, in proximity to the main switchyard and the main transformer yard. A

tu.inel connects this building to the subgrade level of the Reactor Building,

where equipment shafts and passages are located. A fenced yard east of the

Reactor Building contains a power supply substation that services the ECRH

system. In the event of a loss of normal power, two gas turbines and generators

located in the Onsite AC Power Suppl) Building furnish ac power sufficient to

395



complete a safe reactor shutdown. The adjacent switchyard control room contains

all equipment necessary for the normal operation, protection, and monitoring of

incoming and outgoing power in the main switchyard. A fenced area surrounds the

main switchyard and contains all the electrical equipment necessary to

accommodate incoming and outgoing EHV power. The main switchyard is located

close to the ™ain transformer yard. Most of the switchyard components are

modular and insulated with gaseous SF/-, thereby permitting the installation of

underground lines within the site.

Located outside the perimeter road, the raw-water reservoir and evaporation

pond are formed by compacted earth berms with a soil cement liner. The adjacent

pump house contains pumps for fire and domestic use and chlorination facilities

for potable water. Adjacent to the raw-\,ater reservoir and evaporation pond is

an underground fire-water storage tank. This tank supplies sufficient water to

extinguish the maximum credible fire.

7.13.2. Facility Buildings. The Reactor Building is a steel-lined,

hardened, circular, multi-level structure constructed of reinforced concrete

designed for Design Basis Earthquake (DBE) seismic loading and internal

overpressure. Figures 7.13-3 through 7.13-6 illustrate the Reactor, Turbinu and

Support, and AC Power Supply Building floor plans and building sections. The

1.5-m-thick outside walls and roof of the Reactor Building prevent penetration

by tornado missiles, withstand a tornado-induced differential pressure, and

provic adequate nuclear shielding (~ 0.1 mrem/h external dose rate). Design of

the Reactor Building is based on a design commitment to totally remote

maintenance. A sophisticated system of remote maintenance and transport

equipment is expected to perform all maintenance and repair operations, while

having sufficient flexibility to perform unplanned or unforeseen tasks as well

(Sec. 7.11.).

The Reactor Building shown in Figs. 7.13-3 through 7.13-5 houses the

reactor, primary-cooling-loop components, heat exchangers and pumps, the

vacuum-pumping and blanket-purge system, the limiter-feedwater-loop module, and

the ECRH cooling system module. Additional modules not directly related to the

reactor include the HVAC systems and the ATC systems.

Two 1.5-m-thick. shielding walls and intervening equipment space separate

the primary-loop-components area from the reactor to minimize activation of

materials in the area where the primary coolant loop components are located.

The pressure boundary of the building is lined with steel that provides a
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Fig. 7.13-5. Reactor, Turbine and Support, and Onsite AC Power Building
upper-level plans.
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leak-tight containment (< 0.1% of the building volume per day at a design

overpressure of 80 kPa) and minimizes tritium release in the event of a loss of

primary coolant within the building. A system of openings (Fig. 7.13-6) and

dampers simultaneously allows communication between the reactor halL and the

area containing the primary-coolant-loop components, making the entire volume

available to accommodate the ^ 80 kPa overpressure caused by a loss-of-coolant

accident (LOCA) occurring in either area.

The Reactor Building is 104 in in diameter and 44 m high (inside clear

dimensions) and consists of three basic levels in addition to two levels

containing gyrotrons and crossed-field amplifiers (CFAs), the latter items being

located in the space between the Reactor Hall and primary-ccolant-loop

components area. The reactor is located at the building ground level

(Fig. 7.13-4). The height from the floor to the under surface of the roof slab

is 19.5 m. Two 300-tonne-capacity bridge cranes span the width of the hall and

run completely around the circumference on concentric, wall-mounted runway

1 S J i 1} G

Located at a -12.0-m elevation (Fig. 7.13-3), the primary-coolant-loop

components area is the first level below grade and is 31.5 m in height. All

pipelines, conduits, and other connections between the reactor and equipment in

the primary coolant-loop components area are routed through a pipe chase and

shafts and, therefore, are isolated from and kept clear of the remote

maintenance equipment traveling on the ground floor. The pipe chase and shafts,

reactor hall, and primary-loop-component areas may be subject to an 80-kPa

overpressure under accident conditions. Access to the pipe chase is by a

removable hatch in the floor of the primary-coolant-loop component area.

The second level below ground is the pipe chase itself, which is a series

of radial tunnels directed from the center towards each of the four pipe shafts.

In addition to primary-loop piping, the pipe chase also accommodates stea:---ine

piping and limiter-coolant-loop piping. Separate subgrade tunnels connect the

Reactor Building with the stack, the control room in the Administration

Building, the Onsite AC Power Supply Building, and the Tritium and Cryogenics

Facilities.

The upper level of the Reactor Building (Fig. 7.13-5) contains a variety of

electrical and mechanical equipment and related systems. The central space

contains HVAC systems for all occupied areas in the building. Around the

circumference of this space are located the single TF/ARE-coil power supply, 36
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circuit breakers for the coils, and associated instrumentation and control

cabinets. The outermost ring of rooms contains the LHH power supplies and

switchgear for reactor startup (Sec. 7.6.), as well as offices, toilets and

showers, and a maintenance and repair shop. Crane maintenance cubicles are

located above the polar crane in the primary-loop-components area and above the

Reactor Hall in an area adjacent to the LHH power supplies. Removable floor

hatches permit access to the cranes; separate bridge cranes inside each cubicle

are capable of lifting parts off the trolleys or lifting an entire trolley up

into the cubicle for more extensive maintenance and repair. Bridge-crane drive

motors are located directly below the hatches in order to be in a position where

remote maintenance can be performed by the specially equipped cranes in the

maintenance cubicles.

The remote maintenance system employed in the Reactor Building also extends

to the Hot Cell (Fig. 7.13-4). The equipment runs on two steel-clad,

solid-concrete monorail tracks, arranged to allow movement of system components

into position to perform remote maintenance and repair functions on the reactor.

A general maintenance machine, capable of removing ducts and lines to the torus

and carrying a welder/cutter and sector extractor, runs on the inner circular

track or monorail. A cryopump maintenance machine runs on the same monorail.

The transporter that carries blanket/shield sectors between the torus and the

Hot Cell runs on the outer monorail track. The outer monorail can also be used

for temporary storage of blanket/shield sectors when a large number are removed

simultaneously.

In addition to the floor-mounted equipment, the overhead bridge cranes, a

polar crane and the electromechanical manipulators assist in maintenance

functions, as described in Sec. 7.11., by providing access to the equipment at

upper areas of the reactor hall and primary—coolant-loop compartment that is not

accessible to other maintenance systems. The 100-tonne polar bridge crane in

the primary-coolant-loop components area is capable of lifting and removing

process equipment for repair and replacement. A vertical-bridge,

electromechanical manipulator mounted on the wall runs around the circumference

of the primary-coolant-loop component room. This manipulator services equipment

facing the wall, which is not easily accessible to the overhead crane. The two

300-tonne bridge cranes in the reactor room with electromechanical manipulators

are expected to perform occasional severe-service (i.e., 90% rated capacity)

lifting rather than traveling with a heavy load. The only time that a lift will
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approach the rated crane capacity is during installation or replacement of a

276-tonne blanket/shield segment. Replacement is expected to be required on a

regular basis throughout the life of the plant (Sec. 7.11.).

In terms of floor area a major portion of the largest structure is devoted

to the steel-framed Turbine Building, which contains a single turbine generator

(1.4 GWe) and its auxiliaries. Taking up three basic floor levels, equipment is

arranged with a surface condenser in the subgrade level (Fig. 7.13-3), feedwater

heaters at the ground-floor level (Fig. 7.13-4), and the pedestal-mounted

turbine generator at the upper level (Fig. 7.13-5). The building is 110 m long

and 50 m wide on all three levels. Heat exchangers and pumps for the closed

loop cooling water system are housed in the two-level Plant Auxiliary Building,

located between the Turbine Building and the Hot Cell and adjacent to the

Reactor Service Building.

Preparation of blanket segments and other replacement subsystems,

equipment, and parts is carried out in the reactor service area, which is a

ground-level high-bay area between the Hot Cell and Turbine Building and

adjacent to the Plant Auxiliary Building. The railroad spur passes through the

receiving end of this building, where access for large vehicles and other

equipment is also available. Storage spaces for new blanket segments and other

reactor and process module components are provided. A 60-tonne bridge crane

travels overhead and covers both the railroad spur during flatcar unloading

operations and the service area during maintenance and assembly activities.

The Hot Cell is a carbon-steel-lined, concrete, hardened structure designed

for DBE seismic loading. The outside walls and roof of this building are

sufficiently thick to prevent penetration by tornado missiles, to withstand a

tornado-induced differential pressure, and to provide adequate biological

shielding (<0.1 mrera/h external done rate). The railroad spur passes the

external entrance to the Hot Cell, and road access is provided to enable trucks

and other large vehicles to approach the Hot Cell entrance. A 60-tonne bridge

crane travels overhead and can carry heavy loads to the Hot Cell air lock

through a combination door-and-hatch entrance; heavy equipment is introduced

onto a transporter car traveling on a continuation of the monorail track to the

Reactor Building monorail system. A room containing decontamination equipment

and storage-pool cooling equipment is located on one side of the air lock, and

the Hot Cell control room is located on the other side. To the north and

adjacent to the air lock is a decontamination chamber with a turntable in the
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monorail track. Decontamination is required for casks containing either

activated blanket segments for reprocessing offsite or solid waste for offsite

recycle or disposal.

Beyond the decontamination area and located beside the control corridor are

three process cells. The liquid-waste processing equipment separates activated

particulate matter from tritiated water that is then returned to the Tritium

Reprocessing Building. The remote maintenance and repair shop contains

equipment for repair of failed process module components. The blanket module

and solid-waste processing cell contains the equipment required to bake the

tritium out of the spent blanket segments and to reduce the segments into pieces

conveniently sized for storage in canisters. Wet storage for 600 m3 of spent

blanket segments and dry storage for A00 m3 of discarded pumps, valves, and

piping is available in the blanket module and solid-waste processing cell.

The Tritium Reprocessing Building is shown in Fig. 7.13-7. The portion of

the building that is potentially contaminated with tritium is a concrete,

hardened structure lined with coated carbon steel to minimize the potential

escape to atmosphere of tritium released from process equipment. Tritium-free

areas of the building are occupied on an everyday basis and are separated from

potentially contaminated areas by an air lock. Beyond the air lock is a

corridor that contains a protective-suit storage alcove and an emergency shower

room. The corridor also provides access to the balance of the facility. Piping

to and from the Reactor Building and Hot Cell is double walled, with

quick-acting isolation valves located close to the building walls. The piping

is routed to the Reactor Building pipe chase in an underground tunnel.

The Cryogenics Building (Fig. 7.13-7) consists of one large room for helium

and nitrogen compressors, as well as an electrical-equipment room, in an

enclosed mezzanine covering one-third of the space below. The remaining

cryogenics equipment is located in a fenced-in yard adjacent to the building.

Personnel operations for the entire plant are controlled and supervised in

the Administration Building. The ground level of the Administration Building

consists of a main entrance and reception area, a conference and display room,

and various offices arranged on a system of double corridors. A lunch room and

staff toilets are provided. The facilities provided in the Administration

Building are designed to support 60 individuals, the maximum number of operating

and maintenance personnel anticipated onsite at any time. The ground level

contains the main control room, auxiliary equipment areas, a computer equipment
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room, a maintenance and repair shop, tools and parts storage, offices, and

conference rooms. The upper level contains electrical and HVAC equipment and an

observation gallery above the main control room. Combined with the

Administration and Control Buildings is the Site Service Building, consisting of

a maintenance shop and a warehouse. Repairs and storage of items not directly

related to the reactor and its systems are carried out in this building.

Although visually combined with the Administration Building and Site

Service Building, the Control Building is a separate, two-level, hardened

structure that can be entered only from the rear corridor of the Administration

Building- An emergency exit is located on the north side of the building. The

layout of the main control room reflects anticipated technological advances that

reflect the future time for which this plant is intended. An expansion of the

operator console to include several CRTs is envisaged. Instruments and control

components are expected to continue their present trends toward miniaturization.

The customary cable-spreading area beneath the control room is replaced by an

access flooring system. Previously hard-wired controls of the reactor and

various systems are replaced by multiplexed signals in a communication tunnel

underground to the Reactor Building.

The Onsite AC Power Supply Building is situated to minimize cable runs to

standby power users. Two identical gas turbine generators are located in the

hardened one story building, which is 40 m long by 30 m wide by 10 ui high. A

fire wall separates the two units, and each unit has a switchgear room and

battery room. A 10-tonne bridge crane travels over each gas turbine. An

adjacent two-story structure to the south contains control equipment for the

switchyard on the upper level and a cable-spreading room on the ground level.

The Security Building contains closed-circuit television monitors used for

plant-wide operations to allow complete visual surveillance. Communication

equipment and plant-wide panels are also located in the building.

The hardened fire-water storage-tank pump house is located adjacent to the

raw-water reservoir, evaporation pond, and fire-water storage tank. This pump

house contains pumps and chlorinating facilities for the potable water system

and the diesel and motor-driven fire pumps that supply the fire loop.

The circulating-water pump house is located near the main cooling towers

and contains six pumps and the chlorlnation facilities for the circulating-water

system. A 20-tonne bridge crane travels overhead to assist in the installation

and removal of pumps and other equipment.
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7.13.3. Site Development and Utilities. Excavation and disposition of

excavated material Is required to establish the permanent contours of the site,

and an overall soil erosion program is needed to stabilize the site during

construction. The excavation program includes subgrades for railroads and

access roads, drainage structures and channels, and excavation and drainage for

all structures, buildings and foundations, circulating water lines, and other

underground lines. Excavated areas are backfilled to required levels with

compacted fill. Where suitable, existing onsite soils are used for constructing

compacted fills.

Sufficient roads and parking are provided within the site boundary.

Additional parking space for visitors is provided outside the boundary close to

the Security Building. The plant layout provides only one normal point of

entrance and exit for all but railroad traffic. Emergency exits and service

doors are monitored on alarm panels located in the control room and Security

Building.

Yard piping is required for the circulating water, plant service water,

standby service water, circulating-water makeup and blowdown, standby

service-water makeup, domestic water, fire protection, sanitary sewage, storm

sewage, and underground drainage systems. Sanitary sewage from the entire

facility is piped to an existing sewage treatment plant. Service sewer

connections are provided for buildings to carry peak flow based on the number of

plumbing fixture units in the buildings or the maximum estimated flow based on

building occupancy.

A railroad spur line will be constructed and brought into the plant area

from the nearest main railroad. The nearest main railway is assumed to be 7 km

from the site boundary.

Site utilities are those mechanical systems required for the support of

normal overall facility operations and include a raw-water system, service-water

system, auxiliary steam system, domestic-water system, potable-water system, and

a compressed-air system. The raw-water system consists of two full-capacity

pumps, located at the intake structure, that deliver raw water through either of

two underground pipelines supplying the raw-water reservoir, which in turn is

located within the power plant boundary. The service-water system consists of

two full-capacity pumps, a chlorination package, and the necessary piping,

valves, instrumentation, and controls to support all water supply requirements

of the plant. The pumps and chlorination package are located in a pump house
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adjacent to the raw-water reservoir. All domestic-water requirements are

supplied by the service-water system. A potable-water system is provided to

meet the plant potable-water demand. Water supplied by the service-water system

is processed in the potable-water treatment package.

The concrete pump pit for the circulating-water system is sized for six

pumps, separated from each other by concrete walls. Screens prevent trash from

entering the pumps; stop logs allow the pump well to be emptied for cleanup and

maintenance. The pit is designed to support the circulating-water pump house

and to transfer building loads to the supporting soil strata.

An auxiliary steam system is designed to meet all plant heating and hot

water requirements. In addition, auxiliary steam is used for startup of the

power-conversion cycle. The compressed-air system is designed to provide a

reliable supply of dry, clean, oil-free air for the pneumatic instruments and

controls. The system provides the necessary air requirements for normal plant

operation and maintenance. The design of the system is based on satisfying

plant and instrument air requirements in accordance with estimated concurrent

demand of each component, all at the required pressure.

The stack that discharges gaseous effluents from the Reactor Building, Hot

Cell, and Tritium Reprocessing Building is steel-lined, with a

reinforced-concrete outer shell, 100 m high and 14 m in diameter at the base.

The concrete shell is of slip-form construction and is supported on an octagonal

foundation. The 2-m-minimum-diameter steel liner is supported vertically by a

structural-sttfel frame attached to the concrete shell. To allow for the

expansion of the liner, horizontal support is provided by guides attached to the

concrete shell.
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7.14. Balance-of-Plant Systems

This subsection provides a summary of the design of the balance-of-plant

(BOP) mechanical and electrical systems. Details of the design are presented in

Appendix H; Appendix I gives -' 2 design rationale and tradeoffs used to arrive

at the BOP layout depicted in Fig. 7.:3-1.

7.14.1 Mechanical Systems. The power-conversion system, shown

schematically in Figs. 7.14-1 and 7.14-2, consists* of components of conventional

design for use in large central generating stations. The thermodynaraic cycle

itself and its components resemble the thermal cycle of a PWR fission power

plant. The power-conversion system is used to convert the reactor thermal

energy to electrical power. The 4028 MWt generated by the reactor is

transferred to the power-conversion system by the heat transport system. The

nominal thermal efficiency of the system is 33.6%. Credit is taken, however,

for an increase in this value to 35.5% with turbine efficiency improvements

anticipated by the time EBTR would be built.

The principal functions of the power conversion system are to:

• convert the available thermal energy to useful electrical energy at the
highest thermodynamic efficiency economically possible,

• reject to the atmosphere the nonrecoverable thermal energy, and

• maintain the temperature of the reactor first-wall/blanket and limiter
systems within specified temperature limits.

The principal parameters of the power-conversion cycle are presented in

Table 7.14-1 and Fig. 7.14-1. The major components of the power conversion

system are four steam generators, a sjngle turbine generator, the main

condenser, six condensate pumps, the steam-jet air ejectors, and the feedwater

system.

The facility heat-rejection system, shown in Fig. 7.14-2, maintains cooled

components within specified temperature limits during normal plant operation.

Cooling water is provided both directly to some components (e.g., plant

chillers) and indirectly to other components by the use of an intermediate heat

exchanger, such as those served by the closed-loop cooling-water system. The

total system heat load is 2722 MWt.

The overall system consists of: two hyperbolic natural-draft cooling

towers; six wet pit, vertical-type centrifugal pumps; a chlorination package; an

evaporation pond; and a raw-water reservoir for makeup. The natural-draft
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TABLE 7.14-1

POWER CONVERSION SYSTEM PARAMETERS

Parameter

First-wall/blanket heat load (MWt)

Pumped-limiter heat load (MWt)

Gross electrical power (MWe)

Gross turbine cycle efficiency (%)

First-wall/blanket coolant

• flow rate (tonnes/s)

• inlet temperature (K)

• outlet temperature (K)

• coolant pressure (MPa)

Limiter coolant

• flow rate (tonnes/s)

• inlet temperature (K)

• outlet temperature (K)

• coolant pressure (MPa)

Steam flow rate (tonnes/s)

Steam temperature (K)

Steam pressure (MPa)

Value

3726(a)

302

1430

35.5

Water

16.8

553

593

15.2

Water

1.17

388

448

4.11

2.02

572

6.3

Includes 34 MWt of pump heat.

cooling towers (Fig. 7.13-2) are aesthetic, massive structures of reinforced

concrete that offer lower operating costs than the mechanical-draft type. The

pump house provided for the pumps and chlorination package contains a well with

individual compartments for each pump and filter. Makeup water is continuously

supplied from the raw-water reservoir to the pump well to replenish water loss

by evaporation and draft and by tower blowdown.

The closed-loop cooling-water system provides high-quality, demineralized

and deionized cooling water to reactor auxiliary components and Reactor Building

cooling systems during normal plant operation. It consists of three

half-capacity pumps, three one-third-capacity heat exchangers, a surge tank, and

the necessary piping, controls, and instrumentation. Heat is removed from the

system at the three heat exchangers by the circulating-water system and

ultimately rejected to the main cooling towers. Normally, only two of the
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Fig. 7.14-1. Power-conversion-cyelo heat balance.
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Fig. 7.14-2. Power-conversion system and cooling water composite flow diagram.
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system pumps operate, with the third pump in a standby condition. The system is

connected to the standby cooling-water system to provide cooling water to the

Atmospheric Tritium Cleanup (ATC) systems and the solid-waste pools during

norial operation. The connections include isolation valves that close

automatically when the standby cooling-water system goes into operation, or when

the closed-loop cooling-water system is shut down for any reason. The total

system heat load is 157 MWt.

The standby cooling-water system provides high-quality, demineralized and

deionized cooling water to the ATC systems located in the Reactor Building, the

Tritium Reprocessing Building, and the Hot Cell, and to the solid-waste pools,

and the Control Building chillers during abnormal operating conditions.

Operation of the system occurs, for example, during an incident when the reactor

has been shut down, offsite power is unavailable, and the plant is using the

onsite standby power source. It is assumed in sizing the system that no more

than one of the three ATC systems will be operating at full load at any time.

The largest ATC cooling-water load occurs when the Reactor Building ATC system

is in its emergency operating mode and the other two ATC systems are operating

normally. Components of the system include a dry cooling tower, two

full-capacity pumps, a surge tank, and the necessary instrumentation and

controls. The maximum system heat load is 7 MWt.

Supporting systems required to sustain reactor and turbine plant operations

include the CO2 supply system, SFg gas supply system, demineralized-water

system, turbine plant cooling-water system, turbine-generator support systems,

turbine-bypass system, and the condensate storage-and-transfer system.

7.14.2. Electrical Systems Design. As shown on the electrical one-line

diagram given in Fig. 7.14-3, electrical power is generated at 26 kV and

transmitted via an isolated-phase bus system to the main step-up and unit

auxiliary transformers. The main electrical generator is nominally rated at

1430 MWe and will deliver about 1214 MWe (net) to the extra-high voltage (EHV)

switchyard. The 216-MWe difference represents the power required to drive the

plant electrical loads and to compensate for electrical losses in the system.

The generator circuit breaker is rated at 48 kA (continuous), 36 kV and

250-kA interrupting capacity. This breaker is provided to isolate the generator

from the system in case of fault and to provide a means of supplying the plant

auxiliaries during startup and shutdown from the EHV switchyard through the main

step-up transformer.
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The main step-up transformer bank consists of three single-phase units,

each rated at 425 MVA, FOA class at a 65-K temperature rise. It is connected to

the EHV switchyard by means of gas-insulated EHV buses through a motor-operated

disconnect and Is provided with redundant 480-V, 3-phase supplies for its

cooling equipment to ensure continuity of service.

The EHV switchyard consists of outdoor, gas-insulated equipment arranged in

a double-bus, breaker-and-a-half scheme to provide the necessary flexibility and

reliability required for a base-load plant. At least two full-capacity

transmission lines will be provided to transmit the net power output of the

station to the grid and to provide the offsite power necessary for startup and

shutdown when the main generator Is offline. Cpcration of the switchyard power

circuit breakers and motor-operated disconnect switches is accomplished from the

supervisory console in the control room or from the control panels in the

switchyard control house.

Normal power for the auxiliary plant loads is supplied from the auxiliary

power transformers. Two 60-MVA transformers with double 13.8-kV secondary

windings each feed a 13.8-kV switchgear bus servicing general motor and unit

substation loads. Two other 60-MVA transformers with double 13.8-kV secondaries

each feed a 13.8-kV switchgear bus that services the LHH and ECRH power

supplies. One of the transformers servicing the general motor loads also

provides power to the TF/ARE-coil power supply. This power could also be

supplied from the transformer servicing the LHH power supply in the interest of

isolating the power supplies from the rest of the plant in order to minimize the

effect of harmonics. Two 4160-V main switchgear buses are fed from a 40-MVA

double secondary-winding transformer. These buses service motors rated from

190 kW (250 hp) to 3 MW (4000 hp). Larger motors are supplied from the 13.8-kV

buses, and smaller motors are supplied from the 480-V load centers and 480-V

motor control centers.

Each auxiliary electrical-power-supply bus (13.8 kV and 4.16 kV) has two

sources of power supply: one from the unit auxiliary transformers and the other

from the reserve station service transformers. An automatic power transfer to

the reserve station transformer is implemented when the unit auxiliary power

supply fails. The reserve transformer provides 100% back-up to the 4.16-kV

buses and 50% back-up to the !3.8-kV buses. This capacity is sufficient to

provide continuous service in the event of an auxiliary-transformer failure and

to provide adequate power for plant shutdown in the event of a generator and/or
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Fig. 7.14-3. One-line diagram of the unit generator and auxiliary power system.

.A I LI

i ! •; I i " i P i.
s « :; n

•V

i

, ••' r » •:

,* *• f i ' . •

••!,i

% ; b

•<< 1 1 » ,

11 ii

I fill

1 ••••>- 3 ; c» — 3 ^

f CK L



-i.

JtT
X
1

™^ i:r m*

v V

u
!

'«>i w a iiWiP f—^ f—

C i
\ </

Y Y T/mwWJ^wv, /

j ' i
?,,,,.„ T

rfMTuH r.- wait

\— \ ''^Jnrlui
wA\lL Oi/iOC • r:

•?•-•• » s - e - -/ . \(j>n 'Yf"fJ

T

i.,*»». J.- ••-, **** BV& -sea ?..

( Y ALL 15 8KV tlUCUIT BREAKERS

I K HflHO 1200". 500Wft ] , ( . . .

IHLES: SHWTi OTHEWISE

iflLFSS SHOW OTHEWISE

( I )«80V DRMJtn AIR CIRCUI

Ed£flHRS ARE WTED FOR

H2.W0A I.C. PlSlflUf

E=E —1_ fJIP
THE RALPH M PAflSOKS COMPANY

LOS ALAMOS SCIENTIFIC LABORATORY
LOS ALAMOS, NEW hCXICO

ELMO BUMPY TORUS REACTOR
ELECTRICAL

UWT GENERATOR *
UJWU«RV POWER SVSTEI

ONE LINE DIAGRAM

- i - 16121

E-6121-EE-01



main-step-up-transforraer outage. The 480-V load centers are double-ended so

that failure of one transformer will not result in reduction of station output.

An onsite ac power system is provided to service the vital Loads required

for an orderly shutdown in the event offsite power is lost and/or a generator

outage occurs. This system consists of two 100% redundant, independent, and

separate onsite gas turbine/generators, each connected to a redundant 4.16-kV

switchgear bus, which in turn can also be connected to the preferred power

source. The gas turbine/generators are designed for starting and loading within

about 60 s and will start automatically upon loss of the preferred source.

A dc battery supply is provided for the "trip" and "close" functions of

electrically operated circuit breakers, solenoid operated valves, control

systems, vital lighting, station annunciators, communication equipment, and

devices used during turbine coast-down. Through dc/ac inverters, the batteries

are also used to provide power to the turbine/generator and reactor protective

system, and to instrumentation required for an orderly shutdown.

Lighting and low-energy auxiliary loads are supplied from the 120/208-V or

277/480-V solidly grounded lighting systems. Lighting lux levels are at least

equal to the minimum recommendations of the IES.1 Fixtures are fluorescent, or

sodium or mercury vapor, as appropriate. Emergency lighting is incandescent so

that it can be supplied from either dc or ac power supplies.

The plant grounding system consists of buried bare-copper cable meshes and

copper-clad steel ground rods, designed to maintain an acceptable ground

resistance level. All electrical equipment, as well as building steel and

piping systems, is grounded in accordance with the NtX.2 Also provided are a

communication system, a lightning-protection system, a cathodic-protection

system, and electrical heat tracing, as required.

Electrical equipment is arranged and located logicalLy to minimize length

of runs for interconnections and to facilitate maintenance and testing. The

raceway system is made up of cable trays, conduits, and underground ducts with

the electrical cables contained therein. Cable trays are of galvanized steel,

ladder type or solid bottom, with solid covers where required. Conduits are

galvanized rigid steel. Power, control, and instrument cables are copper and

ethylene-propylene rubber (EPR) or cross-linked polyethylene (XLP) insulated

with a hypalon or neoprene outer jacket. Power cables for 4160-V service and

above are shielded. Instrument cables and thermocouple extension wires are

shielded individual pairs or triads with an overall shield. Complete and
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coordinated protective systems are provided for the generators, power

transformers, switchgear buses, motors, and other electrical devices.

REFERENCES

1. Illuminating Engineering Society Lighting Handbook, Section 9, 5th edition
(1972).

2. National Electrical Code, ANSI/NFPA No. 70 (1981).
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7.15 Environmental and Safety Issues

A comprehensive safety study was not conducted as part of this EBTR design

study. However, the safety and environmental aspects were qualitatively

integrated into all design decisions. This section contains a brief discussion

of the following key safety and environmental issues: tritium, induced

radioactivity, loss-of-coolant accident, loss-of-helium accident, plasma

disruption, and other general concerns.

The containment and reduction of the tritium inventory is a major concern.

A tritium barrier consisting of a steel liner completely encloses the reactor

hall and the priuiary-cool,'at component room, where the highest likelihood of a

tritium release is expected. The use of the He-purged solid breeder helps

minimize the "vulnerable" tritium. The tritium retained in the solid breeder is

the largest component of the total tritium inventory in the plant (~ 42 kg),

although only an insignificant amount of the blanket tritium is expected to be

released to the environment in event of an accident. Table 7.15-1 summarizes

the distribution of tritium in the EBTR power plant according to "vulnerable"

and "nonvulnerable" categories; the "vulnerable" tritium inventory remains below

one kilogram. The inventory values given in Table 7.15-1 were computed

according to the prescription given in Ref. 1, using the EBTR design parameters.

The use of triple barriers wherever possible reduces the possibility of an

accidental release of both categories of tritium inventory. As seen from

Table 7.15-1, the largest component of the tritium inventory is contained in the

solid breeder and is considered "nonvulnerable", in the sense that a rapid,

TABLE 7.15-1

EBTR TRITIUM INVENTORY (g)

Tritium System "Vulnerable" "Nonvulnerable"

~ 40,000Solid breeder blanket

Blanket purge stream

Blanket tritium recovery

Vacuum pumps

Fueling

Fuel processing

Storage

TOTAL

-

0.4

~ 500

150

~ 100

-

-

750

200

~ 1,500

41,700
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total release is not considered possible. The absolute magnitude of the

steady-state tritium inventory within the blanket (Sec. 7.3.5.), however,

requires considerably more analysis.

The neutron-induced radioactivity of the first-wall, blanket, shield, and

limiter materials is also an area of concern. Although this radioactivity is

less mobile than that associated with tritium, it is considerably more

long-lived. The materials used in the EBTR design, such as Nonmagne 30, were

selected to minimize1 the very long-term neutron-induced activity.

The inert (CC^) atmosphere chosen for the reactor hall reduces the

activation of the atmospheric gases. If air were used, 1 4C, 16N, and 4 ^ r would

be produced. An N2 atmosphere would produce 1LfC. An inert CO2 atmosphere

considerably reduces the activation of ltfC and 41Ar, leaving primarily the

activation of 16N, which is a short-lived isotope.

The LOCA, just as for PWR fission reactors, represents another safety

concern for the EBTR design. A complete break in the primary coolant line would

cause the pressurized-water coolant to flash to steam, creating an overpressure

condition within the Reactor Building. To minimize the consequences of the

LOCA, the primary coolant system is divided into four independent loops. Since

a LOCA can also be initiated within the reactor hall or in the primary coolant

room, the rooms are connected so that the two volumes act as a single pressure

vessel sharing the overpressure load. With the same thermal output as the

largest fission PWR power plants, the EBTR design overpressure is 83.7 kPa

(12 psi), which is roughly one-fifth that of a PWR fission reactor design

requirement. Section 7.10.3. gives more information on the overpressure

requirements. In the event of a LOCA and/or a loss-of-flow-accident, the plasma

will be shutdown immediately. The blanket thermal inertia and the low level of

decay afterheat is expected to combine to give a low probability of gross or

local melting of any reactor component. The steady-state temperature predicted

for the breeder is 820 K and 720 K for all first-wall and blanket components

(Sec. 7.3.4.5.).

In the event of a loss of liquid helium from a single TF/ARE-coil dewar,

the overpressure within the reactor is minimal (8.6 kPa). This result

represents an improvement over most tokamak fusion power plants,1 in that the

EBTR coils are more numerous and dispersed. If the He coolant is lost from a

single coil set, all coils are de-energized simultaneously.
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A safe method of dissipating the stored energy in the coils (131 GJ) is

discussed in Sec. 7.4. The dump resistors are designed with passive

stainless-steel resistor elements that require no active cooling or control

systems. The dump resistors are placed directly under the magnets in the

reactor room to minimize the lead lengths and response time. Ninety percent of

the energy contained in the TF/ARE coils can be dumped in as little as 400 s

without damage, although de-energizations on the order of hours would be more

typical for a routine condition.

A plasma disruption onto the first wall is also not as serious a problem

for an EBT as for a tokamak reactor. It is anticipated that a plasma disruption

will produce minimal effects on the wall materials. Hydrogen detonations or

explosions could be potentially a very real danger. The reactor and

primary-coolant-loop room has an inert CO2 atmosphere, which negates the

possibility of an explosion.

REFERENCES

1. C. C. Baker (Principal Investigator) e£ al^., "STARFIRE - A Commercial
Tokamak Fusion Power Plant Study," Argonne National Laboratory report
ANL/FPP-80-1 (September, 1980).
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8. PHYSICS, ENGINEERING, AND ECONOMIC ASSESSMENT

It is clear from the discussion given in Sec. 2.4.2. that a strong

coupling exists between physics, engineering, and economic issues for the EBTR.

This section assesses these issues accordingly, recognizing that the demarcation

between physics and engineering in some instances is not distinct.

8.1. Physics Assessment

This section briefly appraises the plasma physics and plasma engineering

bases that have been used to arrive at the reactor design point. If a single

assumption were to be identified that has the strongest impact on the computed

design point, it would be the method of factoring the density, temperature, and

electric-field profiles into a zero-dimensional analysis. The selection of the

appropriate values for the scale lengths has a strong influence on the particle

and energy fluxes that determine burn dynamics, the electron-ring energy losses,

the recycling of DT fuel, and the feasibility of the passive pumped-limiter

scheme proposed for impurity control.

8.1.1. Startup and Burn Dynamics. A quantitative startup scenario is

required to spec'fy more accurately the kind and ^agnitude of the associated

auxiliary-heating power requirement, which in turn impacts directly on the

first-wall/blanket/shield (FWBS) design. Modeling of the impurity-control

(divertor or pumped limiter) and vacuum systems in a way that couples them to

the startup transient is also needed. The validity and accuracy of the point-

plasma model in simulating three-dimensional processes such as startup,

ignition, and burn dynamics should also be further examined. Although an effort

has been made to convert an existing EBT one-dimensional (radial) code to

simulate reactor-grade DT plasmas (Appendix C), more work remains to be done in

this important area. The one-dimensional simulation can provide valuable

guidance for the zero-dimensional model with respect to: a) proper incorporation

of density/temperature profile averages, b) better estimates of the point value

for radial electric field, c) means by which both energy and particle transport

should be treated for the alpha particles, and d) more self-consistent treatment

of location, size, energy losses, and magnetics effects of the electron rings.

Last, and quite important, means of controlling thermal stability through

heating and fueling the plasma during startup and sustained burn should continue

to be studied. With the aid of one-dimensional simulations more insight into

the volumetric (radial) effects of pellet or edge refueling, ion cyclotron
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resonance heating/electron cyclotron resonance heating (ICRH/ECRH), alpha-

particle containment/heating, and impurity control should result.

8.1.2. Magnetics/Orbits/Transport. The magnetics design evolved during

this study, although based on extensive investigations of various

configurations, may be conservative from the viewpoint of blanket and shield

requirements. A more compact reactor with a higher power density is desirable.

Hence, additional studies using a vacuum-field model that is similar lo the one

described here are recommended. Alternatives to the aspect-ratio-enhancement

(ARE) coils should also be examined in a reactor context in order to reduce the

stored magnetic energy and the peak magnetic field at the coil windings. The

transport coefficients used in this study have been coupled to the burn

simulations, but added insight developed from the one-dimensional (radial) burn

simulations can be immensely helpful in improving this coupling. The ultimate

(state-of-the-art) step towards describing EBTR transport would be to combine

the magnetics/transport/orbit model used in this study with estimates of the

non-isotropic components of the particle distribution function and to compute

directly the appropriate diffusivities for use by the thermonuclear burn

simulation. This technique is similar to that presently being used to analyze

the EBT experiments.1 In any event, the reactor magnetics model should continue

to be improved and compared with other similar codes and models, as has been

done in Appendix D, in order to rectify either real or perceived differences

between reactor calculations and experimental devices. Areas of potential

improvement are: a) inclusion of the alteration of the magnetic field by the

presence of a finite-ber.a plasma and electron rings, b) calculation of a more

rigorous particle distribution function, c) inclusion of the electric fields,

and d) the expansion of the orbit calculations into two dimensions.

8.1.3. Stability and Equilibrium. The requirements placed on the design

point by considerations of stability and equilibrium have been approximated by

simply specifying a maximum limit on the midplane beta. Specifically, the

average bulk-plasma beta was chosen to assure that the corresponding midplane

bulk-plasma beta is equal to or less than the electron-ring beta. An upper

bound on the electron—ring beta of 0.5 was chosen for this study, which gave an

average bulk-plasma beta limit of ~ 0.2 for the mirror ratios used. As is seen

from the parametric burn curves given in Fig. 6.2-3, the system performance

(i.e., Qn versus I ) is a sensitive function of beta. This sensitivity calls
P

for a better coupling r.f the developing theories of EBT stability/equilibrium
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into the reactor study, as is discussed in Sec. 4.1. Specifically, the alpha-

particle pressure must be included in the calculations of beta, but more

importantly, the effect of a portion of the plasma pressure arising from a

necessarily superthermal population of alpha particles on the beta limit must be

examined for reactor-grade EBT plasmas. The question of stability/equilibrium

beta Limits is important because this study indicates that attractive reactor

designs require average bulk-plasma betas greater than 0.15 for the present EBT

transport scaling.

8.1.4. Flectron Rings. This reactor study incorporated the energy losses

from the electron rings into the reactor energy balance by specifying a maximum

allowable recirculating power fraction associated with ring sustenance; the

required ratio of ring-to-core plasma volume was then specified. A more self-

consistent model would account simultaneously for profile effects, beta limits,

and the ring energy losses and volume. Although the approximate approach

described in Appendix E in part accomplishes this coupling, considerably more

work is required. An operating regime where ring losses are acceptable can be

postulated on the basis of the results presented here; however, the constraints

imposed by pressure balance and the symbiosis between ring and core-plasma

stability should be incorporated into the burn simulation. The bulk plasma

startup scenario adopted for this study (i.e., constant electron collisionality

£e and T <= Br 2/T scaling for good thermal stability) has not been related to

the electron-ring physics. The assumption that stable rings can be formed at

the assumed starting conditions [1 keV, £e = 0.1, and n = 1(10)^^/m
3] is weak,

because a minimum level of drag loss is required before the rings can be

established. This aspect of the startup scenario must be examined more closely

and will probably result in a scheme wherein £e is allowed to vary within

certain bounds (0.1 < £ e < 1.0), with a target £e being selected in conjunction

with the constraints imposed by first-wall neutron loading and the desire for

ignited or high-Q driven operation. Once ignited, the effects of thennallzing

alpha particles and the added electron density as Ze^j attains an equilibrium

value also require further study. The effect of the electron-ring diamagnetic

currents on the magnetics/orbits/transport aspects of the reactor model should

also be examined.

8.1.5. Alpha-Particle Heating. For all burn simulations, the alpha

particles were assumed to be transported with the ion particle confinement time

(i.e., according to neoclassical theory), whereas the thermalization process was
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described by a zero-dimensional Fokker-Planck model. The magnetics results

(Sec. D.4., Appendix D) indicate that as many as 30% of the alpha particles may

be lost on first orbits. Refinements to the magnetics model are needed to

assess the accuracy of this preliminary result, which would exert a strong

influence on the burn simulations. Furthermore, alpha-particle accumulation in

the bulk plasma was found to be acceptable for a continuously ignited plasma, if

the edge neutral atom pressure was maintained at a sufficiently low level.

Because this issue is central to any ignited or nearly-ignited DT fusion device

and is particularly difficult to quantify for the nonaxisymmetric EBT, a more

detailed analysis is warranted. As was noted previously, the electron-

ring/alpha-particle interaction warrants preliminary consideration, and the one-

dimensional burn simulation offers some potential in this respect. It was also

noted that the steady-state alpha-particle pressure would contribute an

additional ~ 0.05 to the average ion/electron beta of 0.17. If this prediction

is valid under closer examination, the effects of a significant alpha-particle

pressure and related increase in electron density on the

electron-ring/core-plasma transport and stability/equilibrium symbiosis should

be quantified. The alpha-particle model requires refinement in the following

areas: a) inclusion of alpha particle flux in the ambipolar condition, b) use of

a energy-dependent diffusion model within the Fokker-Planck prescription, and c)

extension of the Fokker-Planck method to nonisotropic distributions.

8.1.6. Impurity Control. Based on neoclassical transport, conventional

vacuum techniques for maintaining plasma purity will lead to unacceptably high

neutral-atom pressures at the plasma edge. The pumped limiter has recently been

suggested^ as an attractive alternative to both conventional vacuum systems and

the magnetic divertor. This study, therefore, chose to examine in detail the

adaptability of the pumped-limiter impurity-control concept to the EBTR

configuration. Magnetic divertor concepts, however, should be given future

consideration for the impurity-control system in EBTR. This effort would be

coupled closely with both the magnetics/orbits/transport calculations and the

burn simulations. Major issues that need to be addressed include: a) the best

choice of divertor configuration (bundle or toroidal) for the EBT magnetic

topology, b) the relationship between the number of divertor units arrayed

around the torus and the ratio of trapped versus passing particles and the

collisionality, c) the selectivity of a given divertor scheme for helium, d) the
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compatibility of electron-ring and divertor physics, and e) effect of the

tfivertor on core-plasma transport.

The preliminary calculations of the (passive) pumped-limiter impurity-

control scheme given in Sec. 7.5. show the promise of this concept as applied

to the EBT geometry. In order that this concept perform satisfactorily, a

number of crucial physics and engineering issues must be resolved. These issues

are related to the magnitude of the recycle fraction, Rj-ĵ , the transport physics

in the cold-plasma boundary layer, the edge-plasma recycle kinetics, and the

chermurr.echanical - integrity of the limiter. Specific areas for future work

include: experimental studies of the effect of limiter surface erosion and

redeposition on limiter integrity; further modeling of the neutral/plasma

interaction in the limiter slot and of the limiter sheath potential; and

additional one-dimensional calculations that include the effect of sputtered

impurities on the plasma particle and energy balances. Improved estimates of

the effect of sputtered impurites on the electron rings are also needed.

8.1.7. Plasma Heating. The rf power needed to create and to sustain the

electron rings, as well as the power needed to ignite the core plasma, has been

treated by the point-plasma model only as an effective power density applied to

either electrons or ions. The physics and technology of the power supplies

required for the different heating schemes, as well as the means by which this

power is to be transmitted and coupled to the plasma, have been resolved only in

concept. Generally, both ECRH and ICRH are applied in the burn simulations used

to determine the interim design point. The application of only ICRH after

achieving an ignition or a high-Q driven steady state proved adequate and

desirable. The use of only ICRH during startup also appears to be adequate. An

acceptable steady-state operation could not be achieved by ECRH alone. Because

a large fraction of neutral-beam heating unavoidably is coupled to the

electrons, this particular heating scheme for startup does not appear as

favorable as ICRH. Consequently, future study should focus on ICRH for startup

control and sustenance of the core plasma, although novel schemes such as hot-

ion heating should also be examined.

The lower hybrid heating (LHH) scheme adopted for plasma startup by this

study implicitly assumes that the rf is deposited primarily to the ions and that

the LHH frequency could be continually varied at a waveguide power density in

excess of 10 MW/m2 to track the evolving plasma density and temperature. The

physics of the LHH energy partition between electrons and ions requires further
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resolution. Furthermore, the peak. LHH power density computed by the

st.i rtup/burn simulation is an order of magnitude greater than the design value;

this behavior reflects the poorer confinement at the low (startup) plasraa

temperatures (i.e., Te <* T
3 / 2 ) . Although ostensibly unimportant for a steady-

state fusion device, the need for large startup powers (i.e., of the order of

the steady-state power output) would have undesirable consequences on both FWBS

design (i.e., reduced first-wall area and blanket volume because of increased rf

ducting), as well as on the capital cost of the startup power supplies.

However, as was stated previously, the level of analysis performed to date does

not preclude a startup method that reduces the required startup power from '"hat

calculated by the burn code.

The question of high-Q driven versus ignited operation was not

quantitatively resolved by this study; this question represents primarily an

economics issue (Sec. 8.3.3.). Although the high-Q driven design point reported

in Sec. 6.2.2. requires a power that fortuitously equals the electron-ring

c>llisional-drag power, actually supplying this steady-state LHH would result in

a ~ 10% increase in cost of electricity (COE), primarily as a result of the

increased recirculating power fraction. The assumption that this collisional-

drag power will heat the core plasma needs to be examined. From the physics

viewpoint, this question of achieving a thermally stable ignition can be

resolved only by a more detailed one-dimensional analysis of the kind suggested

in Appendix C. The local (radial) heating profiles must be self-consistently

coupled to local refueling rates, charge-exchange processes, and bulk-plasraa

transport In a high-beta system. For the purposes of the engineering study,

ignited operation was assumed, whereby the LHH"power could be turned off once a

steady-state was achieved.

8_.1.8. Zero- versus One-Dimensional^ Bû rn Dynamics. This study incor-

porated a parallel development of a one-dimensional burn code to test eventually

the strong influence of assumed denslty/temperature/electric-field profiles.

The elimination of computed profile anomalies proved to be difficult and could

not be performed within this study. If the one-dimensional simulations

presented in Appendix C, however, are assumed to approximate reactor

performance, then the Q-value of the design point, as predicted by the zero-

dimensional model and the assumed profile factors (Appendix B), is high by

nearly an order of magnitude. Because profiles may play a critical role in the

evaluation of EBT reactor performance, the resolution of the profiles under
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reactor conditions should receive continued attention; specifically, a) EBT

transport theory should be further developed to provide smooth transitions in

coordinate space between collision regimes, b) the effect of varying the

collisionality at the plasma boundary should be explored, and c) considerably

more analysis and model development is required of processes occurring at the

cold-plasma boundary.

8.2. Engineering Assessment

This section assesses the current and projected engineering capability

needed to design, develop, manufacture, install, and maintain the EBTR

conceptual design. This conceptual design maximizes the use of conventional

state-of-the-art power plant technology. Many technologies or methods that are

new to the power industry were selected from present practice in other technical

or manufacturing fields. A few systems and components in the Reactor Plant

Equipment (e.g., the ECRH and LHH systems) represent extensions from present

state-of-the-art insofar as size, power, reliability, and/or operating lifetime

are concerned. Achieving these systems or component requirements will require

developmental work. The largest engineering uncertainties are associated with

the performance of a few reactor systems (e.g., tritium release from and

transport in the solid breeder and the pumped-limiter surface erosion and

heating). The overall engineering assessment indicates that the EBTR power

plant hardware is capable of being designed, built, and operated in conformance

with the preliminary requirements and criteria evolved for this conceptual

design. This engineering assessment is presented according to key reactor

subsystems in the order generally given in Sec. 7.

8.2.1. First Wall, Blanket, and Shield. The engineering assessment of the

FWBS system focuses on the protective first-wall Be coating, first-wall

fabrication and lifetime, tritium-breeder performance, and coolant tube

integrity. A majority oJ the power produced in the plasma is delivered to the

FWBS systems; this power is then converted to usable heat for transport to the

power conversion system. The first-wall and blanket structure is an advanced

austenitic stainless steel that is specifically tailored for a high neutron

fluence. The fabrication of FWBS configuration for the EBTR design parameters

using this material should present no problems. The prime candidate alloy

stainless steel (PCASS) has been selected for the desirable features of high

strength at elevated temperatures, low thermal expansion, moderate but

acceptable thermal conductivity, low elastic modulus, and tolerance to creep and
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radiation-induced swelling. This material is being • developed and fully

characterized for use in fusion reactors. ' Fatigue and crack growth are

possible concerns, but the proposed steady-state operation for EBTR considerably

reduces this problem. Stress-corrosion cracking can be controlled by

maintaining proper water chemistry in the primary coolant loop. Radiation

damage is expected to limit the lifetime of the structural material, with a goal

of 16 MWyr/m^. For reactors with moderate to high neutron wall loading,

achievement of this goal is critical in order to operate with acceptable

maintenance times and, hence, plant avaiLability and economics. For EBTR with a

lower first-wall neutron loading (1.4 MW/m ), meeting this goal is not as

critical to the necessary plant availability.

Application of a 2.6-mm-thick beryllium coating onto a 1.5-mm stainless

steel substrate represents an area of concern. Several possible bonding

techniques, such as brazing, diffusion bonding, roll bonding, explosive bonding,

and plasma spraying, are considered. The required coating technology is

presently being evaluated for inclusion in the International Tokamak Reactor

(IN'TOR)1* and the Fusion Engineering Device (FED).5 If further study of beryllium

continues to indicate that this material is a viable coating material,

development of a reliable beryllium bonding technique will be required for the

reactor environment. The similar coefficients of thermal expansion for Be and

stainless steel reduce the interfaclal shear stress and should insure a reliable

bond. The analysis given in Sec. L.3.3. predicts that a 2.6-mm-thick Be

coating will provide adequate material thickness to account for uniform erosion

over the lifetime of the first wall. Verification of this prediction, however,

will have to be made by a more detailed model that accounts for the

configuration-dependent, localized erosion, and buildup of coating material, as

well as unscheduled plasma disruptions.

The first-wall coolant panel can be fabricated by joining two

stainless-steel panels that have been embossed or corrugated to form the desired

channel shape (Fig. 7.3-5). The integrity of the resistance-welding or roll-

bonding process is the critical issue to insure no failure with an internal

pressure of 15.1 NPa. Welding of these coolant panels to intermediate flow

headers and to main coolant headers also represents an area of concern. The

necessary reliability of both welding processes is anticipated with the

application of proper quality control techniques, although the effects of
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differences in radiation damage between welded (i.e., desensitized alloy) and

the host PCASS remains largely unknown at this time.

An area of concern for the Be neutron multiplier is related primarily to

cooling. The high thermal conductivity of Be allows edge cooling in this design

(Sec. 7.3.4.2.). Characterization of the operational Interfacial thermal

conductance between the coolant panels and the multiplier region remains

uncertain and must be accomplished on the specific design configuration adopted.

Design approaches will have to be developed to insure consistent and acceptable

values of interfacial thermal conductivity throughout the blanket configuration,

temperature range, and operating lifetime. The engineering analysis given in

Sec. 7.3.4,2. deliberately selected conservatively low values for the

interfacial thermal conductivity when compared to values presently measuied as

nominal conductivities. Radiation damage, the effects of large helium-gas

generation (3800 ppm/yr), and release rates from the transmuted Be present other

areas of concern; the present design allows 30% volumetric void content to

accommodate radiation-induced swelling. Although structural effects are

expected to b« unimportant, the radiation damage on the heat transfer

characteristics of this high-power-density region (4-10 MW/m3) remain largely

unresolved. Beryllium is a somewhat scarce and expensive resource. The u^c of

Be as a neutron multiplier requires a sizable amount of material (~ 180

tonnes/reactor) and it is burned at a rate of 8.24(10) tonnes/MWtyr. If no

recycle of Be is planned, approximately 500 tonnes would be required over the

life of the reactor. However, due to the low activation and burnup of Be, a

high percentage can be recycled, thereby reducing the lifetime requirements.

Adequate beryllium reserves are assumed to exist in this case. The U.S. Bureau

of Mines7 estimates the U.S. Be reserves at 25,400 tonnes and world reserves at

381,000 tonnes; the total resource is approximately three times these values.

Appendix C of Ref. 2 gives a complete analysis of reactor resource requirements,

material resources and reserves, and projected demand for the STARFIRE tokamak

reactor. This analysis is also applicable to EBTR, except for the larger

beryllium requirements of the latter. Generally, it should be noted that Be is

required because of the choice of LiA102 for the tritium breeder; the selection

of Li20 would eliminate the need for Be and the potential problems addressed

above.

445



The release of tritium from the solid LiA102 breeder and tritium migration

to the helium purge streams represent crucial issues requiring more thorough

investigation prior to inclusion into any fusion reactor. One key to acceptably

rapid tritium release and low tritium blanket inventories is the proper

tailoring of temperature profiles throughout the breeding zone. More detailed

thermal modeling of this system is required, as well as further measurements of

tritium diffusivity in and release from the solid breeder. The solid breeding

material, LiAlC^, was chosen as a base-line material for the EBTR design because

of desirable chemical properties, as well as a more extensive data base relative

to other solid breeders. Lithium silicates appear as promising alternatives,

which could be more fully characterized and included in any developmental

efforts. Generally, the bulk diffusivity, sintering kinetics, internal and

external surface kinetics, and morphological changes (all under extreme

radiation environments) represent key uncertainties for all solid breeders. The

sensitivity of the tritium release kinetics and blanket inventory of tritium to

the bulk diffusivity was shown in Sec. 7.3.5., and Ref. 2 gives the results of a

study of tritium release from internal voids within the LiAlOo matrix.

The reflector and coolant manifolding regions appear to present few

engineering difficalties. The bulk shielding operates in a much less severe

heat and radiation environment and is also expected to present few serious

operational engineering difficulties. The use of a tungsten/lead matrix in the

coil-plane shield (this matrix being formed by pouring molten lead over the

tungsten powder) is expected to be an inexpensive fabrication technique. The

base line for the material shield structure is 304 SS; if chromium supplies

become limiting, Nonmagne 30 represents an "acceptable substitute.8 Nonmagne 30

is a readily weldable and formable steel, which may be used for structural and

shielding functions. The shield geometry adopted for this design was shown to

accommodate easily the structural requirements and presents no unique problems

for the level of design performed here. Unique geometry solutions, however,

will undoubtedly have to be formulated to assure adequate local shielding, while

maintaining the desired features of accessibility, remote maintenance, and

modular construction. The shield also functions as the vacuum boundary for the

vacuum chamber. To assure a reliable yet remotely maintainable vacuum seal, a

flexible, weldable metal flange is located outside the shield. This seal will

be welded, severed, rewelded, and inspected remotely. These operations can be

accomplished with an automatic welder/cutter machine, as described in
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Sec, 7.11.1.3. Weldable seals of this genre are currently in use9 and are

capable of multiple sealing/unsealing operations.

Central to the feasibility of the 77% plant avilability upon which the

favorable EBTR economics are based is the ability to remove both the coil-plane

(205.3 tonnes) and midplane (273.3 tonnes) FWBS modules without disturbing

(i.e., warmup/cooldown) the 726-tonne toroidal-field/aspect-ratio-enhancement

(TF/ARE)-coil sets. As described in Sec. 7.11.1., an outward/radial movement of

the midplane FWBS module would be followed by a toroidal and then outward/radial

transfer of the coil-plane FWBS module. The toroidal movement of the coil-plane

FWBS module would be facilitated by tracks that are integral to the inner bore

of the TF/ARE-coil set. Both the procedure and equipment need for these fully

remote operations have been described (Sec. 7.11.1.3.), but considerable

advancement in the state-of-the-art is required to achieve the proposed

replacement schedule.

8.2.2. Magnet System. Development programs for large superconducting

magnets operating at field strengths equal to that required by this design are

in progress.10 These programs are structured to obtain the necessary expertise

for designing, fabricating, and operating large superconducting coils. This

technology must and is expected to be well founded by the time the EBTR is to be

constructed. These coils are necessarily considered life-of-plant components

with low failure probability. The specific EBT magnet design does not impose

new requirements or constraints beyond those for which the program described in

Ref. 10 is targeted. The EBTR magnet requirements are less severe than D-shaped

coils required for tokamaks in several respects. The solenoidal shape is easier

to fabricate. Enclosing the ARE coils within the TF-coil dewar provides a more

efficient load path between the TF and ARE coils as is discussed in Sec. 7.4.

The net external loading of the TF/ARE-coil set is considerably reduced over the

individual coil loads, resulting in a more efficient and accessible support

structure. The procedure proposed in Sec. 7.4.3.9. for TF/ARE-coil and coil-

set alignment is preliminary but feasible: each TF/ARE-coil set would be

separately aligned at the fabrication site prior to final assembly; the field

coordinates marked on each coil set would be used during the initial assembly of

the torus; fine spatial alignment would be provided; and the magnet sets so

aligned would be held in place for the life of the plant. Areas of fault

detection, protection, and control systems will have to be developed to a status

required of a commerical application. High-current, reliable circuit breakers
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will have to be developed for this and other magnetic fusion systems.

Investigation of the magnet system failure-mode analysis, particularly in the

area of open circuits in the superconductor and stabilizer combination, will be

required. Section 7.4.5. also estimates the consequences to the first wall of

a single TF/ARE-coil failure requiring the dissipation of all the stored energy

to the external dump resistors, which in the worst case will require an energy

dump time in excess of 2 s if all plasma energy is deposited at the failed

sector and a 10 MW/m2 peak first-wall heat flux is not to be exceeded: this time

seems reasonable in view of the ~ 400-s L/R time expected for a failed coil set.

The total magnetic energy (131 GJ) stored in the EBTR torus is comparable to

other steady-state fusion reactors (~ 60 GJ for STARFIRE2) and could be

significantly reduced if lower current, more efficient ARE-coil configurations

are evolved.

8.2.3. Impurity Control. From an engineering standpoint, the present

limiter impurity-control system offers little risk, given that the projected

physics performance can be achieved. These physics issues r.eed to be resolved

and proven, as is discussed in Sec. 8.1.6. The engineering effectiveness and

feasibility of the pumped limiter is strongly dependent upon the ability to

maintain acceptable edge-plasma characteristics (Sec. 7.5.). The physics of the

edge-plasma region is not well defined at present. The analysis presented in

the course of this study suggests a physics performance that is amenable to a

successful engineering design. The resulting limiter configuration features low

heat loads and effective particle removal, while accommodating thermal expansion

and movement relative to the blanket module. The crucial coupling between

pumped-limiter physics and engineering, however, can potentially lead to

unacceptably high heat fluxes and sputtering rates at the liuiiter if the

postulated edge-plasma phenomenology proves inaccurate.

The structural material chosen for the limiter is 316 SS, although several

alternatives are possible (Sec. 7.3.4.4.). The low neutron wall loading and low

surface heat flux allows the use of stainless steel for the limiter structural

material. If the heat loads increase above the current design values, because

of either altered physics performance or increased reactor power density,

another structural material must be selected for the limiter. The lower

temperature and pressure water coolant also reduces the thermal stresses under

which the pumped limiter operates. The limiter surface is coated with

beryllium. Without a method of _iii situ recoating, any coating of reasonable
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thickness will be reduced too rapidly by sputtering or erosion. The selected

design approach uses an initially 1.O-mra-thick beryllium coating, which is

postulated to be maintained at a constant thickness by injecting beryllium into

the fuel stream. Surfaces in regions near the vacuum slot are expected to

experience a net buildup of beryllium; however, this should present no

difficulites. Verification of this technique to maintain dynamically the Be

coating, along with the limiter cooling and pumping effectiveness, will require

considerable development. It is emphasized that a quantitative analysis and

evaluation of more "conventional" magnetic divertors was not performed by this

study, and, therefore, should not be eliminated from consideration. Initial

concerns about the degree to which the curving of field lines required by either

bundle or toroidal divertors would perturb the local field curvatures, bulk-

plasma transport, and electron-ring formation must await future analyses.

8.2.A. Plasma and Electron—Ring Heating. The adequate performance of

bulk-plasma and electron-ring heating systems is also highly dependent upon the

resolution of several physics issues, as is discussed in a number of subsections

in Sec. 8.1. The EBT-S experiment is presently investigating ci plasma

heating.11 The EBT-P program12 is an extension of that work anu is expected to

confirm many of the basic principles and assumptions employed to evolve this

commercial EBT reactor design. The engineering principles upon which the

generation and delivery systems are based, however, are well understood. Lower-

hybrid (LH) plasma heating for startup is generated using cross-field amplifiers

(CFAs), each delivering 420 kW over a range of frequencies between 0.55 GHz and

1.4 GHz. Current CFAs are continuous-wave, single-frequency amplifiers. To

efficiently track the reactor startup transient, a tunable amplifier is

recommended for use over a limited frequency range (e.g., 0.55 GHz to 1.4 GHz).

The reactor design point specifies the use of existing power amplifiers rated at

420 kW each, requiring 192 amplifiers. A more refined reactor design would more

than likely specify the use of fewer, but higher power, amplifiers. Amplifiers

available in the future will likely operate with improved lifetime/reliability

standards.

The ECRH gyrotrons required for electron-ring formation/sustenance in the

EBTR design operate at 50 GKz and 200 kW. A 28-GHz gyrotron is presently being

tested13; this device delivers a CW power that is in excess of 200 kW at an

efficiency above 40%. A scaleup of this gyrotron13 is being developed for

operation at 56 GHz. A gyrotron similar to the existing model was adopted for

449



the EBTR design in order to reduce the perceived technical risk. This design

conservatism leads to a more expensive system and requires the utilization of a

large number of gyrotrons (216) to deliver the necessary power. Development of

multiple-megawatt, high-efficiency gyrotrons in the 50 to 100 GHz frequency

range will proceed if the present experiments13 prove successful. The use of

such a tube for the reactor would have desirable cost and operational impacts.

The technology and manufacture of the waveguide assemblies are considered

state-of-the-art for the power and frequency ranges envisaged for the reactor.

Configurational modifications should present no difficulties. The window

assemblies will be actively cooled to accommodate the high transmitted power

levels (~ 10 MW/m2). Neutron streaming through the LHH or ECRH waveguides will

cause radiation damage to the windows positioned nearest the plasma at the outer

boundary of the shield. These windows are to be replaced simultaneously with

the midplane and blanket/shield module (every 15 years). Radiation damage

tests, however, will be required to verify the resistance to radiation-induced

breakdown.

8.2.5. Primary Reactor Structure. The primary support structure for the

reactor has evolved from a conservative design approach. The most critical

loading conditions occur for the seismic, loads of 4.4 g's, which correspond to

supported equipment in a Zone 2 design basis earthquake. This criterion is a

function of the reactor location, but the Zone 2 criterion represents a

conservative design for a majority of U.S. sites.

For a more refined design performed for a specific site location, a more

rigorous stress analysis is expected to result in a more efficient and lighter-

weight structural support system. The, EBTR structural design features an

alignment system for in situ adjustment in order to account for manufacturing

tolerances in the coils and the mounting structure. The system also

accommodates thermal expansion of the blanket and shield modules relative to the

TF/ARE-coil sets. Fabrication of the required support structure is expected to

present little difficulty. In fact, a reduction i:i the ARE-coil current

(IADC/ITF = ~0'22) and an increase in the design current density (J = 16 MA/m2)

throi-gh future design modifications should reduce the weight (and cost) of the

TF/ARE-coil set, thereby reducing the requirements imposed on the primary

reactor support structure.

8.2.6. Vacuum System. The cryogenic vacuum pumps, isolation valves, and

roughing pumps represent the primary hardware needs in this system. The
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cryogenic pumps are sized to allow one operating and one regenerating pump in

each of 36 toroidal sectors. Pumps of this size are not commercially available

at present; however, no problem could be identified in enlarging existing pumps

to meet the reactor requirements.

The vacuum-isolation valves consist of a 1—m-diameter gate valve and a 1-m-

diameter right-angle valve for each toroidal sector. This arrangement produces

a relatively compact design. Further design analyses could utilize other

combinations of valves and pump placement with only minor modifications in

system performance. Although no analysis of operations,

instrumentation/control, and tritium inventory monitoring was performed, the

achievement of satisfactory performance in this area is considered a direct

scaleup of present technology.

8.2.7. DC Power Supplies. The design approach for the LHH power supplies

uses one puwer supply for each CFA, thereby requiring 192 power supplies to

produce an output power of 420 kW at 20 IcV (dc). If the number of CFAs is

reduced, the number of the power supplies can be correspondingly reduced, with

each delivering an increased power output. Power supplies are presently being

designed and operated for rf-heated experimental devices, and these are expected

to be state-of-the-art by the time the F.BTR is designed and built.

The power supply envisioned for the ECRH system is comprised of a set of 16

large power supplies, each driving multiple gyrotrons. This approach has a cost

advantage, but the potential problem areas of power level, regulation, and

crosstalk between gyrotrons remain to be fully quantified. Some developmental

work must be done in this area. An alternate configuration using separate power

supplies for individual gyrotrons, however, would be acceptable. If the

gyrotron power can be increased to the megawatt level, this approach may b<:

preferred. Last, the power supplies for the magnet system represent no serious

engineering problems.

8.2.8. Main Heat Transfer and Transport. All. heat transfer and transport

systems are virtually state-of-the-art systems derived directly from existing

PWR technology. The 35.5% thermal conversion efficiency assumed for this design

represents only a slight improvement over current PWR technology. Tritium

I'ontaminatioii of tae primary coolant loop, however, represents a concern from

both an activation and a fuel-conservation viewpoint. To combat this effect,

each coolant stream will have a tritium removal system. A tritium removal

system for a PWR coolant system is being designed for the CANDU reactor at
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Pickering Nuclear Generating Station operated by Ontario Hydro. lL( The steam

generators are also state-of-the-art systems. Remote maintenance of the steam-

generator tubes will be necessary, with higher tube reliability being a

desirable goal.

8.2.9. Reactor Maintenance Systems. The maintenance philosophy adopted in

this conceptual design is based upon totally remote, computer-controlled

maintenance within the reactor hall and primary components room. This

philosophy differs from that presently being implemented for fission power

plants, although most of the separate elements are being accomplished in

existing nuclear facilities. Efficient and reliable remote maintenance

equipment, procedures, and computer software will have to be developed for

fusion reactor maintenance. Extensive use of robotics is just beginning; the

final impact of this technology on fusion reactor maintenance is difficult to

estimate at present, but it will likely be substantial.

A fault-tree analysis of all reactor and plant systems will be crucial to

determination of the critical maintenance path for the most efficient

utilization of equipment. In addition, detailed maintenance plans will be

developed for all scheduled and unscheduled maintenance tasks. The estimates

and procedures suggested in Sec. 7.11. represent only the beginning of a

relatively complex task that will be essential to the economic operation of

fusion reactors in general. The high aspect ratio of EBT, nevertheless, appears

to lend a considerable simplification to the proposed maintenance scheme,

although, as noted in Sec. 8.2.1., life-of-plant TF/ARE-coil sets and the remote

handling of objects weighing 200-300 tonnes represent essential ingredients in

the remote maintenance scheme.

8.2.10. Miscellaneous Reactor Equipment. Components contained in the

Cryogenic Cooling system are considered to be state-of-the-art. Technology

improvements are likely but these advances are not necessary for successful

system performance. The Radioactive Waste Treatment and Disposal System is

designed by adapting present fission-waste treatment components for treating,

handling, and storing radioactive solids, liquids, and gasses. The

Instrumentation and Control System will be advanced compared to those in present

fission power plants. The capacity and speed of computers, both main-frame and

minicomputers, have increased multifold, thereby allowing a high level of plant

diagnostic capability at a moderate cost. Small, specialized, highly

sophisticated sensors will be connected with multiplexed fiber-optic data
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transmission lines to distributed data-analysis minicomputers. These

developments are not necessary for the fusion reactor and need not be developed

specifically for this application. Rather, improvements will be incorporated to

ease construction requirements and to improve data acquisition and control. The

remaining reactor plant equipment is not considered to require any significant

development work.

8.2.11. Structures and Site Facilities. All structures and site

facilities are considered conventional in design and similar to those used in

existing power plants. The Reactor Building exhibits some unusual and unique

features (i.e., annular reactor hall and the central primary coolant components

room). However, these features do not require a large amount of developmental

effort. Any economical power plant must be built in a reasonable time. To this

end, it would be advantageous to develop methods, techniques, and construction

designs that can significantly shorten construction practices presently being

used. Compared to present practice, the 5-yr construction time assumed in the

costing of this reactor design must be considered optimistic. Considerable

effort was devoted in making the EBTR elements modular and easy to assemble.

This practice should also be extended to the design and construction of the site

facilities.

8.2.12. Balance-of-Plant Systems. The steam turbine used in this design

must be upgraded to multiple levels of reheat and moisture removal in order to

achieve the thermodynamic efficiency of 35.5%. This upgrade is not required

specifically for fusion, but is expected to occur because the economics will be

more favorable. No technical problems are envisaged in achieving the higher

performance. The grounding requirements for this facility must be improved to

accommodate the high rf powers. This technology exists and is being used in

military radar facilities. Adopting the technology to a power plant should pose

no difficulties. The remainder of the balance-of-plant (BOP) systems are

perceived as present state-of-the-art systems requiring no new developments for

a fusion application.

8.3. Economic Assessment

The evaluation embodied in this economic assessment is vital to any

conceptual design study of a fusion power plant. By determining the plant cost

and COE with an adequate degree of certainty, it is possible to assess the

economic attractiveness of a concept relative to other potential power producers

as well as identify key cost drivers within the particular concept. This study
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has drawn significantly upon experience gained from the STARFIRE tokamak

conceptual reactor design.2 Both studies assume similar economic ground rules,

are sized for similar markets, were completed by some of the same

subcontractors, and share similar designs for a major portion of the BOP systems

and a few of the reactor systems. These similarities allow a greater depth of

technical and economic analysis to be devoted to areas that are unique to the

EBTR. This section highlights the economic advantages and disadvantages of an

EBTR as compared to STARFIRE tokamak power plants, as well as existing nuclear

and fossil power plants. It should be noted in comparing an EBT to a tokamak

reactor that the maturity of conceptual designs for the tokamak power plant is

much greater than that of the EBT. A higher potential for lowering cost is

expected for EBT power plants as iterative tradeoff studies are conducted and

future conceptual designs are developed.

8.3.1. EBTR Cost Estimate. The specific economic guidelines and

assumptions used in this study are highlighted in Table 8.3-1 and are explained

in Appendix G. Most of the guidelines used in this study are in concert with

methods recommended by DOE.1' In presenting this economic assessment of the EBTR

power plant, reference is occasionally made to some aspect of the STARFIRE

design. A more direct comparison between .STARFIRE and EBTR, however, is

presented in Sec. 8.3.4.

TABLE 8.3-1

ECONOMIC GUIDELINES AND ASSUMPTIONS

• DOE Guidelines adopted as described in Ref. 15.

• Mature industry, lOth-of-a-kind plant.

• 1980-year dollars for all cost estimates.

o Evaluation conducted in constant-year and then-current-year dollars.

• Investor-owned utility.

• Learning curves are applicable.

• Reference site is a midwestern U.S. location.

• Design, contingency, and spare parts allowances are incorporated.

The detailed EBTR capital costs are developed and reported in Appendix G

and are summarized in Table 8.3-2. The costs are shown at the second level for

most accounts and to the third level for the reactor equipment. The Reactor

Plant Equipment represents the dominant cost for the entire plant (67% of the
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Total Direct Cost). The remainder of the plant costs are considered reasonable

and typical for a central generating plant of 1200-MWe size.

TABLE 8.3-2

EBTR CAPITAL COSTS

ACCOUNT

NUMBER ACCOUNT TITLE COSTS (1980 M$)

20 LAND AND LAND RIGHTS 3.30

20.01 Land and Privilege Acquisition 3.0

20.02 Relocation of Buildings, Utilities, Highways, 0.3

and Other Services

21 STRUCTURES AND SITE FACILITIES 289.76

21.01 Site Improvements and Facilities 11.15

21.02 Reactor Building 117.41

21.03 Turbine Building 35.92

21.04 Cooling System Structures 7.96

21.05 Electrical Equipment and Power Supply Building

(included in 21.02)

21.06 Plant Auxiliary Systems Building

21.07 Hot Cell Building

21.08 Reactor Service Building

21.09 Service Water Building

21.10 Fuel Handling and Storage Building

21.11 Control Room Building

21.12 On-Site AC Power-Supply Building

21.13 Administration Building

21.14 Site Service Building

21.15 Cryogenics and Inert-Gas Storage Building
21.16 Security Building

21.17 Ventilation Stack

21.98 Spare Parts Allowance

21.99 Contingency Allowance
22 REACTOR PLANT EQUIPMENT

22.01 Reactor Equipment
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Table 8.3-2 (contd)

ACCOUNT
NUMBER ACCOUNT TITLE COSTS (1980 M$)

22.01.01 First Wall and Blanket 174.53
22.01.02 Shield 191.46
22.01.03 TF and ARE Coils 556.90
22.01.04 RF Heating 32.30
22.01.05 Primary Structure and Support 27.84
22.01.06 Reactor Vacuum 8.30
22.01.07 Power Supply, Switching and Energy Storage 26.06
22.01.08 Impurity Control 1.26

22.02 Main Heat Transfer and Transport Systems 62.52

22.02.01 Primary Coolant System 57.44
22.02.02 Intermediate Coolant System
22.02.03 Limiter Cooling System 5.08

22.03 Cryogenic Cooling System 14.90

22.03.01 Helium-Liquefier Refrigerator 7.70
22.03.02 LHe Transfer and Storage 3.60
22.03.03 He Gas Storage 2.80
22.03. Cm LN2 System 0.80

22.04 Radioactive Waste Treatment and Disposal 4.80

22.04.01 Liquid Waste Processing and Equipment 1.70
22.04.02 Gaseous Wastes and Off-Gas Processing System 1.80
22.04.03 Solid Wastes Processing Equipment 1.30

22.05 Fuel Handling and Storage Systems 49.00

22.05.01 Fuel Purification Systems 19.50
22.05.02 Liquefaction
22.05.03 Fuel Preparation Systems
22.05.04 Fuel Injection
22.05.05 Fuel Storage
22.05.06 Tritium Extraction and Recovery
22.05.07 Atmospheric Tritium Cleanup System

22.06 Other Reactor Plant Equipment 32.75

22.06.01 Maintenance Equipment
22.06.02 Special Heating Systems
22.06.03 Coolant Receiving, Storage and Make-Up Systems
22.06.04 Gas Systems
22.06.05 Inert Atmosphere System
22.06.06 Fluid Leak Detection
22.06.07 Closed Loop Coolant System
22.06.08 Standby Cooling System
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Table 8.3-2 (contd)

ACCOUNT
NUMBER ACCOUNT TITLE COSTS (1980 M$)

22.07 Instrumentation and Control 23.41

22.07.01 Reactor I&C Equipment 7.61

22.07.02 Monitoring Systems 1.76

22.07.03 Instrumentation and Transducers 14.04

22.98 Spare Parts Allowance 38.80

22.99 Contingency Allowance 180.90

23 TURBINE PLANT EQUIPMENT 249.68

23.01 Turbine-Generators

23.02 Main Steam System

23.03 Heat Rejection Systems

23.04 Condensing Systems

23.05 Feedwater Heating Systems

23.06 Other Turbine Plant Equipment

23.07 Instrumentation and Control (I&C) Equipment 8.70

23.98 Spare Parts Allowance

23.99 Contingency Allowance

24 ELECTRIC PLANT EQUIPMENT 100.50

24.01 Switchgear

24.02 Station Service Equipment

24.03 Switchboards

24.04 Protective Equipment

24.05 Electrical Structures and Wiring Containers 17.40

24.06 Power and Control Wiring

24.07 Electrical Lighting

24.98 Spare Parts Allowance

24.99 Contingency Allowance

25 MISCELLANEOUS PLANT EQUIPMENT 39.60

25.01 Transportation and Lifting Equipment

25.02 Air and Water Service Systems
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Table 8.3-2 (contd)

ACCOUNT
NUMBER ACCOUNT TITLE COSTS (1980 M$)

25.03 Communications Equipment 6.22

25.04 Furnishings and Fixtures 0.75

25.98 Spare Parts Allowance 0.50

25.99 Contingency Allowance 5.10

26 SPECIAL MATERIALS 0.25

TOTAL DIRECT COST 2108.82

91 CONSTRUCTION FACILITIES, EQUIPMENT AND SERVICES (10%) 210.88

92 ENGINEERING AND CONSTRUCTION MANAGEMENT SERVICES (8%) 168.71

93 OTHER COSTS (57.) 105.44

94 INTEREST DURING CONSTRUCTION

95 ESCALATION DURING CONSTRUCTION

SUBSTOTAL

1980
CONSTANT

2593.85

1985
THEN-CURRENT

278.06

0.00

650.

403.

80

08

TOTAL CAPITAL 2871.91 3647.73

UNIT CAPITAL COST ($/kWe) 2366 3005

The Reactor Building is the largest cost item ($117M) within the Structure

and Site Facilities account. This large round building has a 107-m outside

diameter and a 36-m height above ground level. This hardened concrete and steel

structure is designed to withstand tornado pressures and induced missiles,

assumed accident overpressures, and a design-basis earthquake condition. The

Reactor Building also has a steel liner for tritium containment and houses the

reactor, most reactor-related equipment, and the primary coolant systems,

including the steam generators. The configuration of the building (i.e., an

annulus with ancillary systems located on the inner perimeter and a central area
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for the primary c. oolant system) allows an efficient utilization of space.

Inclusion of the electrical equipment in the upper levels of the Reactor

Building eliminates the Electrical Equipment and t'ower Supply Building.

The Hot Cell is identical to that used in the STARFIRE design2 and ts the

other major cost item in the site facilities ($54M). This cost could be reduced

by tailoring the building to the smaller sized components, but functionally the

building has the same requirements as are projected for STARFIRE and is costed

at the same value.

Because of the relatively low neutron wall loading (1.4 MW/m2) and blanket

power density (3.33 MWt/m3), the cost of the first wall, multiplier, breeding

material, and reflector for this EBTR design is greater than in a lower aspect-

ratio device such as a tokamak. This increased cost for the higher aspect-ratio

EBTR results from the increased ratio of surface area to plasma volume as the

neutron first-wall loading decreases for a fixed total power. The cost of the

EBTR first wall and blanket is roughly twice that for the STARFIRE design. This

relationship between aspect ratio and efficiency of blanket volume utilization

also adversely affects the shielding volume, but, because the EBTR is more

accessible and, therefore, more amenable to cost- and weight-saving design

options, the cost for shielding was held to a value of $190M, compared to $186M

for STARFIRE. This question of aspect ratio, power density, and cost is

examined and compared in more detail in Sec. 8.3.3.2.

The highest cost component of the EBTR is the TF/ARE-coil sets. The coil

sets are the heaviest single component (726 tonnes each) and the most expensive

($15.47iM each or $557M total). The size and the cost of the EBTR coils reflect

the specific plasma/magnetics design point chosen along with the specific design

approach for aspect ratio enhancement. The high currents necessary for the ARE

coils (I^RE^TF = ~0»22) for this design point require large conductor areas and

a large support structure. These ARE-coil currents counteract the field of the

TF coils and thereby increase the TF-coil size. Other plasma/magnetics design

points and/or coil arrangements16 may offer promise to reduce the magnet cost.

Even though an EBT reactor will require numerically more coils than a tokamak,

boLh systems will operate at roughly the same field strength and generate

roughly the same field energy, but the EBT coil set is expected to be simpler to

construct and install. The coil costs should, therefore, be similar to tokamak

costs, although more detailed study is needed to demonstrate quantitatively this

point. As shown in Sec. 5.6.6., however, the COE is a mild function of
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' a s increased mirror ratio can be traded off against higher utilization

of ARE coils to obtain the transport required to ignite an EBT plasma with

moderate major radius (30-40 m ) .

The bulk-plasma heating by LHH and the electron-ring formation and

sustenance by ECRH are estimated to be a subsystem with a reasonable cost. The

Primary Structure and Support subsystem is relatively simple for the EBTR, being

comprised primarily of struts, arms, alignment gimbals, and support fittings.

These components are considered to be a low-cost system ($28M). The Vacuum

System and Fuel Handling Storage System is adopted from the STARFIRE design,

with a few subsystems being increased in capacity to operate with the higher DT

throughput and tritium required of the EBTR.

The Main Heat Transfer and Transport System is a modification of a PWR

primary coolant system. The limiter cooling system also uses pressurized water

at a lower temperature for feedwater heating. Separate emergency cooling

systems are not required. A relatively inexpensive CO2 gas-cooling system is

used for module cooling during removal and transport. Also, no intermediate

cooling system or thermal energy storage system is needed because of the

steady-state operation envisaged for the EBTR. The cost of this system is

estimated at $62.5M.

The remainder of the reactor plant equipment is typical of all fusion

reactors and some elements of a fission power plant. The cryogenic cooling

system provides cryogenic helium and nitrogen for the nagnets and DT-fuel

processing. The Radioactive Waste Treatment and Disposal system is similar to

fission systems, with added provisions made for handling fusions products. The

maintenance equipment dominates the costs under the Other Reactor Plant

Equipment account because all reactor operation has been specified to be

performed remotely. Advances in Instrumentation and Control systems will allow

this account to remain a reasonable cost item.

The Turbine Plant Equipment uses present state-of-the-art components and a

single steam turbine generator set to convert 4000 MWt. Moderate advances in

the reheat system have been assumed to enhance the thermal-electric conversion

efficiency. The costs quoted in this account are based mainly on vendor quotes.

Likewise, the Electric Plant Equipment and Miscellaneous Plant Equipment are

state-of-the-art systems and are costed accordingly.
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Using the guidelines described in Appendix G and Ref. 15, the indirect cost

accounts add an additional 23% to the total direct costs. Interest and

escalation allowances are added to arrive at a total capital required of $2872M

expressed in constant-1980 dollars and $3648M in then-current-1985 dollars. On

a cost per kilowatt basis, the unit cost is $2366/kWe for constant-1980 dollars

or $3005/kWe for then-current-1985 dollars.

Table 8.3-3 illustrates the elements of annual cost to produce electricity

and the resulting COE. The annualized cost of capital is the dominant factor.

Of lesser impact are the Operations and Maintenance (O&M) functions and the

Scheduled Component Replacement. The estimate for O&M is based upon advances in

the state-of-the-art for remote maintenance, with computer-controlled operations

playing an increasingly important role. The scheduled replacement costs are

associated with refurbishing and replacing components of the reactor and reactor

systems (e.g., gyrotrons and CFAs) that have a finite lifetime (20,000 hours).

The tritium fuel is bred in the reactor and is considered a no-cost item,

although the degree to which offsite tritium will be required is not resolvable

on the basis of present knowledge of tritium release kinetics from solid breeder

materials (Sec. 7.3.5.). Deuterium represents the only fuel-cost item, and this

cost is negligible. The resulting COE is 38.9 mills/kWeh for constant-1980

dollars and 71.7 mills/kWeh for then-current-1985 dollars.

8.3.2. Ignited versus Subignited High-Q Systems. This study addressed the

relative merits of ignited versus high-Q subignited fusion devices. The

transient zero-dimensional burn code was used to develop a viable plasma point

TABLE 8.3-3

TOTAL BUS-BAR ENERGY COST

Annual Cost (M$)

Annualized cost of capital

Operations and maintenance

Scheduled component replacement

Fuel

Total annual cost

Cost of electricity (mills/kWeh)
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Constant-
1980 Dollars

287.19

19.41

11.54

0.33

318.47

38.9

Then-Current
1985 Dollars

547.16

24.77

14.73

0.42

587.08

71.7



design, as is shown in Sec. 6.2.2. This design point was (numerically)

subignited and required approximately 110 kW/m3 of plasma power density or 76 MW

(total) delivered to the plasma [110 MW (total) input to power supplies] to

operate in this high-Q driven mode. However, for the engineering point design,

it was assumed the electron rings would contribute to sustaining the bulk plasma

and a similar plasma operating point could be found that does not need

additional bulk-plasma heating. The engineering design and cost analysis were

constructed on the basis of this "ignited" case. This subsection, nevertheless,

evaluates the cost impact of the subignited case, even though the uncertainties

of the numerical burn simulation and the closeness to ignition for the

numerically simulated design point certainly justify the assumption of ignited

plasma operation.

A 76-MW steady-state power input of the LHH system to the plasma will

increase the LHH system cost by 10%, for a cost increase of $0.58M. The cost of

the associated power supplies will also increase by 10% ($0.75M). The direct

costs will increase by $1.33M, and with indirect costs the total capital costs

increase will be $1.56M. If the CFAs are operated continuously} they become a

life-limited item and require replacement every 20,000 hours (3 calendar years)

at a cost of approximately $2M/yr. More significant than the cost influences

are the increase in the recirculating power fraction and the decrease in the net

power output, which is diminished from 1214 MWe to 1104 MWe, leading to an

increase in recirculating power fraction (from 0.15 to 0.23). The resulting COE

of the subignited reactor is 43.1 mills/kWeh for the constant-1980 dollar case

and 79.2 mills/kWeh for the then-current-1985-dollar case. More than a 10%

increase in the COE results; 90% of that increase results from the reduced net

electricity production.

8.3.3. Economic Comparisons.

8.3.3.1. Direct Comparisons. Whenever a cost estimate is made of a new

energy source, comparisons are made to both existing energy sources and to other

potential energy sources. Indeed these quantitative comparisons represent an

important raison d'etre for this study and are reasons why economic ground rules

were formulated and used.15 The most recent fusion reactor design study and the

study with the most similarity is that performed for the STARFIRE Commercial

Tokamak Power Plant.2 A comparison between these two studies is not intended to

determine which of the two is superior from the economic standpoint, because of

the differences in maturity of each concept. Rather, the comparison between
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these two concepts is presented to clarify the inherent conceptual differences,

a clarification that can be utilized by both concepts for future design

improvements. Table 8.3-4 gives a comparison of powers, power densities, and

sizes. Table 8.3-5 summarizes a distilled costing comparison, and Table 8.3-6

compares the intrinsic cost differences between the EBTR and STARFIRE concepts.

TABLE 8.3-4

EBTR/STARFIRE POWER AND

Average ion density, n(lO20/m3)

Average temperature, Tg/T^keV)

Lawson parameter, ntg(102^s/m3)

Average beta, B

Average magnetic field, B(T)

£B2 (T2)

Average first-wall radius, rw (m)

Major radius, Rq. (m)

Effective geometric aspect ratio, Rf/rw

Plasma volume, Vp (m
3)

Plasma chamber volume, V c (m3)

Blanket volume, Vfi (m
3)

Volume enclosed by coils, Vc (m
3)

Neutron multiplication, H^

Neutron first-wall loading, Iw (MW/m
2)

Fusion power, Pp. (MWt)

Primary-coolant power, Pp^ (MWt)

Total thermal power, P T H (MWt)

Plasma power density, Pp/Vp (MWt/m
3)

Chamber power density, Pp/V c (MWt/m3)

Blanket power density,, Pp^/Vg (MWt/m3)

Effective blanket density, PTH/VB (MWt/m
3)

System power density, P ^ H ^ 3

SIZE COMPARISON

EBTR

0.95

29/28

1.7

0.17

3.64

2.3?

1.10

35.0

31.82

691

838

1108

7978/16441(a)

1.5

1.4

2857

3692

4028

4.13

3.41

3.33

3.64

0.50/O.24(a)

STARFIRE2

0.81

17/24

2.9

0.067

5.8

2.26

2.72

7.0

2.57

781

950

543

13443

1.14

3.6

3510

3800

4033

4.50

3.70

7.00

7.43

0.30

(^Without/with ARE-coil volume.
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TABLE 8.3-5

SUMMARY OF EBTR COST ANALYSIS AND COMPARISON WITH

THE STARFIRE TOKAMAK REACTOR DESIGN

Cost Parameters

Land and land rights

Structures and site facilities

Reactor plant equipment

Turbine plant equipment

Electrical plant equipment

Miscellaneous plant equipment

Special materials

TOTAL DIRECT COST

Construction facilities,
equipment, and services, 102

Engineering and construction
management services, SX

Other costs,5%

SUBTOTAL

Interest during construction
(M$)

Escalation during

construction (M$)

TOTAL CAPITAL COST (M$)

UNIT CAPITAL COST ($/kWe)

COST-OF-ELECTRICITY (mills/kWeh)

EBTR

(M$)

3.30

289.76

1425.73

249.68

100.50

39.60

0.25

2108.82

210.88

168.71

105.44

2593.85

Constant
1980

Dollars

278.06

0.0

2871.91

2366.

38.9

(%)

0.16

13.74

67.61

11.84

4.7b

1.88

0.01

100.00

Then-
Current

1985
Dollars

650.80

403.08

3647.73

3005.

71.7

STARFIRE^

(M$)

3.30

346.58

968.62

249.68

117.28

40.77

0.25

172b.48

172.65

138.12

86.32

2123.57

Constant
1980

Dollars

276.70

0.0

2400.27

2000.

35.1

(%)

0.19

2U.O7

56.11

24.46

fc.79

2.37

U.01

1U0.00

Then-
Current

1986
Dollars

671.69

402.63

3197.89

2665.

67.1

Both concepts were developed Co achieve similar power outputs (4000 MWt), and a

majority of the supporting systems and subsystems are similar. Only the systems

with major differences or significantly different design approaches are

discussed. Again, the coses presented in Table 8.3-5 were determined on the

basis of nearly identical engineering ground rules and costing data bases.
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TABLE 8.3-6

COMPARISON OF INTRINSIC COST ELEMENTS

DIRECT CAPITAL COSTS (M$) Contributing Factors

Account

21.02

21.05

Reactor Building

Electrical Equipment
and Power-Supply
Building

22.01.01 First Wall and
Blanket

22.01.02 Shield

22.01.03 Magnets

22.01.04 Primary Structure

22.0i.06 Reactor Vacuum
& 2 2.05 Fuel Handling

EBTR

117

0

174

192

557

25

57

"Optimized"
gBTR(a)

~ 105

0

~ 150

~ 180

250 - 350

28

57

STARFIRE2

157

9

82

186

172

53

44

for Change from the
STARFIRE Design

Reduced building
height

Incorporated into
Reactor Building

Lower first-wall
neutron loading,
nearly doubled wall
area.

Potential difference
is reduced because of
close-fitting shield

Heavier and more
numerous coils, less
ARE-coil current
could reduce costs

No pulsed magnetic
fields

Hieher throughout and

2 2.01.07 Power Supplies 26 26 53

tritium handling
because of lower re-
flection coefficiant
and shorter effective
particle confinement
time

Most change results
from elimination of
equilibrium and cor-
rection field power
supplies

22.

24.

06.01 Maintenance
Equipment

Electric Plant
Equipment

NET CHANCE FROM
STARFIRE DESIGN

27

87

+370 +15

27

87

- +115

38

101

Simplified mainte

Reduced equipment
needs

"optimized" EBTR operating point is suggested from sensitivity studies
reported in Sec. 5.6.6. on the basis of a burn physics and magnetics model
that is considerably simplified from that used to determine the actual design
point reported here. Nevertheless, a direction for improvement in EBTR
economics is identified for future study. This column is included here to
indicate the potential payoff that such studies promise.
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The best configuration for an EBT reactor building is a circular or annular

shape. For the ranges of power under consideration, the total floor area is

greater for an EET than for a tokamak, although the building height required

need not be as great for an EBT. The tokamak generally requires significant

building height to allow clearance for overhead cranes. The open area in the

center of an EBT reactor can be used for placement of large auxiliary equipment

(e.g., steam generators). These factors yield cost reductions for the Reactor

Building ($40M) and elimination of the Electrical Equipment and Power Supply

Building ($9M). If an "optimized" EBT were built with a major radius of 30 m,

as opposed to the design case of 35 m, an additional $12M could be saved in

Reactor Building costs.

The lower first-wall neutron loading of the EBT concept appears to be an

inherent feature that presents a significant economic disadvantage. The EBTR

study had as a goal a higher wall loading (> 2 MW/m2, Sec. 6.1.) than could be

achieved under the time constraints of the program and for the

transport/confinement model used. The selected design point evolved with a wall

loading of 1.4 MW/m . This relatively low first-wall neutron loading is

reflected in Table 8.3-6 as a cost for the first wall and blanket system, making

the blanket cost twice that estimated for STARFIRE, which had a wall loading of

3,6 MW/m2. With more investigation and certainly with an increase in the plant

power output, the first wall and blanket system cost could be made more

competitive. A reasonable estimate (Sec. 5.6.6.) of the cost of a more

"optimized" EBTR first-wall and blanket system is $150M, as is shown in

Table 8.3-6. This lower cost reflects a first-wall neutron loading in the range

of 2 MW/m2, and future studies should examine the feasibility of such operating

points.

The shield for the EBTR is configured to fit closely around the outer radii

of the blanket. The distance between the blanket and shield in the midplane

region is increased to 0.37 m in order to provide a vacuum plenum region.

Consequently, high utilization of the bulk shielding is achieved. Also, the use

of TiH2 and Ti&2 as shielding is found to be cost effective. Because of the

high costs associated with the vacuum duct shielding used in the STARFIRE

design, significant effort was expended in the EBTR design to reduce the vacuum

duct length while assuring adequate protection of the vacuum pumps from neutron

streaming. The design chosen for EBTR couples the vacuum pump assembly to the

outer surface of the midplane module shield. As a result, the cost of the
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shielding, which should be higher for a device with a low first-wall neutron

loading, is held to a value that is close to the STARFIRE estimate. Minimal

improvements in the EBTR shielding should result from a more optimal reactor

configuration.

The STARFIRE design proposes 12 TF coils, 8 equilibrium field (EF) coils, 4

normally conducting correction field coils, and 6 ohmic heating coils; the

system cost is estimated at S191M, including dewars, or $172M without the TF

dewars. The EBTR uses 36 TF coils, each combined with two ARE coils, to form a

TF/ARE-coil set that shares a common dewer. Although the EBT coils are easier

to manufacture and smaller in physical size, more coils are required, and the

complete system operates with more magnetic stored energy. For the design point

rhosen, a high reverse current is required in the ARE coils, which is reflected

in sizeable TF- and ARE-coil cross sections. In addition, a sturdy structure is

required to react the magnetic loads within the TF/ARE-coil set. These factors

combine to give an EBTR magnet-coil cost of $557M, which is more than twice that

estimated for the STARFIRE design. Future design effort should be directed at

reducing the ARE-coil currents and designiDg more efficient coil systems^ in

order to reduce the EBT magnet system costs to the range of $250M to $35OM. An

advantage for the EBT configuration is that all magnets can be factory assembled

and quality tested. The large tokamak EF coils may have to be fabricated on the

plant site with attendant lower productivity and quality standards.

Rapidly changing fields and large plasma current are not required for EBTs.

The need for the massive antitorque structure, as is required in a tokamak, is

thereby eliminated. Also, the high aspect ratio allows the reactor building

floors and walls to conform more closely to the reactor to minimize the primary

support structure. The primary structure, therefore, is roughly one half that

of the STARFIRE cost.

The increase shown in Table 8.3-6 for the Reactor Vacuum system and the

Fuel Handling and Storage system is associated with the higher plasma exhaust

throughput and tritium handling for the EBTR. These effects result from the

lower limiter reflection coefficient and the shorter EBT effective

particle-confinement time. These factors to some extent are design dependent,

but the potential cost benefit is small.

The cost reduction for EBTR power supplies is attributed to the elimination

of the high power requirements of the equilibrium and correction field needed by

the tokamak design (> 350 MVA). The total power required for the combination of

467



ECRH and LHH systems is slightly higher for the EBTR. Overall, the EBTR power

supply costs are roughly half that for the tokamak system. This same cost

reduction contributes to the reduction in the Electric Plant Equipment costs.

A significant advantage of a EBT reactor is the relatively open reactor

configuration, which allows both easier design and fabrication of components and

better access to these components for maintenance. The blanket and shield are

much simpler and more accessible. This more open system allows utilization of

the overhead crane for module removal rather than large, specilized equipment to

extract and manipulate antitorque panels, shield doors, and irregular

blanket/shield modules. The simpler EBT reactor design leads to reduced

equipment needs and maintenance times, resulting in an improved plant

availability.

8.3.3.2. Generic Comparisons. The foregoing EBTR/STARFIRE economic

comparison was based on a system-by-system cost assessment and points towards

areas of future improvement. Basically, two systems with blanket power

densities differing by a factor of two are estimated to have similar cost

because of the intersystem cost tradeoffs described. It is interesting to note,

however, that both EBTR and STARFIRE operate with nearly identical plasma and

system power densities (Pp/V and P X H ^ V C » respectively. Table 8.3-4). With

respect to the former, the plasma power density is proportional to ti2BL|<ov>/T2-

Both systems operated with similar values of 32Bl>, but the average betas for

EBTR and STARFIRE are 0.17 and 0.067, respectively. In order for EBTR to attain

a desirable level of transport, T must be increased (i.e., nig <*T3/2), <ov>/T2

is off optimum, and the advantage of higher beta is in part nullified. The

primary method by which STARFIRE achieves an equivalent plasma power density at

lower beta, however, is to operate with a high magnetic field. The similarity

between the system power density (^XH^C* Table 8.3-4) may in part be

fortuitous, but nevertheless cannot be ignored in light of the similar costs

projected for both systems.

Earlier in this subsection it was noted that the lower aspect-ratio device

operates at the same total power, PfH» with a more efficient use of blanket

volume, Vg. The resulting geometric increase in average blanket power density,

PTH/VB, generally results in a lower-cost blanket for the same first-wall

neutron loading. The following simple geometric argument, however, shows that

this effect is small for the range of plasma, r , and first-wall, rw, radii

needed to achieve acceptable plasma transport (i.e., r > 1 m). For instance,
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if Ab is the blanket thickness, A = R^/r^ is an effective aspect ratio, M N is

the blanket energy multiplication for the 14.1-MeV neutron, and Iw(MW/m
2) is the

neutron first-wall loading, the following relationships result.

P T H/V B 2 r,.

IW(MN + 0.25) Ab (Ab + 2 rw) '
(8.3-1)

PTH
2 (r p/r w)

2 0.8 (PF/Vp) (MN + 0.25)] r^ A (8.3-2)

These relationships are plotted in Fig. 8.3-1 for the following typical

parameters: Ab(EBTR) = 0.58 m, Ab(STARFIRE) = 0.65 m, r /rw = 0.9, Pp/V = A.25

« srp/rw = 0.9 I
PF 'Vp-4.25 MW/m» I (CURVE A)
PTH«4000 MWt J
~ ~ ~ ~EBTR~ ~ ~"

1.4m'1 FOR
EBTR AND STARFIRE I

70

1 ^-r,(EBTR) * rw(STARFIRE)'
FIRST-WALL RADIUS,rw(m)

Fig. 8.3-1. Tradeoff of blanket power density PxH^vB» neutron first-wall
loading, Iw, first-wall radius, rw and aspect ratio, A = Ry/rw for
parameters that are approximately common to both EBTR and STARFIRE
reactor designs.
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MW/m3 , P T H = 4000 MWt. From the viewpoint of enhanced system performance,

maximum values of the right-hand side of Eq. (8.3-1) are desired. Figure 8.3-1

shows that both the high-aspect-ratio EBTR and the low-aspect-ratio STARFIRE

designs achieve power-density/wall-loading ratios of 1.4 m"1 by proper

adjustment of rw to assure a total power of P T H - 4000 MWt. Both systems

operate in the insensitive regions of this curve. It is also noted from

Table 8.3-4 that the first-wall neutron loading for STARFIRE is 2.6 times that

for EBTR and that the EBTR operates with a factor of 1.32 greater blanket

neutron multiplication, Mj^; a factor of 2.0 difference in effective neutron

first-wall loading between the two systems results. Hence, because

(PTH/VB)/[IW(MN + 0.25)] differs little for the two concepts (Fig. 8.3-1), the

effective blanket power densities for the two concepts differ by a factor of

~ 2. Because the total capital cost for both EBTR and STARFIRE differ only by a

factor of 1.20 (Table 8.3-5), a doubling of the EBTR first-wall neutron loading

for the same total power and reduced system size, assuming added and more costly

magnet and/or blanket technologies would not be required, promises distinct

advantages for the EBT approach. It is noted that the use of a more effective

blanket (i.e., higher MN and lower Ab), as was done for EBTR, would improve the

performance of STARFIRE.

8.3.3.3. Conclusions. In summary, the direct capital cost associated with

EBTR reflects an increase ($382M) over the comparable STARFIRE value. A

majority of this cost increase is associated with the magnets and the

first-wall/blanket systems. A more optimum design would reduce and perhaps

eliminate this cost differential, particularly if modest increases in first-wall

loading and blanket power density can be achieved without added costs or

increases in the already high beta values. Contributing to reducing these cost

differences is the simpler, more rapid construction expected for the EBTR (5

years versus 6 years); this difference alone results in a total cost savings of

$60M in constant-1980-year dollars or $260M in then-current-1985-year dollars.

The simplified maintenance for EBTR is estimated to improve the plant

availability by 2% to an overall availability of 77%. Considering all of these

factors, the COE for the EBTR as designed is 3 to 4 mills/kWeh higher than the

COE computed for STARFIRE. However, this difference is not significant, as both

concepts can further reduce costs and become competitive with each other as well

as with existing and other postulated energy sources. Figure 8.3-2 illustrates

a COE comparison between EBTR, STARFIRE, coal, and fission power sources. The
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Fig. 8.3-2. Comparison of COE for fusion (STARFIRE2 and EBTR), coal, and
fission power, (a) Ref. 17; (b) Ref. 18; (c) Ref. 19; (d) Ref. 19.

COE for existing coal and fission plants is relatively inexpensive when compared

to new plants njw being constructed. As Is shown in Fig. 8.3-2, cue COE

reported for existing fission plants is approximately 15 mills/kWeh and is In

the lower range around 20 mills/kWeh for coal-fired power plants. By

comparison, the estimated COE from new fission and coal facilities coming online

in 1977 would be approximately 40 milLs/kWeh. For new generating plants

entering service in the 1980's and 1990, the COE is predicted to escalate

further to the range of 70 to 90 mills/kWeh. Contributing to the range of costs

shown in Fig. 8.3-2 is the variation in utility requirements, the region of the

country, the type of fuel consumed, and the local environmental standards. Two

specific COE estimates from new generating facilities are represented as points

(c) in Fig. 8.3-2. These data points represent PWR plants (Callaway Units No. 1
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and 2) presently under construction by Union Electric Company in mid-Missouri.

These costs are thought to be lower than a present estimate would predict,

because contracts for major equipment and installation costs were secured

several years ago with fixed escalation clauses. The estimated COE from the

fusion power plants, such as EBTR or STARFIRE, is seen to be competitive with

COE predictions from coal and fission energy sources. This competitive picture

is expected to improve as the cost of coal and nuclear fission fuel costs

escalate; this escalation probably will occur at a rate that is above the

general inflation index.
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APPENDIX A. TABLE OF EBTR DESIGN PARAMETERS

This table contains the comprehensive and uniform design data for the EBTR. The

format of this table follows the DOE/OFE guidelines.1

Parameter

TABLE OF REACTOR DESIGN PARAMETERS

Unit Value

Characteristic Machine Dimensions

1.1 Reactor envelope' '

1.1.1. Height (coil outside diameter)

1.1.2. Width (coil outside diameter)

1.1.3. Length (major circumference)

1.1.4. Volume of reactor envelope

1.2. Plasma chamber

1.2.1. Major radius, R^

1.2.2. Minor radius

1.2.3. Plasma volume, V

1.2.A. Plasma chamber volume (actual)

1.2.5. Wall surface area (actual)

1.2.6. Number of sectors, N

Plasma Parameters (Steady State)

2.1. Plasma dimensions

2.1.1. Major radius, R̂ .

2.1.2. Average minor radius, r

2.1.3. Minor radius at coil plane, r^p

2.1.4. Minor radius at midplane, r^p

2.1.5. Mirror ratio, M = Bgp/Bj^

2.2. Average ion density, n^

2.3. Average alpha-particle density, n a

2.4. Energy confinement time, Tg

2.5. Electron confinement time, T „

2.6. Ion confinement time, T ^

2.7. Average Lawson parameter, n^T£

2.8. Average toroidal beta^ 2 a\ 6

2.9. Electron-ring beta, 0 R

2.10. Trapped-particle fraction (1//M)

m
m

m

m3

m

m

m3

n>3

m2

10
10

220

17765

35

1.003 to 1.318
691

838

1537

36

m
m

m

m

-

1020/m3

1020/m3

s

s

s
1020 s/n>3

—

35

1.0

0.762
1.238

2.24

0.95

0.06

1.80
4.21
4.21
1.71
0.17

0.50
0.67
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Parameter

2.11. Passing particle fraction

2.12. Average plasma toroidal current

2.13. Electron collisionality
parameter'2*5), £

2.14. Average ion temperature, Tj

2.15. Average electron temperature, Te

2.16. Average alpha-particle energy, 1

2.17. Electron-ring temperature, T^

2.18. Effective plasma ion
ch a r g e ^ ) , Z g f f

2.19. Reactor cycle (steady state)

2.19.1. Burn pulse length

2.19.2. Total pulse length

2.20. Fuel cycle

2.21. Plasma heating method

2.21.1. Plasma heating power̂ - '

2.21.2. Plasma heating frequency'26'

2.22. Electron-ring heating method

2.22.1. Electron-ring heating

2.22.2. Electron-ring heating

2.23. Plasma energy gain^2h), Qp

3. Power Output

3.1. Plasma fusion power, Pp

3.1.1. 14.1-MeV neutron power, PJJ

3.1.2. 3.5-MeV alpha-particle power, Pa

3.2.3. Electron-ring power loss

3.2. Reactor thermal power

3.2.1. Power to first wall

Power to limiter

Power to blanket

Power from blanket (MN = 1.5)

Power to shield

Unit Value

-

MA

-

keV

keV

keV

keV

0.33

0.

0.26

27.9

29.0

280.

>1500

1.06

3.2.2.

3.2.3.

3.2.4.

3.2.5.

3.3.

3.4.

3.5.

480

Blanket power amplification
factor, MJJ

Plasma chamber power density
(total cycle time average)"8

Plasma power density^b)

s

s

-

-

MW

GHz

-

MW

GHz

-

MWt

MWt

MWt

MW

MWt

MWt

MWt

MWt

MWt

MWt

-

MWt/m3

MWt/m3

Steady state

Steady state

DT

LHH(startup only)

69.1(absorbed)

0.55 to 1.4

ECRH

42(absorbed)

52

>100

2857

2285

572

42

4042

644

300

2032

3692

50

1.5

3.41

4.13



4.

Parameter

.6 Engineering power density' '

.7 Blanket power density^)

8. Total thermal power to
conversion cycleI'e)^ p

9. Plant gross electrical output,

10. Plant net electrical output, P,

11. Thermal cycle efficiency,

12. Net plant efficiency, n » nTH(l-e)

13. Recirculating power fraction, e

Reactor Coolant System

1. Blanket coolant

2. Blanket outlet temperature
(hot leg)

4.3. Blanket inlet temperature
(cold leg)

4.4. Blanket outlet pressure

4.5. Blanket inlet pressure

4.6. Blanket coolant flow rate (total)

4.7. Blanket coolant-tube material^ '

4.8. First-wall coolant type

4.9. First-wall outlet temperature

4.10. First-wall inlet temperature

4.11. First-wall outlet pressure

4.12. First-wall inlet pressure

4.13. First-wall-coolant flow rate (total)

4.14. Total number of blanket-
coolant loops

4.15. Type of blanket coolant circulator

4.16. Power input to each circulator^41*)

4.17. Peak temperature in cas«
of loss-of-coolant-f

4.

4.17.1. First wall

4.17.2. Blanket multiplier

4.17.3. Breeder

18. Energy storage

Unit

MWtAa3

MWt/m3

MWt

MWe

MWe

-

-

-

-

K

K

MPa

MPa

kg/s

-

-

K

K

MPa

MPa

kg/s

-

MWe

K

K

K

J

Value

0.24

3.33

4028

1430

1214

0.355

0.301

0.15

H20(liquid)

593

553

15.1

15.2

16,800

Modified PCASS

H20

593

553

15.0

15.2

2420

4

Vertical, 1 stage

4.25

720

720

820

Not required
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Parameter

5. Intermediate Coolant System

6. Steam Generation (SG) System

6.1. Steam outlet temperature

6.2. Steam outlet pressure

6.3. Steam flow rate (total)

6.4. Feedwater temperature

6.5. Number of steam generators (SG)
per loop

6.6. Number of reactor sectors per SG
(2 modules/sector)

6.7. SG materials, shell/tube

7. Shield Coolant System

7.1. Tcral power deposited in the shield

7.2. Shield coolant type

7.3. Shield outlet temperature

7.4. Shield inlet temperature

7.5. Coolant outlet pressure

7.6. Coolant inlet pressure

7.7. Coolant flow rate (total)

8. Reactor Auxiliary System

Unit Value

,(8a)

8.1. Vacuum pumping system

8.1.1. Plasma chamber pressurev

8.1.2. Plasma chamber volume

8.1.3. Total vacuum volume

8.1.4. Number of vacuum pumps (cryogenic)

8.1.5. Regeneration interval

8.1.6. Helium pumping spee^ (per pump)

8.2. Magnet cooling system

8.2.1. Helium cooling load (total)

8.2.2. Nitrogen cooling load

8.3. Plasma-heating-system cooling load

8.4. Plasma fueling system

8.4.1. Type

8.4.2. Fuel composition

K

MPa

kg/s

K
_

Not required

572

6.3

2024

508

1

MWt

Low carbon steel/
Inconel 600

50

K

K

MPa

MPa

kg/s

333

316

0.34

0.48

700

Pa

m3

m3

—

h

m3/s

kWt

kWt

MWt

-

-

10-3

838

1506

72 (36 on-line,
36 regenerating)

2

120

13.3

34.6

78

DT Pellet

50% D, 50% T
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Parameter

.4.3. Fueling rate

Unit Value

(8b)

8.4.4. Pellet diameter

8.4.5. Pellet injection frequency

8.5. Tritium processing and recovery system

8.5.1. Total tritium inventory

8.5.2. Vulnerable tritium inventory^8d'

8.fS. Impurity Control System

9. ReacLor Components

9.1. First wall/blanket

9.1.1. Structural material(4a)

9.1.2. Breeding material

*?.1.3. Neutron multiplier material

9.1.A. Breeding ratio^9a^

9.1.5. Number of modules (2 per sector)

9.1.6. Weight of modules (2 per sector)

9.1.7. Weigft of largest single component

9.1.8. Dimensions of largest component

9.1.9. First-wall power loading

9.1.9.1. 14.1-MeV neutron flux(9b)

9.1.9.2. Alpha-particle flux(9c^

9.1.9.3. Radiation, charge-exchange,
and conduction power
to first wall

9.1.9.4. Radiation, charge-exchange,
and conduction power
to limiter

9.1.9.5. First-wall life

9.2. Shielding

9.2.1. Material

9.2.2. Number of modules (2 per sector)

9.2.3. Weight of each module

g/s

mm

s"1

kg

kg

O.O23KT)

0.0154(D)

See footnote (8c)

See footnote (8c)

42.4

< 1

Pumped limiter

—

-

-

-

tonnes

tonnes

m

MW/m2

MW/m2

MW/m2

MW/m2

Modified PCASS

a-LiAlOn
(natural Li)

Be

1.06

72

44.4 (coil-plane)
69.9 (midplane)

69.9

4 x 4 x 3

1.4

0.0

0.35

2 .3(maximum)

MWyr/m'1

tonnes

9.2.4. Weight of largest single component tonnes

9.2.5. Dimensions of largest component m

16

W/Pb, 304 SS, TiB2

TiH2,H2O

72

160.9 (coil-plane),
203.4(midplane)

203.4

4 x 5.6 x 6.1

483



Parameter Unit Value

9.3

9

9

9

9

9

9

9

9

9

9,

9.

9,

9.

9.

9.

9.4.

9.5.

9.

9.

9.

9.

9.

9.

9.

9.

9.

9.

9.

9.

.

.3,

.3.

.3.

.3.

.3.

.3.

.3.

.3.

.3.

.3.

.3.

.3.

.3.

.3.

.3.

,5.

,5.

.5.

5.

5.

5.

5.

5.

5.

5.

5.

5.

Magnets

.1.

.2.

.3.

.4.

,5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

Superconducting

Conductor material

Structural material

Operating temperature

Coolant

Mean stress in coil

Maximum force transmitted to
building

Maximum field

Field on axis (coil plane)

Field on axis (midplane)

Number of magnets

Mean coil radius

Total stored energy (full torus)

Weight of largest single

component^ '

Dimension of largest single
component

Energy transfer and storage

Plasma heating

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

Type

Frequency' '

Power to the plasma

Transmission method

Power reflected from plasma

Power loss in transmission

Power loss in amplifiers

Power loss in power supplies

System input power

Heating time

Number of waveguide grills

Number of amplifiers

K

MPa

MN

T

T

T

-

m

GJ

tonnes

m

-

GHz

MW

-

MW

MW

MW

MW

MW

min

-

-

TK coil

yes

Cu/NbTi/Nb3Sn

316L SS

4.5

LHe

127.2

1.63

9.7

5.03

2.25

36

2.90

131

726

10 x 10 x 5.2

Not required

Required only
for startup

LHH

0.55 to 1.4

ARE coil

yes

Cu/NbTi

316L SS

4.5

LHe

TBD

6.6

72

4.44

69.1 (0.1 MW/m3)

Overmoded waveguide

7.7

3.2

14.0

6.0

100

- 20

4 (90° around torus)

196 (total)
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Parameter

9.6. Electron ring

9.6.1. Type

9.6.2.

9.6.3.

9.6.4.

9.6.5.

9.6.6.

9.6.7.

9.6.8.

9.6.9.

Unit Value

Frequency

Power to the electron ring

Transmission method

Power loss in transmission

Power loss in gyrotron

Power loss in power supplies

Systerr input power

Number of waveguides

9.6.10. Type of power generators

9.6.11. Number of generators

10.

10.1. Cold-plasma startup-power from grid

10.2. Auxiliary power requirements

(normal operation)

K>.2.1. Electrical energy storage

10.2.2. Magnet power supply (other

than energy storage)

10.2.3. First-wall/blanket circulators

10.2.4. Limiter-coolant circulators

10.2.5. Shield-coolant circulators

10.2.6. Refrigeration system

10.2.7. Vacuum system (roughing)

10.2.8. Electron-ring heating system

10.2.9. Miscellaneous reactor plant
auxiliaries

10.2.10. Feedwater pump system

10.2.11. Condensing system

10.2.12. Heat rejection system

10.2.13. Miscellaneous BOP auxiliaries

11. Buildings

11.1. Reactor Building

I 1.1.1. Characteristic dimensions

11.1.2. Enclosed volume

11.1.2.1. Free

GHz

MW

-

MW

MW

MW

MWe

-

-

-

MWe/s

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

ECRH

50

42

Overmoded waveguide

1.2

72

6.3

120

216 (6 per sector)

gyrotrons

216 (total)

316/1200

216

none required

5.6

37

2

(item 10.2.13.)

10

(item 10.2.9.)

120

1.4

not required
(turbine driven)

6.0

21.0

13.0

107(diam) x 36(ht)

167,000
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Parameter

11.1.2.2.

11.1.3

Total volume

Minimum wall thickness for
shielding

11.1.4. Internal pressure.
normal/accident^1^)

11.1.5. Containment atmosphere

11.2. Turbine Building

11.2.1. Characteristic dimensions

11.2.2. Enclosed volume

11.3. Reactor Service Building

11.3.1. Characteristic dimensions

11.3.2. Special functions (i.e., hot
cells, blanket processing
equipment, etc.)

12. Reactor Maintenance

12.1 First-wall/blanket/shield
replacement

12.1.1. Annual percentage

12.1.2. Area

12.1.3. Weight<12a)

12.2 Radioactive material storage for
life of plant (40 yr)

12.2.1 Total long-term storage
(»40 yr)

12.2.2 Remaining recyclable blanket
storage

12.2.3 Total recyclable reactor
equipment'12°' (after

plant decommissioning)

12.3 Reactor availability

12.4 Overall plant availability

Unit

m3

m

MPa

-

m

m3

in

Value

231.UOO

1.5

-0.001/.0817

co2

110 x 50 x 3 5

192,500

110 x 69 x 24

Tritium handling, radwaste,
hot cells, cryogenics and
helium storage, maintenance and
storage

% area/yr 8.3 (6.7 average)

m2/yr 128

tonnes/yr 343 (274 average)

m3/tonnes 87O/69OO(12b)

m3/tonnes 1020/3300

m3/tonnes 7040/4820U

0.85

0.77

Footnotes for Reactor Design Table

Char-icteristic Machin«^

The reactor envelope encloses the toroidal-field coils and has the

dimensions given with a circumference (length) of 220 m (at the major

toroidal radius of 35 m.)
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2. Plasma Parameters

(a) Does not include average alpha-particle pressure.

(b) Collisionality parameter defined as collision frequency relative to

gradient-B drift frequency.

(c) Based only on steady-state alpha-particle density.

(d) Startup only, 69% overall system efficiency.

(e) Frequency varied to optimize startup efficiency as temperature varies.

(f) 35% overall efficiency.

(g) First-harmonic heating with no bulk-plasma heating,

(h) Design point specifies Q •*• °°.

3. Power Output

(a) Based on fusion (2857 MWt) power divided by vacuum chamber volume (838

m 3 ) . if ECRH is included, this power density becomes 3.46 MW/m3.

(b) Based on fusion power (2857 MWt) divided by plasma volume (691m3).

(c) Based on total thermal power and net volume (16,441 m3) enclosed by and

including magnets.

(d) Based on blanket volume (1108 m 3) and thermal power actually delivered to

primary coolant (3692 MWt).

(e) Includes a portion of primary-coolant pumping power.

4. j*e_aj;tôr_ Coolant System

(a) PCASS is primary candidate alloy, stainless steel.

(b) Each coolant loop uses two circulators, for a total of 8 circulators or

34-MWe total circulation power.

(c) Based on establishment of CO2 gas cooling (1 MPa).

8. Reactor Auxiliary Systems

(a) Pressure at edge of plasma during reactor operation, desirable to achieve

10" Pa base pressure prior to plasma operation.

(b) Based on 82% edge recycle of DT (Sec. 7.5.).

(c) A 4-mm-diameter DT pellet injection and toroidal positions at a frequency

of 1.5 s would supply these fueling needs. For these conditions the

total pellet would contribute < 10 % of the plasma inventory.

(d) Includes only circulating, gaseous tritium.

9. Reactor Components

(a) Theoretical breeding ratio; does not include losses, decay, first-wall

area reduction. Actual value > 1.02.
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(b) According to the calculations given in Appendix V, tht- poloidal variation

in the neutron flux in the poloidal direction is 20%.

(c) Prompt alpha-particle loss fraction is estimated to be 35% in Appendix D,

but is not included in this study.

(d) Based on a single coil set comprised of one TK coil and two ARE coils.

11. Buildings

(a) Includes volume of reactor hall and primary-ccrolant component room; value

used to calculate overpressure in event of coolant line rupture.

(b) Normal operating pressure is slightly less than atmospheric, as in the

present-day nuclear power plants. The accident condition is assumed to be

the loss of primary coolant into the containment building.

12. Reactor Maintenance

(a) Based on replacing 1/12 of first wall and blanket during the last 12 years

of a 15-year life.

(b) Includes first-wall, blanket, and limiter PCASS components.

(c) Includes blanket and first wall, all shielding, TF and ARE coils, primary

structure and support, limiters, and vacuum cryopumps but excludes long

terra storage in Item 12.2.1.

REFERENCES

1. C. R. Head, "Standard Fusion Reactor Design Study Contents," Department of
Energy, Office of Fusion Energy letter RS&A:CRH;#478 (March 7, 1979).
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APPENDIX B. ZERO-DIMENSIONAL PLASMA BURN MODEL

An Important element of this study Is the thermonuclear burn dynamics and

associated generalized energy balance. The models and results presented in

Sees. 4.2., 5., and 6. have utilized the point-plasma simulation model

developed here. Early design studies1 were based on a plasma performance that

was estimated from analytic models of the kind described in Sec. 2.2. These

approximations were subsequently examined2 with a point, time-dependent plasma

model.3 The latter studies focused primarily on the startup transient and the

attainment of the desired ignited steady state. The Oak Ridge National

Laboratory (ORNL) point reactor model,2 however, used neoclassical transport14"7

with a parametrically specified electric field. This "parametric" treatment of

radial electric fields resulted in thermally unstable reactor burns for the

design point reported in Ref. 1. This plasma model2'3 was comprehensive within

the limitations of the point-plasma approximation and was employed to clarify

estimates of possible reactor operating points. The time-dependent point-plasma

model being used here is the primary computational tool by which reactor design

points are determined.

To perform this EBTR design study and reassessment, a time-dependent,

three-particle (electrons, DT ions, and alpha particles) point-plasma model was

developed. This reactor code has been adapted from a similar code used in past

studies of the Reversed-Field Pinch Reactor (RFPR).8 In addition to a

Fokker-Planck treatment of alpha-particle thermalization, the point-plasma

reactor model describes the neoclassical transport with an ambipolar condition

being used to compute the radial electric fields. A reactor plasma model has

been developed in conjunction with ongoing theoretical work10'11 that

incorporates, within the context of a point model, the "plateau" transport

regime for ions. The magnetics/transport subtask (Sec. 4.3. and Appendix D)

interfaces with the burn computations only through the averaged field

curvatures, thereby decoupling two relatively complex computations. This

appendix gives a general description of the zero-dimensional burn simulation

(Sec. B.2.), a comparison with past results (Sec. B.3.), a means for ^dynamic

startup and barn control (Sec. B.4.), and the results of parametric burn studies

from which the EBTR design point was selected (Sec. B.5.).
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B.I. Description of EBTR Point-Plasma Simulation.

The essential features of the zero-diinensional burn code used in this study

are summarized below. This model is similar to the ORNI- code2' except for the

treatment of alpha-particle thermalization and particle/energy transport. The

Los Alamos model includes:

• Three species plasma.

- Maxwellian ions and electrons.

- Fokker-Planck description of alpha-particle dynamics.

- The ion species are described by an average DT particle, except that the
ion transport is first computed individually for D+ and T+, then an
appropriate average is taken.

P Option for either microwave or netitral-beam heating.

• Conservation of particles with an option for programmed fueling and buildup
of toroidal plasma density (e.g., startup with fixed collisionality,
constant n/T constant power, or constant beta).

• Classical ion-electron equilibration.

• Radial transport described by the neoclassical scaling laws using a
self-consistent determination of radial electric fields.

- "pure"-Kovrizhnykh scaling option that evaluates both ion i»nd electron
transport in the limit where E x ̂  poloidal drifts dominate gradient-B
drifts.

- "plateau" scaling option, wherein the ion transport is assumed to be
dominated by resonant particles (i.e., U = ^£ x R + Qyg = 0) and electrons
are scaled in accordance with Kovrizhnykh transport.

- the fraction, fQ, of alpha particles that survive first-orbit losses are
transported according to neoclassical theory in conjunction with the
time-dependent, alpha-particle temperature. For the purposes of this
study, however, the alpha particles are transported with the ion
confinement time.

• Pressure balance is used only to compute an average beta as a function of
time, with a post facto apriication of a stability beta limit being used to
accept or reject certain operating points.

• Radiative loss channels include bremsstrahlung, line, and cyclotron losses.

• Electron-ring physics and energy losses are not explicitly incorporated into
the plasma energy balance used to model the core or toroidal plasma.

492



• Charge-exchange and ionization processes are not modeled, under the
assumption that these phenomena for reactor-grade plasmas are purely an edge
effect (Appendix L).

• Complete plasma and reactor-plant energy balances are performed.

• Time-dependent structural/mechanical analysis of the first-wall response is
computed.

An energy flow diagram for the zero-dimensional plasma in steady state is

depicted in Fig. B-l. The equations of mass balance for the alpha particles

(u), deuterons (D), tritons (T), and electrons (e) are given below for an

external fueling rate, R- (j=D,T), and -i deuterium neutral-beam source rate, S^,

where is a beam-fusion factor.

— (SBfF + Pa/Ea)fu - n a/T p a (B-l)

dnD-
dt

SB(l-fF) - (nen0D<ov>U)r. (B-2)

. _ = RT - (nen0T<ov>I0N. Pa/Eo) (B-3)

Fig. B-l. Energy flow diagram for an ignited plasma.
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The average ion density, n^, and electron density, ne, are given by

n4 = nD + nT , (B-4)

n£ = nD + nT + 2nQ . (B-5)

Impurities other than helium ash are not explicitly modeled. For a neutral-beam

energy, Eg, and an external source of microwave power to the electrons and ions,

P e and Ppj, respectively, the following expressions describe the energy balance

for each plasma species.

d(3/2)naTa

dt = (SBfFEa + Pa)fa ~ (3/2)nakBTa/TEa - (P e a + P i a) , (B-6)

d(3/2)neTe

Jt
EBSB(l-fF)fBe - (3/2)nekBTe/iEe

" (PLINE + PBR + PCY) ~ Pei + P.

d(3/2)niTi
i " (3/2)n1kBT1/TE1 + Pfii + Pia . (B-8)

A Fokker-Planck model12 is used to describe both the classical electron-ion

equation portion, Pe^> as well as the alpha-particle heating of electrons and

ions, Pag and Pai> respectively. The alpha-particle heating model allows for

the possible non-MaxwellIan phase-space distributions for both electron and

fuel-ion species. The addition of particles to the alpha-particle distribution

function as a result of the fusion yield is given by

Afa(n/v
3) - (Ana/Ad4*

J//v£>e~ L ~ V«;/QdJ , , (B-9)

where va is the velocity corresponding to the 3.52-MeV alpha-particle, iina is
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the number density of alpha particles added at each time step, At, and the

Doppler broadening caused by the background ion species is A^ = (kgT^/2m^)1 .

Generally, both ions and electrons are specified by Maxwellian velocity

distributions. Prompt (first-orbit) losses of alpha-particles are described by

the fraction 1 —f^, which is determined from the magnetics/transport cask

(Sec. 4.3. and Appendix D), whereas the diffusive loss of thermalizing alpha

particles is assumed t"> occur according to the ion transport time (Sec. B.2.),

but at an energy, Ta, determined by the time-dependent Fokker-Planck

d istribut ion.

Bremsstrahlufig and line and cyclotron radiation contribute to the radiation

power, PRAD- Impurity radiation is incorporated for oxygen and utilizes fitted

analytic functions.'i The average bremsstrahlung power is14

BR = 5.35UO)-
37 n;Zeft TJ'

2 , (B-10)

where Zeff is the sum of n .'/A- divided by the sum of n-Z- over all ion species j.

The cyclotron radiation leaving a nonabsorbing plasma14 is numerically

integrated over the plasma cmss .section to give

- 6.20(10) 17 ne (B)^ Te(l + Jj2\)h) , (B-ll)

where <m effective magnetic field B has been defined as the average toroidal

field. Accounting for absorption and assuming nonreflecting walls, 1 4 the actual

fraction of cyclotron r.idiuinn leaving the plasma is given by

- 2.K1O)"3 Te

The fraction of P^y leaving the plasma for an absorbing plasraa and a reflecting

cylindrical firsL wall is given by ko in Ref. 13. For a first wall with a

fraction f^ formed by holes, tin; cyclotron ridiation power leaving the plasma

and escaping through tliesi; holes is H(-y - P^y ^l^~^H^" ^ e PO!';er leaving the

plasma and absorbed by the first wall is P("y = P^y ^r('~^H^ T o r "*
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metallic wall, and P?... = P̂ ,, k.(l-f) for a nonref leer ing wall. The total

:yclotruii power leavi.ig the plasma is Pp., = p{Jv + '̂ CY*

The rni-r(;y exchange between the bul'< plasma and the relatlvistic electron

rings is not '•>:;> 1 i ci t Ly taken into account in modeling the burn dynamics.

Radiation, <"lr-ig, and mirroring losses associated with the electron ring are

treated apart from the bulk plasma response (Sec. 4.4. and Appendix E ) .

The energy and particle confinement times of the jth species, T^- and T
pj>

respectively, remain to be quantified. By convention all densities and

temperatures appearing in the proceeding equations refer to volume-averaged

values; the corresponding values of t ^ and T ., therefore, should reflect an

appropriate average taken over assumed profiles for n ., T., and the radial

elect ri..- field. A completely "self-consistent" reduction of the radial,

bounced-avcraged transport equation to the point-kinetic equations represented

in Kqs. ( B-1 ; - (ii-S; is not possible. This issue is addressed in the following

sect ion.

_B_. 2. Tr-tnsyort.

This subsi'. tioti ik'sr ribes the po i .it -plasma transport model used to describe

the T.KTK bur.i. The major parameters of concern are the particle and energy

cmif i ni-riL-n t ' i-v's, : n and i ̂  , respectively. This subsection focuses on the

effects • >' ri.ii 11 -pr.ii i I -• averaging and the ambi polar condition (i.e., Tp =

tpj)- Ti, isc t r.iiis;>.irt parameters related to magnetic field curvatures are

tre.il i-ii ;>•! r <••-,•• t r i • -i 1 1 >' i .1 r h i s subset't ion ; the de ta i led procedure used to arrive

at boij- . .--avi.-r.:j',cJ v.il-u-s : jr X-j-, R , and R^/K is described in Appendix D.

B.J.I. (ieni'Tii Jonsiderat i ons. The diffusive loss of particles and energy

f row the nmiax I->v3in<.'t r i .• bumpy torus is determined by neoclassical processes in

whirh the : -md mental diffusive step size is influenced significantly by the

magni t .i.-ii- nul ilirfct ion (if guiding-center particle orbits in a toroidal

gennetr.-. Her. ins,- the magnet ir field is higher on the inboard side of a simple

torus, vta-n r-mpar-'d t-j the outboard side, the gradient-B drifts cause a

vertical hargc separation and electric field that, through the resulting E * B

force, induces i <ns to drift rapidly outward, perpendicular to the toroidal

axis, and out jt the torjs; equilibrium for a purely toroidal system does not

exist. This toroidal drift velocity is approximated by

v T = kj^T/qfyrf , (B-13)
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w h e r e k_ is t h e B o l t z m a n n r o n s t a n t (l.nU'iCI") ' n .}•'-.>.•'<), the ' <-n\»- r 11 iro T is

g i v e n in k e V u n i t s , q is the p a r t i c l e c h a r g e and H is tin.- : -,a,;-' i r i;d.- >'. the

m a g n e t i c f i e l d . T o r o i d a l s y s t e m s like the st'-llarator .;r L.K- sn.iis.ii: iiJucf" a

r o t a t i o n a l t r a n s f o r m i a the ronf inirig t o r o i d a l n-T/ni ! i. ! ieM; A--, plasma

p a r t i c l e s g y r a t e a r o u n d the m i n o r c r o s s s e c t i o n i P. <.'<•• ,>•)'. , ida!

m i g r a t i o n in the t o r o i d a l d i r e c t i o n o c c u r s , the u p w a r j t ,rji.i.'.

is p a r t i a l y c a n c e l l e d . T h i s c a n c e l l a t i o n w o u l d t>- con,>!••(.!• i

C o u l o m b c o l l i s i o n s .

C o n f i n e m e n t for the b u m p y t o r u s c n i o - p t , "ii th< ti;-.< r !•

i n d u c i n g g r a d i e n t - B and E x \i p o l o i d a ' d r i : t s i i •• ;.! i : i >:•

g y r o m o t i o n and t o r o i d a l d r i f t s e x p e r i e n c e d by lae plas-,a .-,;-.- ;••>•

t h e p o l o i d a l p r e c e s s i o n of the g u i d i n g — r e n t e r or'iiis .1'. 1.jv-. -

o u t b o a r d r e g i o n s o f the t o r o i d a l p l a s m a to be s a m p l e d , ri-.sul : \ ng

c a n c e l l a t i o n of the t o r o i d a l drift w i t h o u t i n t e r n a l lv (t

( s t e l l a r a t o r / t o r s a t r o n ) i n d u c i n g c u r r e n t s and

m a g n e t i c f i e l d . T h e g r a d i e n t - B p o l o i d a l d r i f t

i i r>-c-: i <>i whi le

I r i 1 t '•«.-1 oc i ty

I In a hsenci 1 of

'.•• , ri.-l i.'s on

! , the lor^'ial

IT; t lii s w a y

• t '. i r;boa r.l and

i 1 a j>art ial

a-'i i.< 1 o r L-\l::rn<i 1 ly

riL.it i u i i i ! ' r a i l s : iri: i n t h e

c i L ; 1. a . " ) • • a :•• ro»: i 1 r... 1 t e d by'

= kBT/qRt.B (B-14)

w h e r e n o w t h e h u m p i n e s s o f t t i e s i m p l e n i r r o r d r i v e s t h . - ^ r j i i i e n i - B d r i f t s , a n d

R i s a m e a s u r e o f t h e f i e l d c u r v a t u r e a s s o c i a t e d « ; : ' ; t ' u s i - p i " n i r r u r s .

A d d i t i o n a l l y , r a d i a l e l e c t r i c f i e l d , K r , c a n b i - «. , ( a h 1 i s ! . t - d b y a m b i p o l a r

d i f f u s i o n o c c u r i n g i n t h e m i n o r - r a d i a l d i r e c t i o n ; r . h i - , 1 ] . - , - ; r i . , t U - l d j i v e s r i s e

t o a n a d d i t i o n a l c o m p o n e n t t o t h e p o l o i d a l d r i f t v e l o c i t y , v | V | n , b e c a u s e o f

r e s u l t i n g E x B f o r c e s :

F.xB ( B - 1 5 )

T h e n e t d r i f t f r e q u e n c y i n t h e p o l o i d a l d i r e c t i o n i s g i v e n b y
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vVB>/rp

(kRT/qr ,C ErRcq/kRT) , (B-16)

where r is the average plasma minor radius, and Rc is local magnetic radius of

curvature. The diffusive step size in the presence of the poloidal drift

frequency, ft, becomes

Ar = vT/fl , (B-17)

and the associated particle-diffusion coefficient r~n be approximated by

D = (B-18)

where v is the appropriate (ion or electron) small-angle collision frequency.

Figure B-2 describes graphically this approximation to neoclassical diffusion

theory as applied to the bumpy torus. Combination of hiqs. (B-13), (B-16), and

Ar,DIFFUSION STEP LENGTH

TOROIDAL (VERTICAL) DRIFT
vT a I /RT

POLOIDAL DRIFT

ACTUAL PATH

Fig. B-2. Schematic representation of neoclassical diffusion as applied to EBT.
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(B-17) into Che form of a diffu; -.i coefficient, ab given by Eq. (B--18), yields

the following expression for a particle confinement time, x .

vxp * vrp
2/D = (C_/Rc)

2 (>+qErRc/kBT)
2 . (B-19)

Using a more exact approach.4 which, nevertheless applies only to the case where

E * B drift.-- dominate the gradient-B drifts, the following expression for the

particle confinement time of the jth species results.

(1 +
(B-20)

This result depends on the specific meaiis by which radial density and

temperature profiles have been averaged, an issue that is addressed in the

following subsection.

The theory of EBT transport has recently received considerable attention,

and the role of "plateau" (resonant) and "banana" (crescent) diffusion in the

collisionless regime (v/ftyg).« 1 is being quantified.9"~11 One form of the

transport model embodied in Eq. (B-20) is applied to the electrons. An

equivalent formulation of plateau transport is used for the ions in this reactor

study. Using the classical collision frequency, v̂^ = UnA/7.15(10)17)(n/T3/2),

Eq. (B-20) can be expressed as

nx (s/m3) = 3.16(10)16T3/2(RT/Rc)
2 (l-eErRc/kBT)

?7(l-errr /kfiT) , (B-21)

where the Coulumb logarithm, inA, has been taken as 17, and (v/^yg)i * 1.0.

Although approximate, Eq. (B-21) clearly reflects a favorable: scaling for the

Lawson parameter: nx increases witn temperature to the 3/2 power and with the

square of magnetic aspect ratio, Rj/Rc.

B.2.2. Profile Effects. The predictions obtained from any zero-

dtinensional plasr.a model are sensitive to the density and temperature profiles

that are needed to arrive at the average particle and energy confinement times,

T . and tF., respectively. These profiles, in turn, depend on the local
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transport and fueling rates. Given the absence of experimental data relevant to

a reactor, these profiles must be estimated from one-dimensional transport

analyses of the kind described in Appendix C. The one-dimensional burn results

given in Appendix C, however, are interim projections emerging from ongoing

calculations; within this context the one-dimensional results cannot presently

be incorporated directly into the reactor study. This section, therefore,

presents a basis for profile averages adopted by the present analysis.

One simple analytic approach to estimating the steady-state density

(radial) profile is to sclve the diffusion equation for the case where the

temperature gradient length is large and the fueling rate is F(atoms/m3s):

(B-22)

If the diffusivity, p , is assumed to vary linearly with density according to

Dn = V ^ V • (B"23)

and if the fueling rate is described by the power law

F(r) = FQ(r/rp)
v , (B-24)

Eq. (B-22) can be solved to give the density profile

(n/no)2 = S
2 + (1-62) [l - (r/rp)^

2] . (B-25)

Referring to Fig. B-3, the plasma density at the edge is 6no, the average

fueling rate is <F> = (l-62)D0no(v+2)/rp
2, and the edge condition in the region

between the effective plasma edge, r , and the structural first-wall, rw, need

not be specified; as shown in Fig. B-3, the density in this edge region can be

assumed equal to 6nQ or can be extrapolated linearly to zero.
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<F>[\*y/2)

\FIRST-WALL
PLASMA EDGE,rp RADIUS, rw

Fig. B-3. Schematic diagram of density and fueiing-rate profiles for the case
of a steady-state plasma with an infinite temperature gradient
length. Two possible edge-density conditions are shown.

In applying the profile effects to the expressions for the point-plasma

t r a n s p o r t p a r a m e t e r s ( i . e . , T . or T
p-j)> the f o l l o w i n g d e f i n i t i o n s ptove

convenient.

Density scale length: £n =
(dn/dr)r

Density profile factor: f = <n>/n(r )

Temperature scale length: iT. =
(dTj/dr)r

(B-26)

Temperature profile factor: fT- = <T->/T^(r )

Reactivity form factor: <n2>/<n>2

The dependence of SLn and f for a range of assumed values of 6 and v is

shown in Fig. B-4 for the case of a radially-flat temperature profile (i.e.,

ij. •* <*>, frj,. •*• 1). Analytic expressions can be derived for these profile
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Fig. B-4. Dependence of density gradient length, An, and profile factor, f ,
for a range of assumed plasma-edge densities (6nQ) and fueling-rate
profiles (v).

factors for the case of a flat fueling profile (i.e., v •> 0) and are summarized

below.

<n> _ 2 1-63
(B-27A)

(B-27B)

<n2> _ _9 (l+62)(l-62)2

2 " 8 (1.63,2
(B-27C)
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Jl = 1 rL ii3-
;_ , (B-2 7D)

(v+2)(l-62) 9 (1-62)3

f -._<."_>_ = 1 _Il?.L . (B-27E)
P n<rp) 3 6(1-52)

As will be shown in Sees. B.2.3. and B.2.4., the relationships given by

Eqs. (B-26) or (B-27) can be incorporated into the expression for T . and T^-

for an assumed fueling profile (i.e., v) and edge condition (i.e., 6). The

actual selection of 6 and v, or more generally If*, in, fp, fji> must wait for

guidance from the one-dimensional simulations.

An even simpler approach to the estimation of the profile parameters for

use in the noint-plasma transport parameters ignores fueling considerations and

simply assumes a density profile of the form

n/n0 = 1 - (r/rw)
v , (B-28)

where the average density, <n>, is simply vnQ/(v + 2 ) . If an effective plasma

radius is defined as the point where the density equals the average density,

(i.e., n( r
p) = <n> is used to define r ), then the density scale length, ln,

equals r D / 2 , irrespective of the v value used in Eq. (B-28). By definition,

then, f is unity and r /rw = [2/(2+v)]
l'v. In the context of the point model,

r is the radius where the particle flux, F(r ), is evaluated for determining

the point-plasma confinement time (Sec. B.2.3.). The approximations used

through this study assume ln to be r /2 and lj^ is assumed to be large. The

validity of this simple assumption ultimately must be tested by a

one-dimensional (radial), burn simulation of the kind described in Appendix C.

B.2.3. Point Model for "Kovrizhnykh" Transport. The development of the

point-plasma transport model begins with the radial components of the particle

and energy fluxes. The derivation of these expressions from the bounce-averaged

drift kinetic equations is described in a number of publications.16"19 The

radial components of the particle flux, V ., and energy flux, Q-, for the jth
J J

species in an axially asymmetric confinement system are given by1*'6
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(B-29)

j = " Knj(3nj/3r) - iCj-jOTj/ar, + njUTjEr . (B-3U)

The bounce-averaged transport coefficients have been calculated4 for a bumpy

torus in the limit of large radial electri-: fields (i.e., E x B poloidal drift

frequency, n(jrxg), dominates the oppositely directed gradient-B drift frequency,

. These expressions are summarized below.7

Dnj = (v^j/6)Vj/(v2 + Q2j f - (B-31A)

D T j = (2nj/Tj)Dnj , (B-31B)

(B-3LC)

Knj = ^7kBTj/2)Dnj » (B-310)

-j (101kBnj/2)Dnj , (B-31E)

j = (7q j/2)Dnj , (B-31F)

v o j = kBTj/mjucjRT = kgTj/qjBdj, , (B-31G)

"(ExB)j + n(7B)j ' (B-31H)

where T- is the local temperature of species j, q= is the charge of species j, B

is the local magnetic field, and RT is the major toroidal radius. Evaluating
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the poloidal drift frequencies, ^(gxij\ =
 v(ExB)'/rp anc' ^(VB) = v(VB)/'rp' w n e r e

V/ExB) anc* V(VB1 a r e t'le c o r r e sP o ndi ng drift velocities, leads to

O/rp)v(7B)j

(B~32A)

= V r
P
B ' (B-32B)

= noj(l + ErRcqj/kBTj) , (B-32C)

voj = rp<Rc/RT)noj * (B"32D)

The corresponding expression for D . is given by5

D n j = (r[)
2/6)(Rc/RT)

2fi2jVj/(v2 + Q2) ( B_ 3 3 )

For the zero-dimensional plasma model the particle confinement time is

T . = (r /2)<n->/r., and the energy confinement time is

TEi = (rp/2)<-rn-jkgT->/Q •. In order to apply this expression to the description

of a zero-dimensional plasma, appropriate density and temperature averages must

be generated. The scale lengths and profile factors defined by Eqs. (B-26) are

used. The scale lengths, ln and J&T., and the T.rofile factors, f and fT>, must

ultimately be related to either assumed profiles or experimental data.

Generally, flat temperature profiles are assumed (i.e., lj. •+• «>), and

expressions of the form given by Eqs. (B-25) or (B-28) are assumed to describe

the plasma density profile. The following general relationships for the

particle and energy confinement times result when T . and x^- are expressed in

terms of the scale lengths and profile factors defined in Eqs. (B-26)
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_L + T j + T J J r , (B-34A)
* Z f f k T+ +

Tpj rp *n ZTi fp f
P

kBT j

_ L f_L-l 7/2fTj^n + 101/2fp*TJ + 7q3Er/2ipHTi

T E j 3 T p j ^ n + 2 f T j / * T j f p + f T j < l V f k T

Implicit in Eqs. (B-34) is the assumption that <n.koT.> = <n.XkgT->.

Under the assumption that thermal conduction will smooth thermal gradients

within the bulk of the toroidal plasma column (i.e., f™. = 1 and 1/Jl-j.̂  •*• 0) and

taking Jin = r /2, with f = 1, Eqs. (B-34) reduce to

1/TPJ = ( A D n j / r
P
2 ) ( 1 + q j E r

1/TEJ = (7/3)/xpj m (B-35B)

Combining the last expression for T ̂  with Eq. (B-33), the following

relationship results.

(1 + q i E r R / k g T , ) 2 + ( v . / Q , ) 2
xpjvj - (3/2)(RT/Rc)

2 l V q . E
3 '

This expression serves as a basis for point-model analyses using Kovrizhnykh

scaling; when plateau ion scaling is used, the subscript j refers explicitly to

the electron (i.e., j = e ) .

As previously noted, past point-plasma reactor analyses1"3 treated

e_ = eErRc/kgTe parametrically. Ambipolar diffusion requires specific values of

E in order to obtain a "self-consistent" solution (i.e., T p e = T _ J ) . The

analytic form of these solutions for the radial electric fields is examined

after an equivalent expression to Eq. (B-36) is formulated for the "plateau"
q

transport regime.
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B.2.A. Point Model for "Plateau" Transport. The point model developed for

Kovrizhnykh scaling applies only in the limit where the E x B forces dominate

the poloidal drifts (i.e., the strong radial electric-field limit). Although

the use of Kovrizhnykh scaling in one-dimensional radial simulation models

predicts steady-state (thermally-stable) solutions for the EBT-I experiment with

a negative or radially-inward-pointing electric field, the magnitude of both E r

and Tg are computed to be lower than the experimentally observed values.9'20

Attempts to increase (numerically) the electron temperature leads to the

vanishing of the experimentally-observed negative electric fields. The

calculations given in Ref. 6 have been extended to include lowest order effects

of ion diffusion for finite Er in a region where the net poloidal drift

frequency for ions, SJ(EX£) + ^( ? B ) » *s s m a H * Few electrons are expected to

have small drift frequencies, and the high-electric-field Kovrizhnykh limit is

assumed to apply for this species. When the ion flux is assumed to be dominated

by slowly orbiting particles for negative electric fields, however, transport

for the ions is found to be nearly independent of collisionality for

r /Rrp < £ e < 1; this region is termed the "plateau regime".
9 The calculations

given in Ref. 9, however, neglect direct particle loss; this issue is addressed

for alpha particles in Appendix D. For the purpose of this reactor study the

calculational results given in Ref. 9 are used, although other formulations of

plateau transport have been proposed.

The general results reported in Ref. 9 are applicable in the collisionality

regime from 1 to A"-*'2, where A = Rj/r_. The transport coefficients for the

plateau regime that correspond to those given by Eqs. (B-31) are9

2

D.,,=il[l+±1 2 °j Rc e-'n(ExB)y"ojl » (B-37A)nj - • ! [1 +±-]

DTj = (nj/Tj^l + in(ExB)./°ojl]
 Dnj ' (B-37B)

Knj = kBTj[5/2 + l«(ExB)../"ojl]
 Dnj • (B-37C)

K T j = kBnj [5 + (7/2) |n(ExB)./
nojl + <«(ExB) ./noj>2] Dnj • (B-37D)
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where, according to the bounce-averaged model used in Ref. 9, the constant a

equals 2.1. It is noted that D . is independent of collision frequency, v.,.

Evaluation of Eq. (B-37A) at a plasma radius r and application of the resulting

expression to slowly orbiting (resonant) ions leads to

where £ = vi/nQl is the ion collisionality, A = Tg/Tj, and e r = eErRc/kgTe is a

dimensionless radial electric field; Eq. (B-38) represents the "plateau"

counterpart to Eq. (B-33). Substituting Eq. (B-38) into Eq. (B-34A) gives the

following expression for the ion particle confinement time, T . , for S. = r /2,

fTi = 1, l/£Ti = 0, and f = 1.

It is emphasized that, although v^ has been injected into Eqs. (B-38) and (B-39)

for dimensionality reasons, both Dn^ and T ^ are independent of collision

frequency.

Equation (B-39) is applied to the ions, whereas Eq. (B-36) is applied to

the electrons, in accordance to the arguments given in Ref. 9. Namely, the

number of electrons in resonance (i.e., ft = ^(ExB) + ^(yg) - 0) is small. On

the other hand, ions with thermal energies on the order of the electrostatic

ambipolar potential can experience a poloidal drift cancellation, and transport

for the ions will be dominated by such resonant particles. The ambipolar

condition (x = T ±) is used to determine the magnitude of the radial electric

field, e r, the plateau model being inherently restricted to negative roots.

As noted in Sec. B.2.3., for Kovrizhnykh scaling and a large scale length

for radial thermal gradients, the ratio of particle-to-energy confinement times

for the jth species is given by T
pj/

TEi = 7^3* F o r t h e c a s e of plateau

transport with resonant ions, Eq. (B-34B) applies only to the electrons, and the

following expression relates T p l and T E i.



Tpl/TEi

(5/2 - fT1^er)/fT1^n + (7/2)eEr/fpkBT.+(5 -

(B-40)

Assuming once again that the temperature scale length, S.™ , is much greater than

the density scale length, i , application of the ambipolar condition results in

T£e = (3/7) T , (B-41A)

E i [(5/2 - Aer) + (7/2)Ur(rp/2Rc)]

(14/3)xEe[l + Aer(rp/2RC)]

" [(5 - 2\c r) + 7XE,.(ro/2Rc)] '
(B-41B)

B.2.5. Solution for Ambipolar Radial Electric Fields. The radial electric

field, E r, is established within the plasma column to assure the equality of the

particle fluxes, ^i(J = i>e)» when one of two oppositely charged particles is

more mobile than the other. The existence of ambipolar diffusion implies

i . = tpe» Equating the electron and ion particle confinement times results in

the following expression for E r.

£r E e E r W e = (2Rc/r )(1 - Dnl/Dne)/(1 + ADni/Dne). (B-42)

It is noted that the dimensionless radial electric field, £_., is simply the

ratio of E x B drift frequency to the gradient-B drift frequency for electrons.

Combination of Eqs. (B-33) and (B-42) yields the following cubic equation for er

when KovrizKiykh transport scaling is used for both ions and electrons
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er + pe2 + qer + r = 0 , (B-43)

where the coefficients p, q, and r, under the assumptions that f = 1,

S-n = rp/2, and a flat temperature profile, are given by the following

expressions for the ambipolar condition as applied to Kovrizhnykh ion and

electron scaling.

2(r_/2Rc)X(l - X
3 / 26 1 / 2) -

p - ? _ , (B-44A)
X2(r /2RC)(1 + Al'

2l/2

_ (rp/2Rc)[g
2(l + 1/A5'261/2) + 1 + A 5^ 1'*] - 2X(1

A2(r /2RC)(1 + X
1/261/2)

P c

X2(rp/2RC)(1
(B-44C)

In the above expressions 6 = me/tait C = v±/®0±, ve = Vj/X'^^S
1''2, fioe = SJQiA,

and £ e E ve/J2Qe = C/X5y/261//2. Specification pf a "minor" aspect ratio, R
c/r ,

and X = Te/T\ allows e r to be determined as a function of ion collisionality, 5

= [JlnA/7.15(10)20]BnRcr /T| / 2, or electron collisionality, Ce = £/A
5 / 2S 1 / 2.

Depending on the collisionality regime and X value, Eq. (B-43) yields

either two negative and one positive solutions or one positive solution for er.

Experimental evidence from EBT-I20'21 suggests the existence of a negative,

inward-pointing radial electric field. If, in fact, the ions in the EBT-I

experiment diffuse more rapidly than the electrons and the bulk plasma becomes

negative relative to its edge, the more negative root for er should be used; if

the less negative root were initially established, stochastic fluctuations would

tend to drive the plasma potential towards the more negative root.20
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Although Eq. (B-36) gives implicitly the functional dependence of T on the

ion collisionality, rearrangement into a more convenient dimensional form proves

to be useful. Specifically, for Kovrizhnykh ion and electron scaling,

C , V^BR 2 - (3/2) (10)-3 , ( R c / r p
r

+ X £ r / 2 ) (B-45)

depicts a "Bohm-like" grouping, r, (i.e., for a given X, e r, £, R-p/r , and Rc/r ,

T D °= B/Tj^), explicitly as a function Rc/r , X, £. The grouping £ = TjT /BR
2,

h. s proven a convenient monitor of thermal stability in t, versus £ or

"col'islonality" space. A burn trajectory might commence near X = 1.0 and £ > 1

anc1 move stably towards the minimum C, which occurs at £ = 1 + XE . Specific

tailoring of heating and fueling during startup will determine the burn

trajectory in this collisionality space. If the plasma startup conditions are

too vigorous (i.e M hig" heating rates and/or low filling pressures), the

transient burn trajectory may be pushed beyond the minimum given by Eq. (B-45),

and a thermal runaway would occur. Generally, the minimum in t, covers a broad

range in collisionality before T begins to increase rapidly with temperature

T / n ) aiid in itself presents a thermally stable regime for the reactor

plasma. The minimum in the parameter t,, however, generally occurs in the range

£ = 0.01 - 0.1 for X = 1.0, which means that the electron collisionality

parameter for a DT plasma lies in the collisional range; EBT-I results2^'21

indicate that such high electron collisionaliM.es may be precluded by the

"C-mode" of operation.

Application of the ambipolar condition, i • = T , to the case of resonant

ions and Kovrizhnykh electrons imposes the following condition on the radial

electric field.

r + ^Gr + c'Er + r =

- f TeEr/f pRc]e
XfTi l

l/2a)

where the coefficients p, q, and r are given by
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1 + (fTi/fp)(An/*Ti)

q = - 3/f2
Tp , (B-47B)

r = (p + 2 / f T e ) ( f | e C 2 / A 5 6 f p
2 + l ) / f 2

e . (B-47C)

Once again, setting f = 1, Hn = r /2, and l/-?-T- = 0 (i.e., flat temperature

profile with fj. = 1) yields

q er + r =

.

where

P = 2Rc/rpX - 2 , (B-49A)

q = 1 + ?2/X56 - ARc/rpX , (B-49B)

r = (2Rc/rpX)(l + S
2M 5«) • (B-49C)

It is easily shown that the roots for er approach -2Rc/r X, 1, 1, as E,

approaches zero, although only the negative root has physical meaning for the

plateau formulation used here.9 The equivalent form of Eq. (B-45) for plateau

scaling is given by

? = T ,T /BR2, = 2 ^ 1 0 ) — jl ; - , (B-50)
P 3Tr(l+l/a)2 R c / r p + X e r / 2
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which becomes large when £ + 0 and the negative root to Eq. (B-48) is used. A

similar behavior is shown by Eq. (B-45) for Kovrizhnykh ion and electron

scaling. For all results reported from this study, the transport formulation

represented by Eqs. (B-48) and (B-50) were used, although the more general

formulations have been programmed into the zero-dimensional burn code.

Figure B-5 gives the dependence of er and £e = A 5 on electron

collisionality, ?e, for both "pure" Kovrizhnykh [Eqs. (B-43) and (B-45)] and

plateau [Eqs. (B-46) and (B-50)] transport scaling for R
c/

r
p equal to 4 and

X = 1. It is noted that the parameter range selected for £g in this and

subsequent evaluations extends somewhat into the high collisionality region

where neoclassical theory becomes invalid; no attempt is made at this point to

utilize more appropriate transport models because the reactor will operate with

Ce values that, at most, would be only moderately collisional. Except for a

displacement by a factor of ~ 3-4 at low collisionality, the negative-root

Kovrizhnykh solution for er gives a Ce = \C, dependence that i? similar Lo

plalea". scaling- As previously noted, operation tn the rip,ht of rhs r:ir;iE.ur •!•••:

Ce - Ce collisionality space should lead to highly stable burns, and operation

to the left of this minimum leads to a confinement time that depends on IJ'- and

thermal instability. As seen from Fig. B-5, the broadness of this minimum for

the plateau scaling is somewhat less than for pure Kovrizhnykh scaling, and the

onset of thermal runaway for the former as collisionality is decreased is

expected to occur more readily. The sensitivity of er and C,e versus £e to

changes in Rc/
r_ and X, respectively, are depicted in Figs. B-6. The

thermonuclear burn can be viewed as a trajectory in Ce - ?e or Q - C space with

X varying in accordance with the initial ion and electron temperatures, the

proprammed heating and density control, and the dynamics of intrinsic

alpha-particle heating.

Although this simple picture of transport in axisymmetric devices is not

expected to describe accurately the EBT-I experimental results,21 the dependence

of Ce = X? = TeTp/BRrf. on ?e = \>e/ftoe is nevertheless shown in Fig. B-7A for the

EBT-I value of Rc/a and a range of X values. The approximation that T / T E « 7/3

was used in interpreting the data from Ref. 21, and both the plateau and the

pure-Kovrizhnykh transport models hava been evaluated. Included on this figure

are experimental data obtained21 for EBT-I T-mode, T-M transition, and T-C

transition regimes. For these conditions, X is in the range 4-6; agreement

between this simple theory and experiment is within a factor of two. The
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sensitivity of this comparison between EBT-I data and the point-plasma model to

variation in field curvature, expressed as Rc/r_, is shown in Fig. B-7B. The

general agreement between this simple theory and the EBT-I results is

encouraging, although the simple theory predicts the loss of negative electric

field roots near the T-C transition if X = Tg/Tj^ becomes too large.
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B.3. Comparison with Previous Results

As noted previously, the early ORNL point-plasma models^»^ treated the

variable Xer = ErRc/10
3 T^ parametrically rather than solving Eq. (B-15) or its

equivalent for E r consistent with the time-dependent burn conditions (i.e., X

and £ for a given Rc/r ). The burn model described in this appendix was

similarly constrained in order to compare against the case reported by the ORNL

group. Figure B-8 gives the time dependence of the total plasma-energy loss

rate, LOSS»
t'ie alpha-particle heating, Pa, SS = ^a corresponds to

ignition), and the electron, ion, and alpha-particle temperatures for both

models. These results are based on a fueling rate that maintains the plasma

density constant throughout the approach to steady state. All external power is

applied to the electrons. The alpha-particle thermalization model adopted by

the Ref. 3 calculation equates the alpha-particle temperature, Ta, to the ion
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Tg/Tj and Rc/rp = 3.0.

temperature, T. . Both computations predict the expected thermal runaway when

the density is fixed. The ORNL reactor study1 postulated an anomalous energy

loss in order to achieve thermally stable burns when Xer was held fixed

parametrically. Considering the difference that invariably occurs when two

codes of this nature are independently developed, the agreement between the

computations is considered good. It is noted that although the Los Alamos test

case ignites at nearly the same time as the ORNL case, the Los Alamos code

predicts a "de-ignition" after ~25 s of runaway burn because of the

alpha-particle buildup. The ORNL simulation does not allow alpha-particle

accumulation, whereas the Los Alamos code assigns an alpha-particle confinement

time that is consistent with neoclassical transport and is evaluated according

to an appropriate charge, mass, and temperature. Shown also in Fig. B-8 is the

case where radial electric fields are computed self-consistently according to
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pure-Kovrizhnykh transport scaling. For this case the plasma does not ignite

for the same initial conditions.

B.4. Burn Control Scenario

Modeling of the transient startup and burn scenario for EBTR first focused

on a constant-density mode of operation with microwave power being applied to

the electrons. It is recognized that constant-density operation (i.e., startup)

is not physically compatable with both the EBT-I/S operation and a neoclassical

transport theory with limits imposed on electron collisionality. Specifically,

a) the experiments do not start up in a constant-density mode, b) the

calibration simulations (Fig. B-8) demonstrate the problem of thermal stability,

and c) given constraints imposed on electron collisionality, £e « ne/T ^'^,

during the low-temperature phase of the startup transient, £ e will be in the

collisional regime if ne is held constant at the desired steady-state value over

the complete startup transient. Clearly, a more realistic dual control over
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both density (i.e., fueling rate) and temperature (i.e., heating) is required.

Subsequent sections quantitatively describe a number of approaches to burn

control. It is also noted that once an ignited plasma state is achieved, both

of the £ e and n/x_ control functions are in principle thermally unstable, and

eventually some form of power control may have to be exercised. It was found

numerically that a constant-density startup and steady-state burn with an

acceptably low collisionality does not appear feasible whether Kovrizhnykh or
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plateau transport is employed. Selective ion/electron heating and density

programming appear to be necessary if operation in the low-collisionality,

thermally unstable regime is desired with sufficient density to allow an ignited

burn with acceptably high neutron wall loading. In essence, neoclassical

transport scaling disallows a reactor plasma from "falling" neatly and stably

into a high-Q ignited mode with acceptably low collisionality. Consequently, a

means had to be found by which external controls could be used more effectively

to make accessible the low-collisionality regime while still maintaining an

acceptable total power and neutron wall loading. This section developes such a

control algorithm, which has subsequently been used to arrive at the EBTR design

point.

B.4.1. General Considerations of Collisionality Control. The attainment

of a given steady state from a low temperature plasma startup is not

straightforward for EBT, particularly if practical constraints on

collisionality, beta, fusion-neutron wall loading, and reactor size are applied.

Specifically, the attainment of a desirable, ignited (or high-Q driven) steady

state through a transient startup will depend significantly on the specific

parameter(s) controlled and the method and time sequencing by which these

controls are applied. Furthermore, no guarantee exists for the thermal

stability of any steady state predicted by the simple models used in this study.

This problem of fusion-power control is made more complex by the form of

neoclassical transport assumed to apply throughout this study. Both

pure-Kovrizhnykh and plateau transport show nx « T^' * and thermal instability.

The means by which a steady-state operating point can be achieved without

specifically assuming anomalous transport is addressed* Insight into this

control problem can be developed by utilizing the analytic scaling represented

by Eqs. (B-45), keeping in mind that for low collisionality the pure-Kovrizhnykh

and plateau scaling differ by an almost constant factor of 4. Table B-l gives

the temperature scaling of T £e, and 6 for six system variables that

potentially can be controlled by ion/electron heating, refueling rate, and a

combination of both heating and fueling. Once the system is at or close to

ignition, only the fueling rate presents a meaningful control mechanism,

although the heating trajectory followed in arriving at this point can

significantly influence the subsequent kinetic response of the point plasma. It

is noted that plasma feedback control through small changes in the aspect-ratio-
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TABLE B-l

SCALING OF T p AND E,e WITH PLASMA TEMPERATURE FOR A RANGE OF

POSTULATED CONTROL VARIABLES

Control Mode
(variable held
constant)

Neutron wall loading, 1^

Beta, 3

Density, n

Particle flux, n/i

Particle time, T

Collisionality, C e

T p Scaling

» T5/2

T5/2

T3/2

T3/4

Constant

T-l

£ e Scaling

T-7/2

T-7/2

T-5/2

T-7/4

T-l

Constant

6 Scaling

Constant

Constant

T
T7/4

T5/2

T

(a) Assumes that <av>

enhancement (ARE)-coil current (i.e., changes in Rc) represents another possible

control mechanism that remains to be explored.

From the approximate scalings depicted in Table B-l, it is seen that all

but the last two approaches could lead to thermal instability; for all other

controls T p increases with increasing temperature, although the strength of this

positive feedback of T on x varies with the specific control scheme considered.

Variation of fueling rate during the startup to maintain n/T^' (T control) or

££^ control) constant removes the potential for improved containment as

ignition is approached, which may offer some advantages from the viewpoint of

burn control if the system can be brought to ignition.

In addition to a desire to achieve thermally stable ignitions, the electron

collisionality should be kept within acceptable bounds during the startup

transient. With the exception of £ e control, all control schemes suggested in

Table B-l show that ? e decreases with increasing temperature according to a

range of temperature exponents. Given that £e values at or near ignition should

be in th :ange of 0.1 to 1.0, a startup and approach to ignition requiring

orders of magnitude changes in temperature will lead to a violation of most

constraints imposed on Ce during the startup phase. Consequently, it may be

desirable to exert some control over £ e through the fueling rate even if a given
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startup transient begins with an ~ 1-keV plasma and heats to 20-30 keV while at

all times keeping £ in the range 0.1 - 1.0. If a strict £ control is applied

throughout the entire transient to igntion, however, it is likely that ignition

will occur only at very high temperatures in order to allow the increased <ov>

values and alpha-particle heating to accommodate the x « 1/T scaling imposed by

direct control of 5e- Once the plasma has been heated to near ignition, while

achieving a desirable plasma density and maintaining an acceptable 5e, the 5e

control more than likely will have to be relinquished in order that the plasma

relax into an ignited state; at this point one of the other control mechanisms

may have to be used.

The direct control of collisionality through the fueling rate provides in

principle a desirable negative feedback of the thermal instability in that

T E = (3/7)xp <x i/T. Specifically, if f(er) is defined as

(1 + Xer)
2/(1 + (r /Rc)Aer), Eq. (B-45), when combined with the approximation

(Appendix D) that Rc = 4R|/(M-l)N
2r gives in the low-collisionality limit the

following expression for T E.

1 ? ! B r p 2

T E = [(9/112)(10r
3 (M-l)N2f(er)/£] . P . (B-51)

Hence, the T £ scaling is similar to a Bohm transport [^BOHM ~ 0.016(Br
 2/T)] if

£ or 5e is held constant.

A Bohm-like scaling law is highly desirable from the viewpoint of thermal

stability in an ignited system; for a given density and beta, transport losses

are proportional to ~ T^'2, whereas alpha-particle heating is proportional to

<ov>, which varies approximately as T 2 in the 8-20 keV range and to a lesser

power above 20 keV. Of course, this scaling is a virtue only if the coefficient

in Eq. (B-50) is sufficiently large to allow ignition. This coefficient is

determined by design and/or operational control.

The foregoing thermal stability/control arguments are based on a simple

model that does not incorporate the dynamics of alpha-particle therraalization,

changing A = Te/T^, and varying er. The influence these variables will have on

T and the ultimate attainment of a stable ignition within appropriate

collisionality, wall loading, and total power constraints must be resolved by a

time-dependent plasma model.
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The general procedure adopted here Is to apply Ion cyclotron resonance

heating (ICRH) or deuterium neutral beams in conjunction with a feedback control

of the pellet fueling rate in a way to maintain 5e at a desired value. Because

the coupling between a density r^edback control and neutral-beam heating

represents a complicating factor and because neutral beams undesirably heat

electrons, this study has focused primarily on the use of ICRH in conjunction

with density and £g control via the fueling rate. In order to assure that \ =

Tg/T^ is maintained within reasonable bounds during the startup transient, both

electron cyclotron resonance heating (ECRH) and ICRH are used and apportioned

according to a control algorithm that maintains X at x desirable value until

ignition or near-ignition conditions are achieved. These controls are applied

from a T e o = T^o = 1 keV initial temperature, plateau transport scaling is used,

and the energy loss is approximated by Tg = (3/7)ip.

B.4.2. Feedback Control Model. The coupled dynamics of the plasma,

external heating, and refueling are forced to maintain the electron

collisionality, £e, constant, where

(B-52)^
7.15(10)20

and 6 = me/m^. As was shown in Sec. B.4.I., control of the £e parameter through

the fueling rate leads to a Bohm-like scaling [Eq. (B-51)]. Because of the

thermally stable nature of this "controlled scaling," it has been adopted here

as a basic constraint in a search for ignited or high-Q-driven operating points.

In addition, once such an operating point is developed, the (startup) value

initially specified for £e will automatically guarantee that the reactor

operates within collisionality limits that are consistent with both the assumed

transport and experimental evidence for stable and quiescent plasma operation.

The time-dependent burn simulation requires that B, R , r , and 5 be

specified along with the initial temperatures and density. The initial density

is determined from Eq. (B-52) and the £e control value. Because ?e is to be

maintained constant, the density is controlled through the fueling rate by the

following relationship.
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.dn ne dT£

e

where dTe/dt is given by the time-dependent plasma response [Eq. (B-7)]. For

the general case where the plasma is heated by a deuterium neutral beam at a

particle-injection rate of (dn/dt^gg^ and the cold deuterium/tritium refueling

rates are, respectively, (dn/dt)D^QLD and (dn/dt).j£Qjj), the following

relationships for n^, n^, and n a govern the plasma particle inventory.

dnD/dt = (l-fF)(dn/dt)DBEAM + (dn/dt) D C 0 L D - nDnT<av>/4 - nD/TpD , (B-54A)

dnT/dt = (dn/dt) T C 0 L D - nDnT<ov>/4 - (B-54B)

dna/dt = [(dn/dt)DBEAM fp + nDnT<av>/4Jfa - na/T
pa

(B-54C)

The fraction of the alpha-particles traversing closed orbits within the first

wall is fa (Appendix D ) , and the fraction of the deuterium beam fusing with the

background before thermalizing is fp. The txie dependence of electron density

is determined by the following condition, for charge neutrality.

= n (B-55)

With dn /dt given by the differentiation of Eq. (B-55) and applying Eq. (B-53)

for the Ce control, the fueling rate is given by (dn/dt) D C 0 L D and (dn/dt) T C 0 L D

from Eqs. (B-54) along with the requirement that

dnD/dt
n D + n T

[dne/dt - 2(dna/dt)] (B-56A)
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dnT/dt = — [dnp/dt - 2(dna/dt)] . (B-56B)

A time-dependent evaluation of these equations that maintains c,& at the

control value presents both physical and numerical problems, particularly if

deuterium neutral beams are used for ion heating. Equations (3-53) - (B-56) do

not provide a mechanism for restoring £e to its control value, and the following

expression is used in lieu of Eq. (B-53) as a means to provide the desired

"restoring force."

dn 5 n dT n dCe

-df-iT^ * r^« ' (B"57)

The term (dCe/dt)^ is the "measured" time derivative, and the sign is

appropriately chosen to restore £e to its initial value.

The burn dynamics, when coupled with this t& control, produce "saw-tooth"

oscillations in 5e(t), the amplitude of which can be confined to an arbitrarily

small level but cannot be totally eliminated numerically. Generally, a slightly

subignited plasma will tend to ignite during an upward oscillation in ? e if the

oscillation is too large. Upon ignition, the ICRH/ECRH heating is eliminated.

The restoring force used in Eq. (B-57) reduces £ e to its control value, thereby

de-igniting the plasma, reqi.ring the external heating system to be reapplied.

The continued £ control after de-ignition contributes to the plasma decay by

setting the refueling rate to zero in an effort to further reduce £ e to the

control value. Generally, these processes occur on a time scale that is small

compared to that used to display results.

These complicating features are made even more complex when the transient

thermalization of alpha particles is included. During the low-density startup,

the alpha particles are characterized by thermalization times that are long

compared to those at the higher-density ignition condition. Consequently, the

alpha-particle energy can be "stored" in an ever-increasing population during

the constant-£e startup. This energy is released to the ions and electrons as

the plasma heats and the density increases through the fueling rate. When the

plasma density builds up to ignition values, this "stored" alpha-particle energy
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cascades into the ion/electron population and can be sufficient to drive the

plasma temperature beyond desirable values, causing a thermal runaway in spite

of the 1/T scaling that ?e control predicts. This alpha-particle-driven,

thermal instability is strongly dependent upon the startup rate (i.e., the

magnitude of the microwave power, P = Pue + Py^)- In order to separate these

nonlinear interactions, the numerical search for a design point establishes a

subignition limit on the plasma temperature, above which the ECRH/ICRH heating

is eliminated. This limit is parametrically varied upward in order to examine

the approach to ignition in a system that is constrained to constant %e during

startup. Once ignition is achieved, the £ control can be replaced by a fueling

algorithm that is designed to maintain a constant fusion power density. Other

postigntion control schemes can be envisaged, although generally a slightly

subignited, high-Q mode of operation may be preferred from the viewpoint of

engineering control.

As noted previously, the total microwave heating, P = P + Py^, was

apportioned in order to maintain X = Tg/T.^ within predesignated values so that

large excursions in X during startup and the potential loss of negative

electric-field solutions to Eq. (B-46) could be avoided. Generally, P is

equated to some multiple, H > 1., of the net plasma power loss; H is reduced to

zero if ignition occurs. The magnitude of H determines the startup time scale,

which must be chosen on the basis of constraints imposed by: a) computing time,

b) a desire to avoid pushing the plasma into a nonequilibrium state, and c)

practical/technological limits on microwave power density. Some indication of

the general scaling of the startup transient under conditions of constant £e can

be obtained from the following simplified energy balance.

d(3nkBT) , 3nkfiT
jz = T n < O V > E « f a f a R + P

M " - = ' <B"58)
a c t lv

where fa represents first-orbit alpha-particle retention, f a R is the fraction of

first-orbit-retained alpha-particle energy that is actually deposited in the

plasma electron/ions, and, for plateau transport scaling, T is given by

Eq. (B-39) with T E = (3/7)xp. For f(er) = [(1+Aer)
2 + £2]/[1+Xer(rp/Rc)] and

setting X equal to unity, combining Eqs. (B-58) and (B-39) yields the following
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relationship under the condition that the external fueling rate is adjusted to

maintain £ s constant.

3/2 19.69(H-lKe , .„

2
i 1 ^ ^ r
d t mr{K/R)2 (B-59)

From this simple relationship the startup transient is seen to scale as (H-l)£e,

but the condition for ignition (dT/dt = 0 with H * 0) is independent of Ce-

Specifying a desired fusion-neutron wall loading, and hence plasma density at

ignition, of course, introduces Ce into this more constrained ignition

condition. Parametric studies of the EBTR burn that varied the control value of

Ce scaled H to keep £e(H-l) constant in order to keep all results on the same

time scale.

B.5. Parametric Burn Results

Using the point-plasma burn model a series of constant-£e startups and

approaches to ignition were examined parametrically in £e and maximum-allowable

(i.e., controlled) ion temperature T , where T is less than the ignition

temperature. The conditions under which this search for a preliminary EBTR

operating point was performed are:

• Plateau transport scaling with T E = (3/7) T .

• Rp = 30 m, Rc = 1.5 m, r = 1.0 m, B = 3.0-4.0 T.

• During startup £e is held fixed at values in the range 0.1 - 0.3.

• Both ECRH and ICRH power is applied to the subignited plasma in a ratio
Pye/PMi t h a t a s s u r e s * ~ 1> with limits placed on Py = P + P j equal to
some multiple of H times the net plasma losses or 2.5 MW/m, whichever is
the smaller. The scale factor H is varied with £ according to
Eq. (P-59) to maintain similar startup time scales.

• P.J is applied continually to maintain the ion temperature at a
predetermined value, T , which in turn was parametrically varied until
either an adequate Q-value or ignition occurred.

• The alpha particles are transported with no first-orbit losses (f = 1.0)
and with a confinement time equal to that of the ions. The quantity f R
in Eq. (B-59) is computed as a natural consequence of the numerically
determined alpha-particle dynamics.
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The range of target reactor parameters was developed on the basis of an

extensive parameter "pre-search" that was performed to scope the general

response of the EBTR plasma prior to the more organized approach reported here.

Cive:i a neutron wall loading in the range 1-2 MW/m^ and a net electrical power

of 1.4 GWe, the minimum value of R that could be justified by the magnetics

computations was selected and the major radius was set at ~ 30 m. This range of

parameters was examined, an interim design point was selected, and this design

point was subjected to further refinement and optimization through iteration

with the magnetics and first-wall/blanket/ shield subtasks. The broader range

of potential operating points are presented here.

The steady-state results for a series of burn simulations are given in

Fig. B-9 in terms of the ratio, Q , of total thermal power to the average

microwave power required to maintain the ion temperature at a specific control

value T . If the value of T is below the ignition temperature, the system is

driven at the respective values of Iw, 0 , and £e. As T is parametrically

increased, a limiting value at ~ 32 keV is reached beyond which the plasma

temperature shows no further increase on the calculational timescale (160 s),

even though the T* ceiling is set far above 32 keV. This temperature limit at

~ 32 keV is taken as "ignition" for the reactor parameters shown in Fig. B-9.

The thermally stable nature of the artifically imposed Bohm-like scaling (i.e.,

Ce held constant, T « 1/T) predicts long times to achieve a "numerical"

ignition (an ignition that would occur in the vicinity of 32 keV for the reactor

parameters used). The "numerical" ignition point is seen from the approximate

Eq. (B-59) to be independent of ?e, but the product €e(H-l) determines the time

scale of the startup transient. The value of H chosen to maintain this startup

time scale for a range of £ e is also shown in Fig. B-9.

For the reactor parameters and plasma transport chosen, Fig. B-9 clearly

shows the tradeoff between Q , 1^, T, and final value of E,e (or density). Only

the terminal high-Q points represent ignited points; below ~ 32 keV the system

is truly driven with no chance for ignition, whereas the 32-keV points show a

gradual drift towards higher Q-values and eventually a "numerical" ignition.

The selection of a specific design point from the many burn simulations

summarized in Fig. B-9. must be based on constraints imposed on {} (i.e.,

stability), Q (i.e., economics), and B (i.e., magnet technology). Furthermore,

the effective radii of curvature, Rc - 1.5 m and R̂ . = 30 m, used in these

parametric curves were chosen to yield the (physically) smallest reactor system.
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Fig. B-9. Dependence of Q on fusion-neutron wall loading, 1^, and electron
collisionality, £ e, for a range of control temperatures, T .
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The achievement of these optimistically small values of R~. and R depends on and

must be examined within the context of ARE-coil current, magnet technology, and

blanket/shield design. These closely coupled elements have been integrated and

iterated upon to yield the EBTR design point reported in Sec. 6.2. The burn

simulations given in Fig. B-9 represent but one important element in this

complex tradeoff scheme.

A number of potential designs are indicated by the darkened points on

Fig. B-9. For the parameters indicated, the value of R-p was increased slightly

in order to more closely approach ignition (i.e., increase Qp)> while

maintaining the average beta constraint, 3 * 0.2. Figure B-10 sumir rizes the

resulting "approach-to-ignition" curves. The peculiar behavior of some of these

curves prior to the attainment of a "numerical" ignition is a result of the

dynamics of alpha-particle heating, which drives T significantly above T- and

alters the electric field solutions required to assure the ambipolarity

condition = f ^ Generally, only moderate increases in R̂ . above the 30-m

10"

[lw(MW/mZ),/3,X = Te/T,

aA

10

SYMBOL

•:• 0.2
0.2
0.25

T*(keV)
35
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28
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APPROACH-TO" IGNITION -
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Fig. B-10. "Approach-to-ignition" curves generated as the basis of the interim
design points suggested on Fig. B-9.
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baseline value for R = 1.5 m are required to achieve significant increases in

Q . The design point for RT = 35 m and B = 3.5 T was selected as an interim

value that was subsequently refined as the other, previously mentioned

constraints were brought into clearer focus and imposed.
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APPENDIX C. ONE-DIMENSIONAL (RADIAL) PLASMA BURN MODEL

C.I. Background and General Approach

Two critical needs in the evaluation of the reactor potential of any fusion

device are the density and temperature profiles; a more accurate determination

of these profiles and their associated scale lengths provides the impetus for

the preliminary calculations presented in this appendix. Previous reactor

studies of tne ELMO Bumpy Torus (EBT) have been based on zero-dimensional plasma

models (Ref. 1 and references therein), which assume these scale lengths. These

studies have generally used the minor plasma radius as an indication of the

gradient scale lengths, an assumption that appears to be consistent with

predictions of neoclassical transport theory for the EBT-I/S experiments.2 The

scale lengths assumed by these zero-dimensional plasma simulations are given

further credence, because the EBT realtor and the EBT-I/S experiments operate in

the same collisionless regime (i.e., Ce = electron collision frequency/poloidal

drift frequency < 1). The EBTR plasma, however, must operate with a

substantially higher toroidal beta, a significant population of energetic alpha

particles, .ind probably a different fueling scheme than the EBT-I/S experiments.

These differences can have a pronounced effect on the temperature/density

profiles nnd scale lengths. A time- and space-dependent model of plasma and

alpha-particle transport, therefore, must be formulated to obtain profile

information that is valid for reactor-grade plasmas. The effect upon the

confining background magnetic field by a high-beta plasma should also be

included in the model, because the magnetic-field profile affects the

transport*' and the overall MHD stability of the system. This approach

requires a self-consistent calculation of the magnetic-field diffusion that is

performed in conjunction with the plasma-transport calculation.

As part of this EBTR study, a multi-dimensional, time-dependent model of

plasma particle/energy and alpha-particle transport coupled with magnetic-field

evolution in a geometry appropriate to EBT has been developed to model the

reactor-grade DT plasma. The transport equations used are derived from exact

moments of the Boltzmann equation,1* and the magnetic field is calculated from

Faraday's and Ampere's laws. The set of transport equations is computationally

closed by incorporating transport coefficients derived from the appropriate

kinetic equation. Also included in this model is a Fokker-Planck calculation of

thr alpha-particle thermalization and the resultant plasma heating.
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Other attempts to model EBT in one dimension have not addressed

reactor-grade plasmas and consist of treating the plasma transport in

cylindrical geometry while maintaining a constant magnetic field profile.5'6

The unique features of the present burn model are the use of a curvilinear

coordinate system to simulate the effects of geometry on the transport;

alpha-particle production, heating and modification of the ambipolar electric

field; and the effect of plasma pressure on the background magnetic field.

The geometrical effects are simulated by using the magnetic field lines as

the basis of the coordinate system. Transport of mass and heat in a plasma is

much more rapid along rather than across a field line. On trie diffusion time

scale, therefore, the plasma density and temperature can be considered constant

along a field line. Surfaces of constant pressure or, equivalently, surfaces of

constant magnetic flux, can then be mapped; variation of the important plasma

quantities need only be considered normal to these surfaces. By averaging the

transport equations over small volumes containing these p* ssure surfaces, the

three-dimensional transport problem can be reduced to a one-diu-!nsional (i.e.,

radial) problem without any approximations.

A multi-dimensional equilibrium calculation is required to determine the

shapes of the pressure surfaces, the positions of the field lines, and

therefore, the geometry at each instant of time during the evolution of the

burn. Once this family of surfaces is determined, the one-dimensional

calculation of plasma and field diffusion across these surfaces can be

performed. A. fully self-consistent treatment, therefore, requires the repeated

calculation of the magnetic field geometry as it changes in response to plasma

heating and diffusion. This technique has been successfully employed in the

modeling of tokamaks' and is applied to the present development of the

one-dimensional (radial) EBTR burn code.

A plasma/magnetic-field-pressure equilibrium calculation determines only

the shapes of the flux surfaces and not the value of the magnetic flux on each

surface. If a knowledge of the shape of the family of surfaces is assumed a

priori and this shape is taken to remain constant in time, the plasma/field

description is reduced to one dimension. This approach is the basis of the

one-dimensional version of the EBTR burn code. Furthermore, the model described

in the following sections pertains only to plasma transport interior to the

electron rings; the effect of the rings on the maguetic field and plasma heating

is not included.
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It is emphasized that although profiles are presented for the reactor

design point, the one-dimensional results were not used in the selection of the

design point. The primary intent of this appendix is to present more realistic

scale lengths for EBT reactors than have been previously available. Ideally,

these results would be used in the zero-dimensional burn model (Appendix B) for

parameter studies of the EBTR. The coupling of the one-dimensional and

zero-dimensional models, however, was beyond the scope of this study and is a

topic requiring future study.

Section C.2. gives a quantitative description of the one-dimensional burn

model. A detailed description of the components of the one-dimensional code,

including the models of particle, energy, and magnetic-flux conservation, and

the heating and refueling models are presented in Sees. C.2.2. through C.2.6.

Interim results are presented in Sec. C.3., which are indicative of the problems

incurred during this portion of the study. A complete resolution of these

problems was not possible within the time frame of this study, although areas in

need of further development and possible solutions to the problems are given.

C.2. Description of One-Dimensional (Radial) Plasma Model

C.2.1. Basic Equations.

C.2.1.1. Transport Equations. The general transport equations describing

the evolution of particle and energy densities can be obtained from either

moments of the bounce-averaged drift kinetic equation or from moments of the

Boltzmann equation.1* The electron and alpha-particle conservation equations are

given by

3ne

-5F + '-r e-s e , (c-i)

s« • ( C" 2 )

where T& and T a are the electron and alpha-particle fluxes, respectively, Sg is

the source of electrons provided by ionization of neutral atoms and impurities,

and Sa is the source of alpha-particles provided by DT fusion reactions.

Quasi-neutrality for electrons, hydrogens, alpha particles, and impurities is

imposed with the equation
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ne = nj + 2na + £ Z ^ , (C-3)

where Z. and nj are the charge and density of impurity specie j. The hydrogen

isotopas are described by an average DT particle, and the impurity density is a

fixed fraction of the total ion density and is assumed not to diffuse

independently.

The electron and ion energy conservation equations are

J -JT + V*Qe + eFe Er + QA + PRAD = E*J + pue + pae

\ Tr + v<Qi + \

Pui + QA + e r Er + | neno<av>i kBTo + Pai

The energy density of specie j is (3/2)p^ = (3/2)n^kgT.i, and Q^ is the energy

flux by specie j, including both convective and conductive losses; E*J is the

Joule heating from any plasma currents and inductive electric fields; P • « n ^

is the heating rate associated with microwave-energy absorption by specie j,

which is taken to be proportional to the appropriate density raised to some

arbitrary power, y- The electron-ion energy exchange rate, Q^, is given by

(C-6)

where T e j is the electron-ion collision time and is given by

(3/4)(me/2Tr)1/2(4ireo)2 (kBTe)3 / 2

' ETX ' <C"7 )

where
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Zeff = (IZjnj

and In A is the Coulomb logarithm. The radial ambipolar electric field, E r, is

determined self-consistently by equating Tg to T^ + 2Va. Energy losses from

brerasstrahlung and cyclotron, line, and recombination radiation are represented

by the quantity, PJ^Q. Neutral-ionization and charge-exchange rates are given

by the terms containing n <ov>, where nQ is the neutral-atom density and TQ is

the neutral-atom temperature. The terms Pae and Pa^ represent the electron and

ion heating from alpha-particle slowing down, which are given by the

Fokker-Planck model (Sec. B.I.).

C.2.1.2. Magnetic-Field Equations. As discussed pieviously, the magnetic

field in the plasro.i and the plasma and alpha-particle pressures are

interdependent; consequently, a self-consistent calculation is required t.i

determine the magnetic field. Because the pressures change on a diffusion time

scale, the change in magnetic field must also be computed on this time scale.

The magnetic field and the plasma are related by the equation of

magnetohydrodynamic equilibrium and Ampere's law. The equilibrium equation,

J * B = 7 p , (C-8)

relates the currents, field, and total pressure, p = pe + p^ + p a. Ampere's law

relates the field to the currents according to

* B = UQJ . (C-9)

Finally, conservation of magnetic flux is expressed by Faraday's law,

(C-10)

where E is the inductive electric field.

C.2.2. One-Dimensional Transport Equations* Tie above set of equations

describe the plasma evolution in three dimensions. A considerable reduction in

complexity in the description of EBT transport c-:n be accomplished if the
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magnetic-field geometry is used as the basis for the coordinate system; the

diffusion of plasma quantities can then be modeled in one dimension. In this

subsection an appropriate set of one-dimensional equations suitable for modeling

the EBTR is derived.

The magnetic field can be written in terms of the scalar variables 0 and \p

(the toroidal flux) such that

B = V3 x Vi|i (C-ll)

where B, VB, and V\|> are mutually orthogonal. A third coordinate variable, x>

which lies along B, is also adopted. This coordinate system is illustrated in

Fig. C-l for the bumpy-torus configuration. Assuming that no current flows in

the "radial" or i/> direction, Ampere's law [Eq. (C-9)] dictates that the current

must lie in the direction of V3. Consequently,

(C-12)

where the h.(j = XJ^IB) are metric coefficients (I.e., 7.= = l/h-). It follows

from Eq. (C-8) that the pressure is constant on a surface ot constant ij>, as

expressed by

JBBx (C-13)

Fig. C-l. The curvilinear coordinate system used to describe the EBT plasma.
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Substituting from Eq. (C-12) results in

which is the Grad-Shafranov equation8'9 expressed in the curvilinear coordinate

system.

The time rate-of-change of the flux [Eq.(C-lQ)] is given by

Heat conduction is assumed to occur infinitely fast along a field line, and,

therefore, the temperatures are constant on a given surface of constant

pressure. This assumption implies that the density is also a constant, because

n = p/kgT. By averaging Eqs. (C-l), (C-2), (C-4), and (C-5) over a small volume

enclosing a.r flux surface, all reference to x a°d & can be eliminated. The

additional surface label, V, is introduced where V is the volume contained

within a <JJ surface. The flux-surface average of a quantity A is defined by

<A> = * / d3x A , (C-16)
d V V

where the integration extends over the volume contained withir the surface. The

following equation is obtained from Gauss' theorem and is applicable for any

vector A.

<VA> = ~ <A-V V> . (C-17)

Using the notation, <n> = n, <p> = p, and 3/3t - [8/3t]y. the conservation

equ-'-.ions, Eqs. (C-l), (C-2), (C-4), and (C-5), become
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TF + W v> = < V

-3F V>

+
v> = <He>

+

where the quantities designated by <S.> and <H^> designate the remaining terms

in Eqs. (C-l) and (C-2) and Eqs. (C-4) and (C-5), respectively. The equations

determining the evolution of the magnetic field, Eqs. (C-15) and (C-14), are

given by

<hBEB>

p ^ + ̂ i_ K!l= 0
° 3V 3V3V 3V

(C-22)

(C-23)

where K is a geometrical function that depends only on the shapes of the flux

surfaces10'11 and is given by

(C-24)

The one-dimensional relationships, Eqs. (C-18) through (C-22), represent

the conservation of mass, energy, and magnetic flux. The equilibrium

relationship, Eq. (C-23), is a constraint imposed on the field and pressurs.

These equations are exact in the sense that no approximations have been made in

reducing their dimensionality.

A two- or perhaps three-dimensional equilibrium calculation i- required to

determine the shapes and positions of the flux surfaces and, ultimately, the

geometry coefficients for insertion into the one-dimensional model. The

542



magnetic flux or density flux is determined from Faraday's law [Eq. (C-22)] with

the use of an electric field that is consistent with the transport.

The finite-difference forms of Eqs. (C-18) through (C-22) are written to

assure the conservation properties of these equations are preserved and only

physical processes "create or destroy" particles, energy, and magnetic flux.

The method of obtaining the simultaneous solution of the nonlinear set of

one-dimensional equations is discussed in Ref. 12. A self-consistent solution

requires alternating between the one-dimensional and the two- or

three-dimensional equilibrum equations.7'10'11 If the geometry changes are

minor, then the geometry can be specified a priori, and the code can be used in

a one-dimensional approximation. The one-dimensional mode is used for all EBTR

calculations performed in the course of this study.

C.2.3. Equilibrium and Geometry Considerations. The equilibrium cal-

culation determines the geometrical coefficients to be used by the

one-dimensional equations. For computational ease in calculating equilibria,

the EBTR device is approximated by its infinite-aspect-ratio limit (i.e., the

axisymmetric bumpy cylinder shown in Fig. C-l). The effects of toroidal

curvature are included only through the transport coefficients. With this

approximation the geometry function [Eq. (C-24)] reduces to K - <|VV|2/r2>.

The vacuum magnetic field determines the initial grid shape. In a fully

self-consistent calculation, the grid must be changed periodically.

Specifically, given profiles of p(V) from the one-dimensional set of equations,

the grid shape is altered, while preserving the volume inside each flux surface,

until the solution for 4> from Eq. (C-14) agrees with that obtained from the

one-dimensional equations. Standard techniques13 for solving elliptic partial

differential equations are employed for the solution of Eq. (C-14). The

iteration technique that solves for the grid shape is described in Ref. 7.

Because changes in ttie shape of the flux surfaces occur on a much slower time

scale than the one at which the plasma diffuses, few iterations are required to

achieve convergence.

C.2.4. Transport.

C.2.4.1. Co_lJLij'_iona.l Transport. In order to close the system of equations

represented by Eqs. (C-1S) through (C-23), transport coefficients for both the

particle and energy fluxes must be specified. Transport in EBT is the subject

of intense theoretical investigation, and a review of its status can be found in

Ref. I and subsequent publications.14
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The particle and energy fluxes can be expressed in terms of integrals over

the solution of a suitably bounce-averaged drift kinetic equation,-15

_ + Vn _ = Cf . (C-25)
38 u aii

Again, 3 is the pololdal angle variable and i|/ designates constant-pressure

surfaces. The poloidal drift frequency is 12 = - (3J/3i|/), VD = 3J/3p is the

vertical velocity drift, J = m ^d£v(| is the second adiabatic invariant, C is the

bounce-averaged collision operator, and f is the particle velocity distribution

function. Bounce averaging is justified in forming Eq. (C-25), because the

bounce frequency is much greater than the poloidal drift and collision

frequencies.

The particle and energy fluxes normal to a pressure surface, V and Q^,

respectively, are determined from the solutions of Eq. (C-25):

I? ' d3v VD* f • (C"26)

(C-27)

The results of these calculations give the average fluxes across the pressure

surfaces in terms of diffusion coefficients and gradients:16

3n 3Ti nei

3 F - D T J T F + ^ T 7 D n J E r . (C-28)

a 3T^ ne,

17 " ̂ J IFF + k-T^ ̂ J Er * (C"29)

The subscript j refers to particle specie. The "radial" derivative, 3/3r,

refers to the derivative nortial to the pressure surface and, for example, is
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given by 9n/3r = (3n/3ip) <ViJi>, where i|; again denotes a surface of constant

pressure.

The quantity Er in Eqs. (C-28) and (C-29) is the radial ambipolar electric

field. Because the diffusion coefficients, D • and K^, are also functions of

E r, the resulting fluxes are also sensitive functions of E r. The radial

electric potential, <t>r (i.e., Er = -V())r), is assumed constant along a pressure

surface. An average electric field is determined by solving at each flux

surface the nonlinear equation T& = I\ + 2Fa for <V<j>r> subject to the symmetry

condition that the electric field vanishes at the origin. These fields are then

used in the transport calculation to update the plasma quantities. The

procedure is repeated at each time step, using the updated plasma parameters and

their gradients to calculate new fields.

Three regimes of neoclassical transport in EBT can be identified, and the

diffusion coefficients appropriate to each regime have been estimated. The

collisional regime is characterized by the parameter v/nQ > 1, where v is the

collision frequency and QQ = kBT/eBrRc is the poloidal precession frequency of a

thermal particle in a mirror field with radius of curvature, Rc. This transport

regime was first treated by Kovrizhnykh16 in the large electric field limit

|e<j>r/kgT| >> 1. Even for smaller electric fields, the Kovrizhnykh results give

a good approximation to the transport.*7 The transport coefficients defined by

Eqs. (C-28) and (C-29) in the Kovrizhnykh regime for the jth species are given

by

v -

( c- 3 0 )

Knj = \ kB?j Dnj , (C-32)

KTj

where vQ^ = 2kgTi/(mjU)c^R^) is the average vertical drift speed caused by the
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toroidal curvature, Rq* is the major radius of the torus, w,, . is the cyclotron

frequency, and v. is the collision frequency. The total poloidal

bounce-averaged precession frequency, Q., is given by

E_

The radius of curvature, Rc, represents the effect of the mirror radius of

curvature and the magnetic field gradient. In these equations, all quantities

refer to the midplane values (i.e., the point that is midway between the

magnetic mirrors) in the equatorial plane. More detail or. this aspect of EBT

transport is found in Appendix D (Sec. D.3.1.) and Appendix B (Sec. B.2.).

In the more collisionless regimes, where v/&0 1, a class of particles

exist for which the electric and magnetic drifts cancel (e.g., ions for radially

inward-pointing electric fields); in this case the particle and energy fluxes

can be enhanced. Hazeltine et al. have given expressions in integral form for

the fluxes in the regime 63/2 < v/fiQ < l, where 6 = r /R.j. is the inverse aspect

ratio and r is the averaged plasma radius. The fluxes are found to be

independent of collision frequency and, hence, the name "plateau" is applied to

this regime. Jaeger et al.18 have evaluated the integrals using a model

magnetic field and an £d_ hoc value of the poloidal component of the ambipolar

field so that equipotential surfaces and contours of constant B are aligned in

the midplane. These results are convenient for use in modeling and can be

written as follows.

DTi = ^ " D n ^ " *er> » (C-36)

Kni = kBTiDn (| "
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Kni = k B n Dn

where a = 2.1, A = Te/Ti, and er = eRcfir/kBTp. These expressions apply only to

the ions. For radially inward electric fields, the Kovrizhnykh transport

coefficients given by Eqs. (C-30) through (C-33) give a good approximation to

the electron transport, even when W ^ o < 1 because the poloidal magnetic and

electric field drifts are in the same direction.

In the plateau regime particles with fi = 0 suffer a collision before a

closed orbii. is completed. In the highly colltsionless regime such that

v/SiQ < 6
3/2, the orbits are closed and are crescent or "banana" shaped. In this

banana regime, the spatial drifts of particles with fl = 0 become particularly

important in the calculation of the diffusion coefficients. Calculations are in

progress using Fokker-Planck collision integrals, and preliminary results have

been reported. Because of the small value of the inverse aspect ratio, 6,

the banana regime may be difficult to access. In fact, the point-model

calculations (Appendix B) indicate favorable steady-state reactor operation is

achievable in the plateau regime, making operation in the more collisionless

banana regime unnecessary and perhaps undersirable (i.e., low power density).

The alpha particles present during steady-state operation, however, can be

in the "banana" regime, because they are born with 3.5-MeV energy and typically

thermalize to 200-300 keV. The diffusion coefficient used for alpha particles

in the banana regime is given20 below.

I (. • ±)

where r^ = (— _J~* is t.. mdial scale length for the poloidal drift

frequency, and Aa = Te/Ta.

In the one-dimensional calculations, the neoclassical transport package

used encompasses the collisional and plateau regimes. Specifically, the

transport coefficients given in Eqs. (C-30) through (C-33) and Eqs. (C-35;

through (C-38) are used to describe the electrons and ions, respectively, and

Rq. (C-39) is applied for the alpha particles. Generally, the local transport
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used by the one-dimensional model is that used by the zero-dimensional model

(Appendix B). As will be seen, however, the collisionality range encompassed by

the plasma minor radius far exceeds that described by these expressions and may

in part be responsible for the gradient problems described in Sec. C.3.

C.2.4.2. Inductive Flow. All calculations of neoclassical transport

describe ;ollisional diffusion relative to a constant flux surface. The

generation of alpha particles at 3.5 MeV and the subsequent heating of the

background plasma through collisional drag produce a noticeable increase in the

background pressure exerted on the confining magnetic field. The net result of

tin's increase is an expansion of the plasma against the background field and a

net cooling of the plasma. The magnetic flux also rearranges within the plasraa

to give a new pressure balance, as is dictated by the equilibrium equation,

Eq. (C-8). This change of flux gives rise to an inductive electric field

according to Eq. (C-22), and the resulting E * B drift of plasma should be

included for self-consistency in the calculation of transport. For a reactor

plasna with beta > 0.3, the magnitude of the inductive term can approach that of

the collisional diffusion terms. The total flux in this case is given by

-f- +

V> = <T*V V> + <n -JUL • V V>

V> + n <v^'V V> , (C-40)

where Fc is the collisional flux given by Eq. (C-26). Furthermore, the tenn

(5/2)nkgTv)jJ is added to the electron and ion energy fluxes.

C2.5. Refueling Model. Before describing the refueling model, the

importance of the refueling scheme to the (thermal) stability and system

performance is described. Early attempts at modeling the EBT-I device5'11 led

to solutions that became thermally unstable in the collisionless regime, a

result that is in disagreement with the experimental observation. These

calculations assumed a reflux of cold neutral atoms that is sufficient to

maintain a constant plasraa particle inventory and was necessarily varied in time

in response to the plasma outflux, which in turn varied with increasing density,

temperature, and the associated radial gradients.
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Jaeger e£ £l_^_21 found that the thermal excursions could be suppressed by

applying a boundary condition that maintained a constant flux of cold neutral

atoms at the plasma edge, irrespective of the plasma outflow. It was also found

in the collisionless regime that the steady-state values of the density and

temperature increased with decreased edge-neutral flux, a behavior which is

similar to that observed by experiment.2 A similar improvement in plasma quality

with decreasing edge-plasraa neutral-atom pressure was observed in calculations

of the EBT proof-of-principle device.22

Edge refueling also offers advantages for the pumped-limiter scheme in

controlling impurities at the plasma edge (Sec- 7.5.). At steady state the net

removal rate of plasma and impurities is equal to the rate at which neutrals are

fed into the system. Furthermore, the cold neutrals at the plasma edge serve to

shield the limiter thermally by absorbing, through charge-exchange processes,

much of the energy that would normally flow along the field lines for ultimate

deposition on the limiter. Because the neutral atoms are not constrained to

field lines, this energy is deposited uniformly on the first wall.

The densities in the EBT-I/S devices are sufficiently low [~ 2(10)13 m~^]

to allow penetration of neutral atoms to the center of the plasma, thereby

creating a source of plasma. In a reactor with density > 10 m and a minor

radius r > 1 m, most of the neutral atoms recycling from the first wall become

ionized within a relatively thin plasma-edge region. A sufficient number nf

charge-exchange neutral atoms, however, can diffuse to the plasma center to

provide a small source of fuel at this location. The use of edge-plasraa

neutral-atom inflow as a plasma refueling scheme was consequently adopted to

provide both thermal stability for the plasma and thermal buffer between the

plasma and the pumped limiter.

The neutral-atom profile is assumed to adjust instantaneously (i.e., on the

plasma diffusion time scale) to a steady state. The method for determining the

neutral-atom density profiles is based on the diffusion approximation of the

neutral-atom transport. This model treats two separate neutral fluids: a) a

cold fluid flowing into the plasma from the first wall and b) a hot fluid of

neutrals generated by charge-exchange collisions between the incoming cold

neutral atoms and hot plasma ions. The hot neutrals migrate into the plasma

while undergoing charge exchange with hotter ions until ionization occurs.
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The equations determining the steady-state neutral-atom profiles are

<av>xr - nenc <ov>ic

'•rh = n in c <ov>xh - nenh <ov>ih , (C-42)

whore subscripts h and c refer to hot and cold neutral-atorn species, T-(j = c,h)

is the neutral particle flux, n and n^ are the electron and ton densities, and

ni(1 = c,h) are the hot and cold neutral-atom densities. The ionization and

charge-exchange reactivities, <av>.. and <ov> •, are obtained from Ref. 23.
1 J x J

The diffusion approximation assumes that the mean-free-path between

charge-exchange or ionization collisions is small when compared to the gradient

scale lengths. This assumption represents a >;ood approximation in the

reactor-grade plasma. The fluxes used in Kqs. (C-41) and (C-42) are given by

F; = - D^Vn=; the diffusion coefficient, D-, is taken to be

°

where v() is the neutral-atom thermal velocity.

The neutral-atom temperature at each spatial location is obtained by

solving the following energy transport equations.

V'QC= - \ ninc<av>ic Tc - \ ninc<av>xcTc , (C-44)

V'% + \ nenh<ov>ih Th = \ ni

+ i. n1nc<av>xcTl , (C-45)

where Q^ and Qc are the energy fluxes of the hot and cold neutral species, and

T^ and Tc are the hot and cold neutral-atom temperatures. These equations, when

used in conjunction with Fq. (C-5) for ion energy conservation, conserve the
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energy of the neutral-plasma interactions. Equation (C-44) is shown only to

illustrate total energy conservation. Equation (C-45) is solved for the hot

neutral-atom temperature by assuming only a convectlve energy flux for the

neutrals (i.e., Qh = | Th T h ) .

The boundary condition imposed on the hot neutral-atom density in

Eq. (C-42) and (C-45), and used to give an accurate description of the exact

transport, requires that the density decay to zero at a fraction (0.71) of an

absorption length outside of the plasma. For the cold component, an isotropic

source is specified at the plasma edge with an energy T,. Results from the

diffusion mdel have been compared to those from transport calculations, and the

neutral-atom densities so computed are in good agreement. This agreement is

found even at low densities where the assumptions in deriving the diffusion

model become questionable. Equations (C-41), (C-42), and (C-45) are averaged

over plasma pressure surfaces, and, therefore, only one-dimensional equations

need be solved by the burn simulation.

C.2.6. Alpha-Particle Heating Model. The alpha particles are born with

an energy of 3.5 MeV anJ thermalize through collisions with the colder, denser

background plasma. The resultant electron and ion heating must maintain the

plasma temperature in a steady-state ignited device. The method by which the

alpha-particle heating is computed is described in this section.

The alpha-particle density is calculated from Eq. (C-2). Included in the

calculation are terms accounting for the production of high-energy alpha

particles and the diffusive loss of thermalized alpha particles. The

volume-averaged electron and ion heating rates and an average alpha-particle

enrruy are obtained from the solution of the time-dependent, Fokker-Planck

equation in a form that is independent of configuration space and is spherically

symmetric in velocity space.24 The heating is apportioned spatially to the

electrons and ions according to the product of the local electron or ion

densities and the alpha-particle density, while conserving the total energy.

Prompt (first-orbit) loss of 3.5-MeV alpha particles is not taken into account,

although such losses can be important (Sec. D.4.). A range of other heating

algorithms are possible, but inclusion proved to be beyond the scope of this

study. In many ways, the alpha-particle heating model used in these burn

simulations is optimistic.
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C.2.7. Boundary Conditions. The one-dimensional equations, Eqs. (C-18)

through (C-23), and the two-dimensional equation, Eq. (C-14), require boundary

conditions for their solutions. The one-dimensional burn code requires either

the specification of a given variable or its flux at the plasma boundary (e.g.,

either n or T, Tg or Qe, Ti or Q i ) . In the case of the equilibrium relationship

[Eq. (C-23)], K —1 is vQ times the current enclosed within a flux surface.

Therefore, Eq. (C-23) requires as a boundary condition either the specification

of the total current or the amount of magnetic flux being introduced. The

magnetic flux would change only if the currents in the external coils were to

change. The normal boundary condition is ty = 0. The outermost flux surface is

assumed to be fixed in space, and, therefore, the total volume of the system

remains constant.

C.2.8. Field Profiles and Transport Approximations. The spatial depend-

ence of the magnetic field in this approximation is

Bz(r,z) B M p Io(kr) cos(kz)] , (C-46A)

M - 1
Br(r,z) = - — _ — B M p Ij(kr) sin(kz) (C-46B)

where Io and Ij are the modified Bessel functions, and k = 2ir/d, where

d = 2TR T/N is the distance between mirror sectors. The axial location, z, is

measured relative to the midplane location. The flux corresponding to the field

of Eqs. (C-A6A) and (C-46B) is given by

— 5 - BMP r2 " 2k B M P r Il^ k r ) cos(kz) (C-47)

The grid lines used in this computation, therefore, are lines of constant i|/.

Field variations arising from the electron ring are not taken into account

by any of these calculations. In the one-dimensional approximation, the

geometry of the magnetic field lines were fixed, although the flux on each line

was allowed to change and support any changes in plasma pressure. Furthermore,

the total magnetic flux inside the system was assumed to remain constant.
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The Kovrizhnykh diffusion coefficients [Eqs. (C-30) through (T-33)] are

used in the calculations for the electrons, whereas the plateau coefficients

[Eqs. (C-35) through (C-38)] art used for the ions. The diffusion coefficients

used for the alpha particles are those appropriate to the banana regime

[Eq. (C-39)], the latter assumption being allowed by the low collisionality of

the alpha particles. The average alpha-particle energy calculated by the

Fokker-Planck routine was adopted as the temperature used in the calculation of

the alpha-particle diffusion coefficients.

The initial experience with the one-dimensional code indicated that banana

diffusion was insufficient to transport alpha particles out of the system. The

alpha particles continually built up, and the burn was eventually quenched by

radiation losses. Because of the uncertainty in the exact value of transport in

the banana regime and the use of a volume-averaged alpha-particle temperature in

the determination of the diffusion coefficients, the constant multiplier 150 was

applied to the banana diffusion coefficients in order to enhance the

alpha-particle flux and to reduce the alpha-particle confinement time to the

same order as that for the ions.

The design point chosen in this study, and serving as a baseline for the

preliminary one-dimensional calculations, includes field-shaping coils, which in

effect, straighten and lessen the curvature of the toroidal field lines.

Because the electron diffusion in the collisionless regime is proportional to

the square of the radius of curvature, the field shaping decreases the transport

losses and increases the confinement times. The bumpy-cylinder field line

geometry in these calculations was not modified to correspond to the magnetic

field calculation of the reactor design study. However, the effect of field

shaping was included in the transport coefficients through the radius of

curvature, R . The radius of curvature vas set to 1.5 m at the plasma edge and

varied inversely with minor radius.

C.3. Interim Results

The one-dimensional model has, from its initial application to reactor-

grade plasmas, shown discontinuities in the slope of the density and temperature

profiles. The limited scope of this study permitted only a partial resolution

of this problem by eliminating slope discontinuities from the density profiles.

Interim results are presented here in order to illustrate this problem and to

point the direction for future work. Conclusions with relevence to the zero-

dimensional model (Appendix B) could not be drawn for these reasons. However,
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the zero-dimensional code reproduces the paiticle confinement times from the

one-dimensional code when the scale lengths from the one-dimensional code are

used. Possible explanations for the observed profile behavior are offered. It

should be noted that considerable effort was devoted to exploring equally

plausible explanations of the profile behavior (e.g., changing boundary

conditions) without successful resolution of the problem.

The system parameters chosen to model the EBTR in one dimension are taken

from the design point given in Sec. 6.2. and are summarized in Table C-l.

TABLE C-l

REACTOK PARAMETERS USED TO MODEL F.BTR IN ONE DIMENSION

Parameter Value

Major radius, Ry(m) 35

Plasma volune, V (m3) 691

Plasma surface area, A^(m2) 1387

Mirror ratio on axis, M 2.24

Number of sectors, N 36

Radius of curvature at plasma edge, Rc(m) 1.5

Midplane magnetic field, BMp(T) 2.25

Midplane plasma radius, rup(m) 1.28

Coil-plane plasma radius, r^pCm) 0.79

The time evolution of the radial profile of the electron density, ng, the ion

density, n^, the electron temperature, Tg, and the ion temperature, T^, are

shown in Figs. C-2 through C-5, respectively, for typical reactor parameters.

This typical case shows discontinuities only in the slopes of the temperature

profiles. The one-dimensional simulation shown in Figs. C-2 through C-5 begins

with the t = 0 profile as input and reaches a steady-state solution at t < 10 s.

The time-independent boundary conditions imposed on the edge temperatures atid
17 — "\

densities are 0.1 keV and l(10)1 m~ , respectively. The latter boundary

condition was determined through experience with the 1-D code, which indicates

that density slope discontinuities disappear when the edge density is set at or

below ~ (10) m . A similar cause-effect relationship was not found for

temperature when the edge value was varied from ~ 1 keV to 0.01 keV.
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0.2 0.4 0.6 0.8 1.0 12

MIDPLANE MINOR RADIUS, r ( m )
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Fig. C-2. The electron density, n , versus midplane minor radius, r, at
two-second intervals.

02 0.4 0.6 0.8 1.0 12
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Fig. C-3. The ion density, n^
intervals.

versus miuplane minor radius, r, at two—second
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Fig. C-4. The electron temperature, Tg, versus midplane minor radius, r, at
two-second intervals.

0.2 0.4 0.6 0.8 1.0 1.2
MIDPLANE MINOR RADIUS,r(m)

1.4

Fig. C-5. The ion temperature, T\ , versus midplane minor radius, r, at
two-second intervals.
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The ion density in Fig. C-3 tracks the electron density of Fig. C-2 in all

regions except near the plasma center. The differences in nQ and n^ are

accounted by the alpha-particle density, nQ. The alpha-particle model allows

thermalization at the birth location. This model characteristically predicts

temperature peaking, as is found in Figs. C-4 and C-5, that is bounded by a

combination of temperature gradients and alpha-particle ash buildup (Fig. C-3).

Knowledge of such peaking is important to modeling accurately the burn physics

by the zero-dimensional code.

Elimination of the discontinuities in the temperature profiles near the

plasma edga (fig* C-5) proved to be beyond the resources of this study. These

discontinuities could not be resolved by using a finer computational grid, as is

the case of the "flat top" in the temperature profiles near the plasma center

(Figs. C-4 aad C-5). As stated previously, varying the boundary conditon

imposed on the edge temperature did not diminish the discontinuity. In

addition, modifications to the derivative algorithm in the outermost radial

computational cell did not affect the discontinuity. Also, permitting the

simulation tu run longer did not succeed in dissipating the temperature

discontinue ty.

Suspicions regarding the applicability of collisionality assumptions across

the full plasma radius arose too late in the study to be examined as a source of

the temperature discontinuities. Estimates show that Ce varies from ~ 0.01 at

the plasma center to ~ 0.02 on the interior side of the discontinuity and

increases rapidly across the discontinuity, to a final value of > 200 at the

plasma edge. This wide variation in £e violates the assumptions of the plateau

and banana transport regimes used for ion and alpha-particle transport,

respectively. Instituting an algorithm which switches automatically to the

appropriate transport regime is desirable but potentially creates new problems

because no theory is presently available to predict smooth transition between

regimes. Nevertheless, the collisionality violations are a likely source of the

discontinuities for the following reasons. High collisionalities (£e >> 1)

afford confinement that is as good as low collisionalities (£e << 1) (Appendix

B., Figs. B-5 through B-7). For moderate collisionalities (£,e = 1), confinement

has an optimum that is worse than the two extremes cited above. The fact that

Ce is in the moderate collisionality range and also has a very steep slope in

the vicinity of the discontinuity suggests it is the source of the

discontinuity. However, further work is needed to confirm this explanation,
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especially in the area of transition between regimes. Ir. any event, the one-

dimensional simulations demonstrate the importance of proper :nodel iny, of edge-

plasma physics.
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APPENDIX D. MAGNETICS/TRANSPORT

One of the major goals of the reactor magnetics study is to quantify by

means of a simplified but self-consistent model the effectiveness of realistic

coil arrangments in providing aspect ratio enhancement (ARE) of the bumpy-torus

configuration. The approach followed here for the reactor is a modification of

that used in previous studies1'2 to produce relevant transport coefficients at

low beta. These models are based upon an infinite-bumpy-cylinder representation

of the vacuum magnetic field. The infinite-bumpy-cylinder model, however, does

not contain sufficient information with which to assess accurately the

effectiveness of ARE coils. Consequently, a more detailed picture of the

magnetic field configuration was developed.

Although the magnetics model that has been developed is similar to models

used to design and to evaluate EBT experiments,1'2 this approach has not been

applied to the reactor evaluation at the level of detail presented here. The

complexity of the magnetics/transport analysis, when coupled to the newness of

its quantitative application to the reactor, will lead to the legitimate

questioning of the validity of both model and results. For these reasons a

detailed description of the magnetics/transport model is given. Because the

models described in this appendix are numerical, the description of EBTK

magnetics begins with a simpler (infinite-bumpy-cyclinder) approach that by and

large has served as a basis for earlier reactor design studies.3 >i+ The toroidal

magnetic-field model is described in Sec. D.2., and Sec. D.3. gives a complete

description of the methods used to arrive at bounce-averaged transport

parameters for use by the point-plasma model. Methods for estimating

first-orbit alpha-particle losses are given in Sec. D.4., the computational

approach for simulating EBTR is described in Sec. D.5., and the results of the

magnetics/transport/orbits analyses are given in Sec. D.6. Comparisons and

corroborations of the reactor magnetics model with results generated by

experiment-related computations are given in Sec. D.7. The magnetics model and

results presented here build on and extend EBTR modeling begun at Oak Ridge

National Laboratory (ORNL). It is emphasized that the approach presented here

requires considerably more development in the areas of finite pressure,

electron-ring, and electric-field effects, as well as comparisons with

reactor-grade plasmas, before an optimum (magnetic) reactor design can be

identified.

563



D.I. Analytic Model of Magnetic Field Curvature

Evaluation of the average field curvature, Rc, needed to drive the poloidal

drifts that are intrinsically required for toroidal equilibrium, is not

particularly straight forward. Earlier EBTR studies3 approximated Rc by the

coil minor radius, rc. Given a fixed blanket/shield thickness, Ab, the plasma

radius, r , approximately equals either (rc - Ab)x or (Rc - Ab)x under the

approximation invoked in Ref. 3. The average field curvature is related to R-p,

M, N, and rc, where N is the number of mirror sectors, M is the mirror ratio,

and R.p is the plasma major radius. An approximate relationship between Rc, rc,

N, Rj, and M is developed and used in this subsection in order to quantify

analytically important interrelationships. In order to accomplish a more

realistic magnetics design, however, numerical methods must be invoked to

estimate the important relationship between plasma performance, r , rw, r , N,

RT, M, and Rc.

The analytic model described below requires no distinction between the

toroidal radius of curvature and the plasma major radius. In the more realistic

toroidal magnetics model developed in the following sections, a distinction can

be made. Furthermore, several definitions can be proposed for the location of

the plasma center. However, these distinctions are made only to highlight the

minor differences in the definitions that occur for large-aspect-ratio (i.e.,

Rj/rp) devices. Unless otherwise stated, the toroidal radius of curvature, Rj,

is assumed to be synonymous with the plasma major radius.

Referring to Fig. D-l, the spatial dependence of the magnetic field in a

cylindrically symmetric simple mirror is given by3

2Nr
[l +

Rrj. Rrp

r
_ I mKj(mNrc/RT) I0(mNr/RT) cos(mN<(>)]
Rrp Hl= 1

2Nlu0 2Nr
* _ [l + _ _ K^Nr /RT) I (Nr/RT) cos(N$)] , (D-l)

Krp Krp

where Kj(Nrc/RT) and IQ(Nr/RT) are modified Bessel functions. The important

effect of the diatnagnetic electron rings on ihe field profiles is neglected in

this phase of the analysis. The mirror ratio, M, is defined as the ratio on
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Fig. D-l. Schematic diagram of one of N reactor sectors, showing nomenclature
and notation.

axis of the coil-plane field to the midplane field [i.e.,

M = B(r = 0,<j> = O)/B(r = 0,<)> = ir/N) ] , and, for the magnetic field given by

Eq. (D.l-1), M is calculated by

2y Kj(y)

- 2y
(D-2)

where y = Nrc/RT. Figure D-2 graphically illustrates Eq. (D-2).

The field curvature in the midplane is approximated by the following

definition.

R_(r,<t. = TT/N) = B(r)/(3B/3r)

" 2yK2(y)

27TN/IL,.)
(D-3)
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MIRROR RATIO,M

Fig. D-2. Graphical display of Eq. (D-2), showing relationship between mirror
ratio, M, number of coils, N, coil radius, r , and toroidal radius

Approximating IQ(x) = 1 + x^/4 +..., using Eq. (D-2), and evaluating the field

curvature at the plasma edge, gives the following optimistic expression for the

field curvature.

4 R4
R —

(M-l)N2r
(D-4)

In arriving at Eq. (D-4) a toroidal average has been simulated by representing

r as an average plasma radius over the segment volume. The simple

infinite-bumpy-cylinder model, upon which Eq. (D-4) is based, is examined in the

context of EBT transport under a number of assumed radial averages in Sec. D.7.;
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these results are also compared to the more exact toroidal calculations in the

same section.

jL«_̂ __ Toroidal. Magnetic Field Model

The EBT posesses relatively few symmetries that can be used to reduce

modelistic complexity. The bumpy-torus configuration is symmetric upon

reflection about all coil planes, all midplanes, and the equatorial plane. For

computational purposes a "unit cell" is defined as that volume bounded by a coil

plane, an adjacent midplane, and the equatorial plane. The calculation of the

vacuum field, as well as estimates of parameters that depend on the magnetic

field, can be reduced to a two-dimensional problem by assuming that sufficient

knowledge of poloidal asymmetries is retained when limiting unit-cell

calculations to the equatorial plane.

The vacuum magnetic field is obtained by simulating the toroidal field (TF)

coils and the ARE coils by combinations of filamental loop currents. In a

rylindrical coordinate system that is centered within a loop as shown in

îfo. D-3, the components of the magnetic field measured at a point P (r,z) are

gjv'.n by5

- K(k) + JLIJLUL E(k)] , (D-5A)
2 2

ll [ K(k) + JLIJLUL
[ (a + r ) 2 + z2]1'2 (a - r ) 2 + z 2

,2 _

. [(a + r ) 2 + z 2 ] 1 / 2 (a - r ) 2 + z

where k2 = 4ar/[(a + r ) 2 + z ]. The current carried by the loop is I, a is the

loop radius, and the functions K(k) and E(k) are the complete elliptic integrals

of the first and second kind, respectively. The raagnetic-field components given

by Eqs. (D-5) are transformed into the polar coordinate system depicted in

Fig. D-3, which has been adopted here as the "EBT coordinate system."

Invoking toroidal symmetry, only the loop currents that form a basic unit

cell need be described. The complete magnetic configuration resulting from all

loop currents can then be obtained by "broadcasting" the coil unit cell in $ by

2TT radians. The angular position of a loop current within this unit cell is

given as an angle $j relative to the "broadcast angle", 0. In addition, a
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CURRENT LOOP

BROADCAST RAY
DEFINING POSITION
OF COIL PLANE.
& IS THE BROADCAST
ANGL E USED TO
REPRODUCE EBT
SECTORS

EQUATORIAL
PLANE

Tig. D-3. The coordinate .system used to evaluate the magnetic field at an
arbitrary point P (r,z) and produced by a loop current of radius a.
This current loop is positioned at major radius Ra and cant angle a.
Point P is located relative to the toroidal major axis by the
coordinates (R,iJ)). The angle 0 represents a "broadcast angle"
through which the toroidal unit cell is reproduced to form the
;:omp] e t a E BT torus.

current loop can have a camber, a, measured relative to a ray emanating from

toroidal center. If the magnetic field at a point P resulting from a coil of

radius a and camber a centered at (Ra, 0 - Oj) is desired, the (R,$) coordinates

of P must be transformed into the (r,z) coordinates of the current loop. This

transformation is accomplished by the following relationships.
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z = I sin(Y + a) , (D-6A)

r = t COS(Y + a) , (D-bB)

whe re

I = [R2 + R2 - 2RRa cos(0 - *j - <J>)]1/2 , (D-7A)

. R sin(G - $, - 4>)
= tan" 1 . (D-7B)

R cosTQ - ((IJ - $) - Ra

The magnetic f i e ld components in the frame of the cur ren t loop are then

ralcnlateci according to Eqs. (D-5) . The f i e ld components ^ B
r»

 B
z ) must

subsequently be transformed in to the (BR> B^) components, as measured in the EBT

reference frame, by means of the following equa t ions .

BR = Bf cos(o + 0 - 4>j -(()) + Bz s i n (a + 0 - <|> x - $) , (D-8A)

+ 0 - $x — <J>) — Bz cos(a + 0 - <{> j - <|» > . (D-8B)

A summation over the radial field components from individual loop currents

yields the radial component of the field at any point; a similar procedure is

followed to obtain the toroidal component of the magnetic field. The field

lines are generated from the condition

Solving Eq. (D-9) by an Adam's fourth-order oredictor-corrector algorithm with

a fourth-order Runge-Kutta starter permits the tracing of field-line

coordinates, (R,<)>).
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As shown in Fig. 0-4, a magnet unit cell consists of one TF coil and two

ARE coils. The TF coils are predominately simulated with a 4 x 6 matrix of loop

currents. The six loop currents composing each row of the matrix are of equal

radius and are distributed uniformly along its toroidal length with a spacing

equal to one sixth its length. The four rows are distributed uniformly in the

radial direction with a spacing equal to one fourth of the coil width. The

camber of each current loop is chosen to ensure that the plane containing a

current loop is parallel to the coil plane. Tiio c ros.s-sect ional area of both TF

and ARE coils is determined by limiting the current density in the

superconducting coils.

The current in the TF coil is obtained by requiring the peak field in the

midplane to equal a specified value, Bĵ p. A value of the ratio of the TF-coil

length and width is assumed. T'le inner radius of the TF coil is established by

requiring an enclosed volume that is sufficient for a blanket and shield of a

CALCULATIONAL
UNIT CELL

ARE

\
MIDPLANE

9, i
. COIL "PLANE

BLANKET
MODULE M , D P L A N E

MAGNET
UNIT CELL

COIL
.PLANE

Fig. D-4. Schematic of magnetic coil configuration adopted for EBTR as viewed
in the equatorial plane.
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specified average thickness, Ab, for a given first-wall configuration. The

radial location of the TF-coil center is determined by requiring the

vacuum-vessel centerline to coincide with the plasma center (i.e., the radial

location of the maximum in the convex radial magnetic-field profile in the

raidplane). A detailed description of this computational algorithm is given in

Sec. D.5.; this algorithm results in a constrained and optimized TK-coil

location.

Each ARE coil is simulated .'ith a circular cross section containing four

loop currents. All loop currents lie on a elide dividing the cross-sectional

area in half and are equidistant from each other. The loops are positioned on

the circle such that each pair of loops are of equal radius. The current in an

ARE coil is expressed as a variable fraction of the total current in a TK coil.

The camber of the ARE coils selected for this study is shown in Fig. D-4. The

selection of the ARE-coil camber represents a compromise between an intuitive

desire to maximize its effect and engineering practicalities. The ARE coils are

intended to cause the field line defining the inboard plasma surface to approach

in length the field line that defines the outboard plasma surface and is

coincident with a mod-B contour tangent to the plasma surface in the midplane.

These conditions correspond to the containment of purely "passing"

(v(B/|B|) = |v|) and purely "trapped" (vB = 0) particles. In principle, this

configuration is accomplished by orienting the ARE coil to maximize its effect

on the length of tl.e Inboard fieU line and the field in the midplane, while

causing a minimal effect on the outboard field line. An example of this

configuration is qualitatively illustrated in Fig. D-4. Other aspect-ratio-

enhancement techniques, such as symmetrizing coils,8 have not been considered in

this study. The results from the magnetics calculations, per se, are used to

perform averages of transport-related parameters for use in the point-plasma

model (Appendix B).

D.3. Magnetics Model for Point-Plasma Transport Parameters

Two transport parameters are derived from the magnetics model previously

described: the toroidal radius of curvature, Rj, and the magnetic radius of

curvature, Rc. Both R^ and RQ determine the average vertical drift velocity,

vQ,, and the gradient-B drift frequency, ftoj, respectively. Although the

details of the averaging process are not evident from the point-plasma model, a

capability to calculate the vertical drift velocity of a particle as well as its

gradient-B drift frequency is required if the results of the
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magnetics/orbits/transport calculations are to be used by the point-plasraa burn

simulation with a minimum ambiguity. The calculation of particle drifts is

described below, followed by a description of the averaging process used to

yield the point-plasma transport parameters, Rj and Rc.

_D;_3_«_1_«_ Calculation of Average Drifjt _V_el_oci_ty_:_ The local transverse drift

velocity of a particle is given by^

, . ExB o, . . Bx(B«V)B . 2,,,, , , BxVB2

(v D) ± = •--- + v,|-(m/q) --r — + (v,//4)(ni/q) _—
B2 BA B4

where Vj is the velocity component along a field line, v^ is the velocity

component orthogonal to a field line, m is the particle mass, q is the charge, B

is the magnetic field, and E is the electric field. As seen from Eq. (D-10),

the drift velocity is dependent upon the velocity orienlacion with respect to

the local magnetic-field line. Furthermore, the particle orientation changes

along a field line in response to variations in the magnetic-field strength in a

way that preserves the magnetic moment. The use of Eq. (D-10) to calculate the

drift velocity requires the spatially resolved velocity distribution along field

lines. The calculation of particle drift velocities using a bounce-averaged

formalism10'11 that takes full advantage of adiabatic invariants avoids this

complexity and is adopted here.

The gradient-B drift frequency, ft, can be derived from the second or

longitudinal invariant, J ,

J = rn^dX. v,, (D-ll)

where the integration of v(| is performed over a complete traverse of a particle

trajectory along a field line. The calculation of the transport parameters will

ultimately require the poloidal drift frequency, measured relative to the plasma

center and taken here as the midplane location where 8B/3r = 0. The

differential element along a field line in polar coordinates is given by
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[i^J2 + i\ (U-12)

The p r e s c r i p t i o n f o r c a l c u l a t i n g the bounce -ave raged poloidal d r i f t f r e q u e n c y

from J i s g iven h y ' ^

Q = . ._
: 3r

( 0 - 1 3 )

The bounce period, T , is defined by

bdJl/v,, (D-14)

where o>, is the cyclotron frequency, and r is the radial location of the field

line measured relative to the c nter of the particle orbit (i.e., the rad'!al

location, K where 3J/3r = 0 ) . The line integrations of Eqs. (D-ll) and

(D-14) need only be performed over that portion of a particle trajectory located

between the midplane and the relevant mirroring point. In the case of a passing

particle (i.e., a particle with a parallel velocity, v B, that is sufficient to

preclude reflection by the mirror field), the mirroring point is replaced by the

location of the particle trajectory in the coil plane.

The integrands of Eqs. (D-ll) and (D-14) are calculated by first invoking

1 ">
conservation of the total energy, e = — mV" + e$, where $ is the electrostatic

potential. Neglecting the energy stored in the electric field, the particle

spoeri at iny arbitrary location along a field line equals the value at the

midplane (i.e., v = v«). A decomposition of the velocity into components that

are perpendicular and parallel to the field lines yields

. ^ - v ^ ] ^ (D-15)

The form of Eq. (D-15) is suitable for introducing the magnetic moment,

u = nvj_^/2B( r ,1), where B(r,£) is the magnetic field at a distance I along a

field line measured from its point of intersection with the midplane, the
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intersection point being at a radial location r. Because y is an adiabatic

invariant, it follows that

where v,». and B(r,0) are raidplane values. Substituting Eq. (D-I6) into

Eq. (D-15) yields

Defining tne pitch angle, c, = cos J(V||M/vM), to characterize the velocity

orientation at the raidplane location, Eq. (D-17) becomes

(0-18)

Equation (D-18) is used to define the limits of integration for Eqs. (D-ll) and

(D-1A). A particle mirrors at a point where the parallel component of the

velocity vanishes. The location, I, of a mirror point along a field line is

then found by solving the following transcendental equation.

<IM9>

The condition for a particle to be classified as "passing" is given by
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where B(r,£c) denotes the magnetic field in the coil plane.

Conservation of both kinetic energy and magnetic moment along a field line

has been invoked in arriving at Eq. (D-18). These quantities continue to be

conserved as a particle drifts poloidally from one field line to another.

Consequently, at the two radii, r^ and tj, where a poloidal drift orbit in the

midplane intersects the equatorial plane, p(rj) = u C ^ ) , and

2 )

M(r.) = (mvM/2) A- . (D-21)

Because B(rj,O) is not necessarily equal to BC^.O), the pitch angles at the two

locations [i.e., £(rj) and 4(^)1 are not necessarily equal. Consequently, the

pitch angles associated with a poloidal drift orbit are related according to the

relationship

(D-22)

Equation (D-20) suggests that the v(| of Eq. (D-18) should be parameterized as a

function of v«, and p. The procedure adopted here uses the magnetic moment

calculated at the point where the magnetic field is a maximum. That is,

B(rM>0)

where the pitch angle, C(rM), ranges from 0 to n/2, and rj,] is defined by

[3B(r,0)/3r]___ = 0. Although r is coincident with the definition of the

plasma center, it will be treated as a distinct parameter to permit the possible

adoption of an alternative, more precise definition of the plasma center without

affecting the pitch-angle formalism adopted here. Adopting this procedure,

Eq. (D-18) becomes

575



^M,<

The transcendental equation defining the location, SL, of the mirror point and

the condition for a • article to be classified as "passing", expressed in terms

of the pitch angle, ?(rM), become, respectively,

(D-25)

(D-26)

A brief summary of the difficulties associated with the calculation of the

poloidal drift frequency, ft, is warranted. A pole appears for trapped particles

in the integrand for the bounce time, T [Eq. (D-14)], at the limit of

integration corresponding to the mirror point. The pole cannot be removed from

the integrand by analytic techniques, because the integrand incorporates a

numerical calculation of the field and, therefore, appears in tabular form. A

procedure commonly used in such instances would increase the number of integrand

evaluations in the vicinity of the pole and apply standard numeric integrating

techniques. Because ft and, hence, T must ba calculated for several values of

;(rM) and at several radial positions, this procedure would be computationally

expensive. The procedure adopted here is to introduce an artifica.l variable, <,

into Eq. (D-24):

(D-27)

The definitions of J and T are recovered by setting < = 0. Using Eq. (D-27) in

Eqs. C D—11) and (D-14), the following relationship can be proved

576



T - 2

' 7 (D-28)

The numerical calcuJation of T from S'.q . (D-28) poses no problem, provided the

calculation of J(<) is stMight forward. The numerical calculation of J,

however, cannot be made easily, because3 the slope of the integrand is infinite

at the mirror point. Application of both trapezoidal and Simpson's integrating

rules fit rirst- and second-order polynomials to the integrand, which results in

poor approximations to the inte,• r.;nii in the vicinity of the mirror point, as is

scjWii in Fig. D-5; cubic splines cannot treat functions of infinite slope. The

.;'hnique employed here is to divide the integration into two separate parts,

each involving the calculation of the area of one of the shaded regions in

Fig. D-5. From these two calculations, the desired area under the integrand can

e.isily be reconstructed. The above techniques are incorporated into the

calculation of JJ for c(r) < IT / 2. In the case of C(r) = TT/2, the prescription

QUADRATIC
FIT OF v,
NEAR MIRROR POINT

n

DISTANCE ALONG FIELD LINE,
COIL PLANE

)^

MIDPLANE
MIRROR

POINT,/M P

Fig. D-5. Schematic of procedure for performing the integral of Eq. (D-ll).

577



for Q [Eq. (D-13)] is not used because of numeric problems related to the

interval of integration in Eqs. (D-ll) and (D-I4) asymptotically approaching

zero as ?(r) approaches IT/2. Instead, Eq. (D-10) is used. Under the

assumptions of v,, = v and E = 0, Eq. (D-10) becomes

<VD>1 "
mv 3B(r,0)

2qrB2(r,0) 3r
(D-29)

As before, both the kinetic energy and the magnetic moment of a particle are

assumed to be conserved over the complete traverse of the poloidal drift orbit.

From the conservation of magnetic moment for ?(r) = ir/2 [i.e., p = mv /2B(r,0)]

these special poloidal drift orbits are found to coincide with mod-B contours.

The vertical drift speed is related to the p'lloidal drift frequency by the

relationship, (vp)^ = rQ. The magnitude of the poloidal drift frequency for

C = IT/2 is given by

a =
2qrB2(r,0)

9B(r,0)|
3r I (D-30)

The results of a sample rfi calculation are presented in Fig. D-6. The

values of rft, as computed from Eq. (D-13), are seen to approach asymptotically

the value of rfl at cos? = 0, as calculated by Eq. (D-30). A more detailed

discussion of the fi calculations is given in Sec. D.7. where comparisons of

results with other models are given.

The local vertical drift velocity, Vp, is composed of two components. One

component arises from the centrifugal force produced by the field curvature and

is given byliJ

'DC
|2RxB

(D-31)
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Pig. D-6. Sample calculations of the poloidal drift velocity, rfl, and the
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where R is the radius of curvature. Equation (D-31) is expressed below solely

in terms of the field quantities.

'DC
qB-

(BxVB) (D-32)

The second component of the vertical drift velocity is produced by the

transverse gradient and is given by13

mv
VVB =

2qBJ
(D-33)

Adding Eqs. (D-32) and (D-33) gives the local vertical drift velocity:

2v 2) (D-34)
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A comparison of Eqs. (D-31) and (D-32) leads to the following identity.

RxB BxVB (D-35)

Upon substituting Eq. (D-35) into Eq. (D-34), the following expression for vD

results.

-»• +

2qB2
2v|(2) <*£>. . (D-36)

2

In the limit of high aspect ratio, R is orthogonal to B, and its magnitude

equals the radius of a field line. Hence, Eq. (D-36) becomes

'D = 2^R ( V^
(D-37)

Recalling that v = v^ and employing Eq. (D-24), Eq. (D-37) becomes

*» •

Equation (D-38) represents the local vertical drift velocity expressed in terms

of both midplane parameters as well as quantities that are related to the

particle position along a field line. Since a bounce-averaged vertical drift
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velocity that is dependent only upon midplane parameters is desired, a bounce

average of Eq. (D-38) is performed to yield

vy = T"
1 f> dl vD/V|| . (D-39)

The last relationship is used for t,(r) < TT/2. The asymptotic value of Vp as

C(r) approaches TT/2 is obtained from Eq. (D-37) by setting v(| = vM and v^ = 0,

resulting in

mvM
2

(D-40)

A sample calculation of v is also presented in Fig. D-6. The values of vy, as

calculated by Eq. (D-39), are seen to approach asymptotically Eq. (D-40) as 5

approaches w/2. More detailed discussions and sample calculations of v are

presented in the Sec. D.7.

The bounce-averaged quantities ft and v , as defined by Eqs. (D-13) and

(D-39), respectively, form the basis for calculating transport-related

quantities used in the point-plasma simulation model (Appendix B). Although Rp

and Rc appear as natural candidates for point-plasma transport parameters, these

bounce-averaged curvatures may not necessarily represent the most relevant

quantities for characterizing the transport; specific combinations of R-j. and Rc

might be more realistic. The proper form must be determined ultimately by the

usage of Rj and Rc in the point-plasma model. Both Rj and Rc appear in the

calculation of the particle confinement time, T . [Eq. (B-39)], or more

explictly in the mass diffusivity, D • [Eq. (B-38)], as the quantities (R T/R C)
2

and Rc. In order to resolve whether the division and the squaring in (R T/R C)
2

should be made before or after any averaging process, the derivation and meaning

of D . in a point-plasma context must be more carefully examined.

D.3.2. Relationship of Point-Average Curvatures to Point-Plasma Transport Model

The derivation of D . presented here approximates that found in Ref. 2.

This analysis starts with the following form of Eq. (42) of Ref. 2.
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D . = - _L_ f d3v " . f . (D-41)
nJ 2n. J yj snJ

where v is velocity, the subscript j denotes the jth species, and fsn-j is

obtained by first expanding the distribution function into a first-order Fourier

series, as given below.

fj(r,0,v,O = foJ(r,v) + fsj(r,v,O sinQ + fcj(r,v,?) cos9 . (D-42)

The quantities r and 9 are the radial and poloidal spatial coordinates measured

relative to the plasma center, which is taken here as that field line that

passes through the point in the raidplane where —-—-—- = 0. The quantity v is
3r

the particle speed, 5 is the pitch angle, and fQ denotes a Maxwellian

distribution. Inherent in Eq. (D-42) Is the assumption that particle orbits are

circular and share a common drift center. The fg• distribution is expanded to

first order in derivatives of density, temperature, and electric potential:

Similarity,

fcj " fcnj -5J" + fcTj \ + fcej

where <b represents the electrostatic potential. The f e _ 4 and f-_* distributions
o ii j cn j

satisfy the following set of coupled equations.2

Cfsnj + "j fcnj = vyjfoj '
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Cfcnj " Oj fsnj = 0

where v . and fij are the bounce-averaged vertical drift velocity and poloidal

drift frequency, respectively, and C is a collision operator. The effects of

electric fields are neglected here, and ft. is taken to be the bounce-averaged

gradient-B drift frequency. The calculation of both v . and fij was described

earlier in this section.

Solving Eq. (D-45) for f . yields

foj - « s n j • (D-47)

Substitution of Eq. (D-47) into Eq. (D-46) yields

C(vyj/nJ)foj = (CC + fij) f s n j . (D-48)

Neglecting second-order collisional effects and recognizing that a Maxwellian

distribution is preserved by collisions, Eq. (D-48) becomes

fsnj

The quantity v -/fi. is independent of speed and is assumed here to be

independent of pitch angle. Consequently,

Upon insertion of Eq. (D-50) into Eq. (D-41), the following expression for the

particle diffusivity results.

583



( 0 - 5 1 )

C o n s e q u e n t l y , the c a l c u l a t i o n of the q u a n t i t y K-j-.. i< . .is it a p p e a r s in L) .

[ Eq . ( B - 3 8 ) 1 , e m a i l s .1 71.-l.-1ci t v a v e r a g e or (v •/>.•)".

T h e c a l c u l a t i o n or (R-p/R,)'' is not c o m p l e t e u p o n t a k i n g a v e l o c i t y a v e r a g e

o v e r t h e v e l o c i t y d i s t r i b u t i o n , b e c a u s e I) • is .1 f u n c t i o n of ra d i a l p o s i t i o n .

T h i s d e p e n d e n c e is sho w n in K i g . D - 7 . The.- q u e s t i o n then a r i s e s a s to the p r o p e r

t r e a t m e n t of the rj d i a ! v a r i a t i o n . In p r i n c i p l e , riie f u l l s p a t i a l v a r i a t i o n

s h o u l d be used in a rjdiil t r a n s p o r t c o d e . T h i s a p p r o a c h is not p o s s i b l e w i t h i n

the c o n t e x t of tin- point T.ndel. T h e p r o c e d u r e a d o p t e d ht-re c o m p u t e s v a l u e s of

< (FU-/R . )"> " and <K - 1 > at the p l a s m a ed>',e, b e c a u s e d i f f u s i o n f r o m the p l a s m a

is p r i m a r i l y an ed g e e f f e c t . In v i e w of the a s y m n e r r v of the ridial p r o f i l e s

f o r < ( K j / K )-> '' and <R(. ; , the r e s u l t s r e p o r t e d h e r e for t h e s e p a r a m e t e r s

r e p r e s e n t a r i t h m e t i c m e a n s of the inboard and o u t b o a r d e d g e v a l u e s .

Q
UJ
O

—

O
O

•
—X

UJ

6.8

I 6 6
c
3

X )

0

— 64

6.2

\ ' ' '
"\ N • 48

\ RT-60m
\ rMp*l25m

\ Jk

\ A b 1 1 4ni
\

\
\

\

1 !
-

-

/

/

59 60
R(m)

61

Q
Ut
O

A
V

E
F

u
n

it
s

IT
Y

(a
rb

O ?
- I

>

25

20

15

to

5

0

: \

- •

_

1
N =

y B*II

\
\

1

48
•• 6 0

-1 .2

« l . 4

\

\
>

I

m

5m

57 T
m

/

t

\

—

1 1

59 60
R(m)

61

b - 7 . A n e x a m p l e o f t h e r a d i a l d e p e n d o n c , ' <>> t i n . - v e l o c i t y a v e r a g e s o f

a n d vO. b e f o r e p e r f o r m i n g a r a d i a l . i v - r a g e .

384



A numerical problem arises with the calculation of <(v /Q) > because ft

exhibits zeros within the plasma volume. To avoid these poles, the quantity

<ril/vy)~> is calculated instead. The relationship between <(rfl/v ) > and

(K.f/Rc,- is obtained from the definition of the average vertical drift velocity

used by the point-plasma model,

(D-52)

and the average poloidal drift frequency,

Rewritten as the average poloidal drift velocity, this expression takes the form

rp:' = kBrj/^jRcB • (D-54)

Taking the ratio of pcloidal and vertical drift velocities results in

(D-55)

The use of a point-plasma model inherently forces a simplified approach to

averaging. For example, the point-plasma model makes no distinction between the

average of the ratio of two quantities and the ratio of two averaged quantities.

This ambiguit\ is inherent to the point-plasma model and needs to be unraveled

before the more rigorously averaged quantities developed in this section (e.g.,

<(ft/v )'•>''•) can be incorporated into the burn simulations. This clarification

is accomplished by casting Eq. (D-55) into a form that is compatible with the

more rigorously averaged quantities.

Upon assuming that the ratio of averages can be replaced with the average

of thy ratio and assuming further that the average can be replaced with the

square root of the average of a square, the following relationship for Rf^c ^or

<(KT/RC)
2>1/2) results.
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— = <(rfl/vv)
2>1/2 . (D-56)

Rc

Equation (D-52) can be used to obtain the expression for

(D-57)

and Eq. (D-54) results in the expression for R ,

(D-58)

The quantities ( R ^ R ^ and Rc, as defined by Eqs. (D-56) and (D-58),

respectively, are adopted as transport parameters used in the point-plasma model

described in Appendix B. Through the parameters <(RT/R )
2>ll/2 and <R~1>~1, as

computed from <(rft/vv) > ' and <rf*>, respectively, the EBTR performance is

related to the magnetics calculations vising the vacuum-field approximation.

D.4. Estimate of First-Orbit Particle Losses

The orbits calculated in this section in principle are executed by all

plasma particles. The direct application of orbit trajectories to the

calculation of particle losses is dependent upon the time history of a specific

particle. Following particles as they traverse their first orbit immediately

after being introduced into the plasma is the only instance where orbits can be

directly applied to the calculation of particle losses; the rate of introduction

onto orbits intersecting the first-wall can be directly determined only through

a history describing their introduction into the plasma. The losses obtained

this way can be measured in terms of a trapping efficiency and apply to alpha

particles, neutral-beam particles, or neutral atoms refueling the plasma.
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After having successfully completed an orbit contained within the reactor

vessel, particles leave the plasma by drifting vertically and/or scattering in

pitch angle onto an orbit that intersects the first wall. The uncontained

orbits then form a loss cone that depends on both pitch angle and radial

position. Because the loss cone enters the calculation of the particle

distribution functions, the calculation of the diffusion coefficient and

ultimately Rj. and Rc are in turn dependent on these particle distribution

functions. The inclusion of these effects is beyond the scope of this study,

and the first-orbit losses estimated here are applied only to the alpha

particles.

The retention of a major fraction of alpha particles within the plasma is

crucial to an ignited and sustained burn. Alpha particles can be lost from the

plasma in one of two ways: they can be born onto orbits that intersect" structure

(first-orbit losses), or they can diffusp during thermalization with the plasma.

The first-orbit losses can be estimated from the magnetics model by calculating

particle orbits, provided the orbits are not destroyed by collisions. The

largest orbit contained within the reactor vessel defines that region of the

plasma in whicn TO first-orbit losses occur. This last closed orbit is then

used to calculate the fraction, fa, of alpha particles that survive a

first-orbit trajectory. The procedure for calculating f is described below.

The second adiabatic invariant, J [Eq. (D—11)], can be used to calculate

bounce-averaged orbits. In general, particles will drift from one field line to

another while preserving energy, magnetic moment, and J, thereby tracing out an

orbit. Such an orbit or drift surface is defined as a surface comprised of

field lines of constant J. For monoenergetic alpha particles a drift surface

depends only on magnetic moment or cos^Cr^).

The results from a calculation of J versus R and cos? at the midplane of a

typical reactor configuration are shown in Fig. D-8. These calculations provide

insight into the dynamics of the alpha-particle orbits. In the range of pitch

angles between cos^Cr^) = 0.710 and cos5(rM) = 0.715, the curvature of J changes

sign. This curvature cuange results from particles that have sufficiently

sampled the field curvature in the coil plane, which is of opposite sign as the

field curvature in the midplane, as is shown in Fig. D-9. For th-ise particles

the direction of the poloidal drift on an average basis is reversed.

Consequently, two values of cosc(rM) about 0.71 exist for which the opposing

field curvatures cancel, producing on the average a cancellation of the poloidal
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Fig. D-8. Second adiabatic invariant, J, versus major radius, R, for values of
cosc(r.,) between 0 and I. The range of R spans the entire domain of
field lines contained within the reactor vacuum vessel.

drift (Fig. D-6). Particles with this special value of pitch angle experience

only a verticle drift and, therefore, cannot be confined. Neither changing the

plasma radius nor attempting to align the orbits will ameliorate this situation.

The "trapped" to "passing" particle transition also occurs in the vicinity

of cosCCr^) ~ .71. A clearer illustration of this transition is given in

Fig. D-10. The existence of trapped particles is indicated by convex radial

profiles in T, and passing particles are characterized by concave profiles. All

particles are trapped for 0 < cosc;(rM) < 0.707. The value 0.707 represents a

threshold [Eq. (D-20)] for cos?(rM) beyond which a particle becomes "passing" at

the plasma center where the mirror ratio along a field line is a minimum

(Fig. D-9). Increasing cosc(rM) increases the region at the plasma center in

which passing particles can exist. Upon reaching cos^r^) = 0.725, passing

particles would be found throughout the plasma.
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The diameter of the largest orbit that is contained within the vacuum

vessel can be calculated as a function of cosc(rM) from the results presented in

Fig. D-8. Assuming circular yrbits, the cross-sectional area of the last closed

drift surface is calculated and shown as a function of pitch angle in Fig. D—11.

The area under the curve in Fig. D-l1 represents the pitch angle averaged

cross-sectional area of contained plasma, A . Normalizing A to the assumed

plasma cross-sectional area, ir , yields the filLlng fraction, f = AD/itr .

Assuming both a par-ibolic density profile and a flat temperature profile, the

fraction of alpha particles that survive first-orbit losses is given by

J0 f c ( r ) n" ( r ) r J r

rdr

(D-59)
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where fc(r) is the fraction of the local isotropic pitch angle population

residing on contained orbits that pass through the radius r. This information

is readily obtainable from Fig. D-8.

Equation (D-59) is not amenable to a parametric study of profile effects

upon fQ. By assuming the region that is void of first orbit losses is centered
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within the plasma, a second fraction of alpha particles that survive first-orbit

losses, fa, can be defined:

Jo SQ(r) rdr

'7 s»M
(D-60)

rdr

591



where Sa(r) is an arbitrary profile of the alpha-particle source rate. The

dependence of fa on f is presented in Fig. D-12 for a range of density profiles

and a flat temperature profile. A volume utilization, fy, of only 0.65 is

needed to confine 95% of the alpha particles for a parabolic profile (v = 2).

In relating the efficiency of alpha-particle containment through the parameter

fa, Fig. D-12 or Eq. (D-60) is used in conjunction with a numerical

determination of f .

D.5. Computational Approach

The conversion of the formulae given in the previous sections into computer

coding is a straightforward task. The resultant computer model, however, would

not be very useful as an entity by itself. The calculated quantities are
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showing the dependence of the alpha-particle trapping efficiency, f ,
on the volume utilization fraction, fy.

592



derived from a set of irreducible input parameters listed in Table D-l and

illustrated in Figs. D-13 and D-14 and are not amenable to parametric

engineering studies. Examples of more tractable input parameters (Table D-l)

are L!,C average plasma vacuum magnetic field, <B>, and the blanket thickness,

Ab, which are derived from the TF-coil current, lyp. anc* minor radius, rc,

respectively. The transformation of a tractable input parameter set into the

set of irreducible parameters necessary for the evaluation of the coded formulae

is performed by a "driver program." The driver program iteratively adjusts the

irreducible parameters until the calculated values of the tractable parameters

art equal to their input, values within a specified tolerance. A more detailed

description of the algorithm is given below.

The basic algorithm of the driver program is presented in Fig. D—15. The

algorithm begins witli guesses for the irreducible parameters. Because a guess

for a particular irreducible parameter may not lead to convergence, an interval

TABLE D-l

THE LIST OF IRREDUCIBLE PARAMETERS AND THE CORRESPONDING TRACTABLE

COUNTERPARTS FROM WHICH THEY ARE DETERMINED

Irreducible Parameter Tractable Parameters

Number uf bumps, N Number of bumps, N

TF-coil current, 1-j.p Peak midplane or average magnetic field,
BBMp or

ARE-coil current, IAR£ Current ratio,

TF-coil current center, rc Clearance between plasma and coll,
e.g. Ab and r^ a'

TF-coil major radius, R^p Vacuum vessel center, R^ '

Plasma geometric center, Rrp(=Rg) Vacuum vessel center, R^

Midplane plasma radius, r̂ p Average plasma radius, <rp>

Coil toroidal length, J£TF Current density, J

TF-coil radial width, w^p TF-coil length-to-width ratio, £>

Description for ARE coils Fixed by engineering constraints

clearance between the plasma and the TF coil is a function of the
first-wall geometry and is described in more detail in Section D.6.1.

* &PF is determined by the condition that the plasma surface in the midplane be
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Fig. D-13. Schematic layout of EBTR pl.ssraa, first wall, blanket/shield, and TF
coil as viewed from the equatorial plane. The relative sizes and
positions have been greatly exaggerated for illustrative purposes.

search routine has been constructed to assure that the inability to converge to

a solution for a given set of initial guesses does not inadvertently eliminate a

potentially acceptable solution. Within a limited range of parameter space

examined by this study, an option exists for supplementing the initial guesses

with a least-squares fit to solutions for the irreducible parameters us a

function of the tractable parameters, thereby insuring convergence even without

the interval-search routine.

Upon obtaining a set of irreducible parameters, the magnetic field and

various geometry calculations can be performed. The geometry calculations

entail locating the plasma surface and first *ralL. The plasma surface is taken

as a midplane mod-B contour of diameter 2r^p. The first wall is then located

relative to the set of field lines that intersect this field contour according

to first-wall type (e.g., cylinder, cone, combination of cylinder and cone) and

scrape-off thickness (Sec. 7.5.). The TF coil is then shifted radially in order

to align the center <jf the mod-B contour, R^, defining the plasma center with
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Fig. D-14. Schematic layout of EBTR first wall, blanket/shield, TF coil, and
ARE coils as viewed from above equatorial plane.

Rv. In addition, the coil currents, Ijp and I^g, are scaled linearly so the

calculated value of the field is the same as the desired value.

The above calculations form the core of an iterative loop that adjusts r^p

to yield the desired value of <rp> = (r M P + ^c^)/2, where r c p is the plasma

radius in the coil plane. This loop is nested within a second iterative loop

that adjusts rc to insure the TF coil fits snuggly to the outer radius of the

blanket/shield. The inboard and outboard legs of the ARE coils are positioned

relative to the back of the blanket and shield at the midplane and to the TF

coil at the coil plane, respectively, as shown in Fig. D-14; the ARE-coil

location, therefore, is allowed to vary as the iteration on TF-coil size and

location procedes. Upon matching calculated values of the tractable parameters

to their input values, the point-averaged plasma parameters are calculated and

fed into the point-plasma burn model (Sec. 4.2. and Appendix B ) .
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Fig. D-15. Calculational algorithm used for magnetics/orbits sensitivity study.

D.6. Magnetics/Orbits/Transport Results

D.6.1. Location and Geometry of First Wall. The magnetics/orbits model

described previously has been used to estimate both physics and technology

tradeoffs associated with the position and shape of the first-wall structure.

The technology tradeoffs are generally straightforward; the first wall should be

simple in geometry, easy to fabricate, and readily replaceable. The physics

tradeoffs, however, are more complex. This section documents quantitatively the

evolution of the first wall that resulted from an attempt to find an optimum
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resolution of this issue. In the process, a prime illustration of one of many

complex interactions to be found in the EBTR design is illustrated

quantitatively; specifically, the interaction between magnetics (coil locations,

field strengths, mirror ratios), orbits (alpha-particle trapping efficiency,

transport), and first-wall technology (shape, wall loading distribution). The

final first-wall/blanket/shield design presented is one that is compatible with

realistic coil design and acceptable particle/energy transport and tritium

breeding (Sec. 7.3.).

The best possible first-wall/blanket/shield from the viewpoint of plasma

engineering is one in which the vacuum vessel conforms to the plasma shape,

while permitting the coils to be as close as possible to the plasma. The

first-wall/coil configuration employed in present-day experiments114'

(Fig. 2.2-2) approaches this ideal configuration; the first wall consists of

connected toroidal sections with two different minor radii. Experimental

configurations, however, differ from those envisioned for reactors in that the

reactor aspect ratio will be larger (> 30 compared to ~ 10 for EBT-I) and the

superconducting magnet coils must be shielded from a potent neutron/photon

source.

The configurations depicted in Fig. D-16 were adopted in the early stages

of this study for a trial examination of the effects of first-wall

configurations on transport. In order to make the comparison as meaningful as

possible, the two configurations have the same values for the plasma major

radius, R™, the peak midplane magnetic field, B^p, the midplane plasma radius,

rMp, and the TF-c i' cross se<.-*. Ion was varied while preserving the same total

cross-sectional area to yield the same value of the mirror ratio, M. The actual

values selected for R.J., BMp, rj.jp, and M merely reflect first estimates used

during the early stages of this study. In order to utilize more efficiently the

volume in the coil plane for the cylindrical first-wall configuration shown in

Fig. D-16, a conical first-wall configuration was considered, also illustrated

in Fig. D-16. In this case the first wall serves as a limiter in the coil plane

•ind is tangent to the plasma at some point between the coil plane and the

midplane.

The merit of recovering volume in the coil plane can be demonstrated by

comparing the transport parameters computed for the two first-wall

configurations. This comparison is made in Table D-2. The parameters

<(RT/Rc)
2>1/'2> <R

C~
1>~1. a n d f

a change by +15%, -15%, and +0.1%, respectively,
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Fig. D-16. First-wall/coil configurations examined in the early stages of this
study to demonstrate the optimization of EBTR plasma performance
through the selection of a first-wall configuration that more nearly
conforms to the plasma shape.
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TABLE D-2

COMPARISON OF CYLINDRICAL AND CONICAL WALLS(-a)

Parameter

Number of sectors ,.<

Alpha-particle trapping efficiency, fa

Edge value of <(RT/RC)
2>1/2

Edge value of <Rc~
1>~1,(m)

Cylindrical
Wall

46

0.63

11.1

4.2

Conical
Wall

48

0.63

12.9

3.5

(a) Without ARE coils.

(b^ Based on parabolic density profile (Fig. D-12).

in proceeding from the cylindrical to the conicil first-wall configuration. The

changes in all three parameters have a positive effect on plasma transport and

overall reactor size.

Based on this work, a third, hybrid first-wall/blanket/shield geometry,

depicted in Fig. D-17 was adopted for the EBTR design study. This configuration

represents an improvement over the earlier conical configuration. The first

improvement is a recognition that ;.i two-line segment representation of the first

wall can better approximate the curve depicting the plasma surface than the

single-line segment representation of the conical first wall. By locating ths

transition point between line segments directly under the TF coil, the TF-coil

radius, rc, can be reduced to a minimum for a given blanket/shield/scrape-off

thickness. The second improvement is that r can be further reduced by making a

thinner inboard blanket/shield segment under the TF coil. This eeeond feature

is effected by allowing tritium breeding in the TF-coil segment to be less than

unity, with tritium breeding in the midplane blanket/shield sega.nt being

sufficiently large to yield a total breeding ratio above unity. The advantage

of the second feature is gained at the expense of an added complexity; the ratio

of the toroidal lengths of the two segments must be monitored to insure a

sufficient overall tritium breeding ratio.

D.6.2. Location of ARE Coils. A complete optimization of the magnetic

design should include as much effort directed at finding the optimum ARE-coil

position as was devoted to finding an optimum first-wall configuration. The

optimization proceedure adopted here was to perform a sensitivity analysis of

the transport-related parameters, Rj/Rc and fa, to changes in ARE-coil location.
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Fig. D-17. The first-wall/blanket/shield geometry adopted for the EBTR design
study.

The sensitivity of transport parameters to crucial design considerations (i.e.,

accessibility) was then evaluated. Only ARE-coil configurations of the kind

shown in Fig. D-17 were considered; a more recent proposal8 must be examined by

future studies. The pararaeteric variation of ARE-coil locations was performed

by fixing the location of either the inboard or outboard ARE-coil leg and then

varying the ARE-coil radius and orientation so that the other ARE-coil leg

covered a grid shown in Fig. D-18. Adjacent to each grid location in Fig. D-18

is the result of an R^/Rc and fa calculation for that particular ARE-coil

location. The combined results for all locations suggest that the ARE coils

perform best with regard to resulting in optimum 'Rj/Rc and fa values when

aligned with the midplane and have an undetermined radius, independent of

M ° r e important, R^/Rc and fQ are weak functions of ARE-coil location.
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Fig. D-18. The sensitivity
values of

of and fa to the ARE-coil location for two
and fixed TF-coil current and geometry.

Consequently, the ARE-coil location shown in Fig. D-17 was adopted because of

the accessibility afforded to the EBT torus.

D.6.3. Effect of ARE Coils on Plasma Transport and Reactor Size. The use

of neoclassical scaling in a high-aspect-ratio system makes obtaining the best

possible transport in the smallest system size an important issue. The magnetic

configuration directly affects the diffusion coefficient, D-, through the ratio
2

(Rrp/R ) . For scaling purposes R™ can be approximated as the major radius R,
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and Rc can be represented by either the radius of the current center in the TF

coils, rc, or the definition given in Eq. (D-4). The following expression for

R~/R results.

(M-l)N2rr)

The variables M, N, and R are interrelated by (Fig. D-2):

Nr
y(M) = _ ^ . (D-62)

R

Because the TF-coil minor radius, rc, can be held fixed while varying R and

N, defining f(M) = (N/R) and substituting into Eq. (D-61) yields the following

anproxiraate expression for R^/Rc in terms of the major radius, R.

RT (M-l)Rf(M)r

£- 5 1 • (D-63)

Equation (D-63) implies that increasing R, and, hence, N, improves the

transport for a fixed mirror ratio. However, physically increasing the aspect

ratio and total size is not an attractive option for the reactor. Fixing R and

also M in Eqs. (D-61) and (D-62) indicates that an alternate means for improving

transport would be increasing the number of sectors. This increase can be

accomplished with a corresponding reduction in rc, which provides the incentive

for seeking an optimum first-wall/coil configuration. A second means to

simulate a reduction in rc and an increase in N is to introduce ARE coils.

The ARE coils improve EBT transport properties through changes in

Rc ~ B/(dB/dr) by modifying the magnetic field so that the field profiles

resemble those found in configurations with larger aspect ratio and, hence,

better transport properties. The magnitude of the change in the ratio R™/R

that can be produced is shown in Fig. D-19. The modification of the field

profiles is obtained at the expense of increased field, Bc, at the TF-coil and
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Fig. D-19. The influence of ARE coils on plasma transport and alpha-particle
confinement.

an increased mirror ratio, M, as is demonstrated by a traverse along a line of

constant N in Fig. D-19. An increase in Rp/Rc can also be obtained by cnanging

N (or M) for fixed IAR-E^TF' ^ u t n o t w i t n t n e economy in B,-. that results when

•'•ARE''̂ TF •'•s changed. The current ratio, IARE/*TF» c a n n o t ^e increased without

limit, however, because the engineering accessibility as measured by %/^xF

worsens with increasing I A R E ^ T F * ^ value of Jl̂ /Ifp equal to two was taken as a

lower limit on the basis of a tritium b-eeding constraint, thereby defining the

603



lowest degree of accessibility acceptable to the E3T reactor design. A second

benefit of increasing I^RE/ITF i s a n i n c r e a s e i n fj (Fig- D-19). This result is

a by-product of the field profile modification by ARE coils in that changes in

the field profiles tend to align the particle orbit centers over the entire

spectrum of pitch-angle space.

The effectiveness of ARE coils is measured in terms of the factor, fARE, by

which the physical size or aspect ratio can be reduced with the use of ARE coils

while preserving the same level of neoclassical transport found in a larger EBT

without ARE coils. The factor, f^E> that monitors this improvement can be

written as

fARE
w/o

where the subscripts w and w/o indicate transport parameters calculated with and

without ARE coils, respectively. A comparision of f^pg calculations based on

Eq. (D-64) for fixed coil geometry with those of Ref. 16 is presented in

Fig. D-20. The results presented in Fig. D-20 indicate that a factor of two

reduction in aspect ratio can, in principle, be achieved.

D.6.4. Magnetics Design-Point Sensitivities. The magnetics design

selected 'or the EBTR design point has to satisfy several criteria; these

criteria are summarized in Table D-3. The actual design of the magnets dictated

two criteria; one is an upper limit on the current density, J, that can be

tolerated in the conducting material, and the other is an estimate of the

TF-coil cross section as measured by the ratio Jkpp: w.pp that can be supported

against internal stresses. The pumped-limiter scheme for impurity control

required a scrape-off layer between the plasma and the first wall that varied

from 0.15 m in the coil plane, 0.20 m at the TF-coil edge, to 0.25 m in the

midplane. The two-segment blanket/shield required an inboard clearance of

1.195 m between the first wall and any coils at the coil plane and 1.440 m

elsewhere. The desire for a ignited or high-Q driven EBTR established the major

radius based upon the burn results given in Appendix B. The parameteric studies

given in Ref. 3 suggest a plasma radius, which is defined here as the average of

the midplane and coil plane radii, of ~ 1 m is an optimal value for the assumed

transport and alpha-particle confinement. Stability considerations given in

604



9 I Q -

I I I I
.LOS ALAMOS

MODEL

lORNL / /
A /MODELS //

"0 0.02 0.04 0.06 0.08 010 0.12 014

"IARE/ITF

Fig. D-20. A comparison of an f^g calculation from this study and two types of
c al c ul a ti° n s taken from Ref. 16.

TABLE D-3
DESIGN POINT CRITERIA

Parameter

Current density, J (MA/m2)
Ratio of TF-coil toroidal length to radial width,

*TF:wTF

Scrape-off thicknesses, rw - r (m)

Blanket thicknesses, Ab (m)

Plasma major radius, R̂ , (m)

Average plasma radius, <r > (m)

Midplane magnetic field, B ^ (T)

Transport parameter,

Mirror ratio, M

Accessibility to torus,

Peak field at TF coil, BC(T)

Value

16

2:1

0.15,0.20,0.25

1.195,1.440

35

1.0

2.25

20

> 2

< 10

Sec. 4.1. establish a maximum midplane beta of 0.5, which in turn translates

into a midplane value for the magnetic field for the power levels considered in
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this study. In order to obtain ignition or to be very close to ignition within

a reasonably sized reactor using neoclassical transport, the 0-D burn

simulations selected a value of the transport parameter R̂ ./Rc = 20 after a large

number of parametric burn simulations. Consequently, the subsequent magnetics

design had the attainment of this R^/^c value established as a goal to permit a

magnet design to proceed while refinements to the design point were performed

with the 0-D burn simulation code. The final simulation assumed R^ = 35 m and

Rc = 1.5 m for R^/Rj, = 23.3. Due to the slope of the design curves in

Fig. D-19 at RT/RJ. - 20, the differences in a magnetic design for RT/RC = 20 and

Rrj,/Rc = 23.3 were not perceived to be significant enough (e.g.,

•̂ ARÊ '̂ IV ~ ~ 0-23 and B^ = 9.8 T as opposed to the design parameters: -0.22 and

9.7 T, respectively) to warrant a redesign of the magnets for R^/Rc = 23.3. The

search for R^/Rc = 20, however, was constrained by a mirror ratio that was not

allowed to deviate much from M = 2 for the stability reasons described ii;

Sec. 4.1. In addition, the magnetics design had to provide accessibility and

tritium breeding, which translates into the constraint on £»/£,«„ given in

Table D-3. Finally, the magnetics design was constrained to maintain a magnetic

field at the TF coil under 10 T. A composite picture of these constraints has

been discussed in Sec. 2.4. and depicted in Fig. 2.4-3.

Figure D-19 depicts a set of design curves that were generated in the

course of this study; these data meet a priori as many of the design criteria of

Table D-3 as possible. The point A shown in Fig. D-19 was chosen as the

magnetics design point for its compliance with the remainder of the design

critseria, as is seen from Table D-4. The physical layout of the magnets,

plasma, and blanket/shield associated with this magnetics design point is shown

in Fig. D-17. The remaining relevant parameters pertaining to the magnetics

design point are also included in Table D-4.

Several of the entries of Table D-4 are particularly noteworthy as they

demonstrate the problems associated with the reduction of multiditnensional

results to 0-D values used in a point-plasma context. The EBT plasma is not

poloidally symmetric, as is reflected by the transport parameters (R^/R , Rm,

and Rc) and the geometric center of the plasma (defined as the center of the

midplane raod-B contour coincident with the plasma surface, Rg), the magnetic

center of the plasma (defined as the midplane location, Rg, where dB/dr = 0),

and the center of the TF coil. The accuracy of the resultant point-plasma

parameters can be gauged from those parameters where the result of more than one
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TABLE D-4

SUMMARY OF RESULTS FROM EBTR MAGNETICS DESIGN

(POINT A ON FIG. D-19)

Parameter Value

Plasma centers (m)
geometric, R_
magnetic, Rg

Plasma radii (m)
raidplane, rMp

coil plane, r ™
average, r = (rMp + rcp)/2
average over equatorial area, <r>

Magnetic field (T)
midplane, Bwp
coil plane, B~p
average, B 5 (B^, + Bcp)/2
average over equatorial area,<B>
peak field at TF coil, Br

Current per TF coil, I T F (MA)
Current per ARE coil, I^g (MA)

Coil dimensions (m)
TF-coil length, Z^
TF-coil width, w™F

radius of current center, r
radius of TF coil center,
ARE-coil radius, r
ARE-coil diameter,

Number of bumps, N
Mirror ratio, M = ^CP^MF
Magnetic aspect ratio/*' <(Rj/Rc)

2>1/2

Toroidal radius of curvature,*a' <Rp> (m)
Magnetic radius of curvature,^a' R_(m)

net, <Rc~
1>-1

average, RG/(RT/R(,
2)>1/2

average, <RT>/<(RT/RC)
2>1/2

Alpha-particle trapping fraction, f
Accessibility to torus, ^/A
Sector length, 2TTRQ/N (m)

35
34

1
0
1
0,

2.
5.
3,
3.
9,

3 1 .
6.

1.
0.
2.

35.
4 .
0 .

36

.00

. 9 3

.24

.76

.00

.96

.25

.03

.64

.57

.63

.35

.97

.98
,99
.90
,08
.44
74

2.24
20 .
3 7 .

9 8 ,
4 8 ,

1.30,1
1.67,1
1.79,2

0.65
2 . 09
6.11

19.02
40.03

.40

.84

.10

two values given per entry represent values taken at the inboard and
outboard plasma edges in the eruatorial plane. An arithmetic mean of the two
values is used in the point-plai ;a model.

607



averaging process is reported (e.g., the average magnetic field and plasma

radius). In the case of the magnetic radius of curvature, a single value can be

calculated based on a net poloidal drift current or two values based on the

average of magnitudes of the poloidal drift frequency. The average,.

Rg/<(Jtp/Rc)
2>1/2, is chosen first because the diffusion coefficient is dependent

on the amplitude of the poloidal drifts and not on a net drift. Second, this

particular average is the most optimistic of the two amplitude averages.

The sensitivity of the magnetics design point to several of the design

criteria can be gleaned from a broad data base generated by the magnetics code

for use in the systems code (Sec. 5.). The grid for the systems code data base

is given in Table D-5. The first four design criteria of Table D-3 were used to

generate the data base. For each grid location given on Table D-5 a total of

fifteen parameters were computed to describe the TF- and ARE-coil locations and

dimensions, the plasma dimensions, the magnetic field in the plasma and at the

TF coil, the mirror ratio, and the plasma transport parameters, R^/Rc and fu.

Although the magnetics design point is not represented by an explicit ê  &-,,••••; cf

the grid described on Table D-5, the sensitivity of the design point to

perturbations in N, B, Rp, r_, and I A R E ^ T F c a n ^e summarized from perturbations

about a grid point adjacent to the magnetics design point (i.e., N = 36,

B = 3.5 T, Rp = 35 m, rp = 1.25 m, and arbitrary I^RE/^TF)• T n e r e s u l t s of such

a sensitivity analysis in the transport parameters, RT/RC and fa, and those

parameters subject to design criteria, M, £M/&TF, and Bc, are presented in

Figs. D-21.

TABLE D-5

GRID USED IN GENERATING MAGNETICS DATA BASE FOR SYSTEMS CODE

Parameter Grid Values

Number of bumps, N 28, 32, 36, 40, 44, 48

Ratio of ARE-coil current to TF-coil

current, T-^^/lj-p -0.0, -0.08, -0.16, -0.24

Average magnetic field, B (T) 3.0, 3.5, 4.0, 4.5

Major radius, Rj(m) 30, 35, 40

Average plasma radius, r (m) 1.00, 1.25, 1.50
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0.24

Fig. D-21A. The sensitivity of an N = 36, B = 3.5 T, R-. = 35 m, r = 1.25 m
reactor to changes in N subject to the first four design crite
of Table D-3. Shaded regions denote design criteria violations.

The most important observation to be made from Figs. D-21 is that the

design criteria place a severe restriction on the acceptability of the design

solutions; a strong coupling of all the variables results. On the basis of the

data given in Fig. D-21A only a lowering of N can be tolerated, but RT/R and

I A R E / I T F a l s o decrease, producing a lower Q reactor. Referring to Fig. D-21B, a

decrease in B can be tolerated, which in turn lowers RT/RC and the reactor Q.

According to Fig. D~21C only an increase in major radius, R, is permitted, but
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B(T) CURVE
3.0
3.5
4.0

0.24

4.5

0.24

Fig. D-21B. The sensitivity of an N = 36, B = 3.5 T, Etp = 35 m, r = 1.25 m EBT
reactor to changes in B subject to the first four design criteria
of Table D-3. Shaded regions denote design criteria violations.

such an increase is undesirable in terms of size, power density and, hence,

economics. A range of plasma minor radii (i.e., 1.0 ra < r < 1.25 m) is seen in

Fig. D-21D to satisfy all of the design criteria. The intersection of a curve

for one value of r with another curve of increased r in Fig. D-21D corresponds

to the curve of smaller r having reached a transition point where the site of

the critical clearance between the plasma and TF coil shifts from inboard to

outboard of the plasma, whereas the curve of higher r has not yet reached this
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0.24

0.24

= 35 m, rp = 1.25 m EBTFig. D-21C. The sensitivity of an N = 36, B = 3.5 T, p

reactor to changes in t̂ , subject to the first four design criteria
of Table D-3. Shaded regions denote design criteria violations.

transition point. A simultaneous change in more than one variable raay produce a

more desirable reactor design, but the complex interaction of all variables

relegates such an analysis to the parametric systems code described in Sec. 5.

The effect of changing the clearance between the TF coils and the plasma

can be seen by comparing Fig. D-19 and Fig. 0-22, which was computed without the

scrape-off layer of 0.2 m (measured at the TF-coil edge). Comparing the design

points labelled A in each figure illustrates that the closer the TF coils are to
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Fig. D-21D. The sensitivity of an N = 36, B = 3.5 T, R̂ . = 35 m, r p = 1.25 m EBT

reactor to changes i:i r subject to the first four design criteria

of table 0-3. Shaded region;; denote design criteria violations.

the plasma the easier it is to obtain ;;ood tfinsport. In this case, the savings

appears as a reduction in mzrrcr ratio (2.1 compared to 2.24) and peak field at

the TF coil (8.5 T compared to 9.6 T ) . Consequently, the effort put into

reducing the inboard thickness of tiie blanket/shield was warranted.

The importance of obtaining a magnet design with the highest current

density possible is seen by comparing Kig. D-23 with Fig. D-19. Even without a
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Fig. D-22. Magnetics design curves without a scrape-off layer.

scrape-off layer, the lower current density does not permit a reasonable reactor

des ign.

j)._6.5. Geo.net ry Dependence of Neutron Wai I _Load_l_ng. The magnetics model

developed and evaluated in this section can also be used to estimate the

fusion-neutron source profile from which the axial dependence of the neutron

wall loading can be determined. The bounce-averaged radial density profile is

taken as parabolic, and the radial temperature distribution is assumed uniform.

Under these assumptions, the temperature profile >;long field lines is also
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Fig. D-23. Magnetics design curves for reduced current density and no
scrape-off layer.

assumed uniform. The density variation along a field line is the combination of

two effects: a) particle rarefication caused by the mirroring field incurred in

a traverse from the midplane to the coil plane and b) particle densification

resulting from the pinching of field lines in the coil plane.

The mirror effect upon the density is estimated by assuming an isotropic

velocity distribution in the midplane and using Eq. (D-18) for locating the

mirror point. The fraction of the midplane particles that can travel a distance

I along a field line from the midplane is given by
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f\ = - sin"1 [B(r,0)/B(r,^)j1/2 . (D-65)

The density at the midplane is reduced by the factor fj at a distance i. from the

midplane.

The converging field lines reduce the volume element containing particles

that follow a field line as these particles proceed to the coil plane. The

volume element is given by rdrdGdJ?, where 0 is the poloidal angle (Fig. D-3).

The differential element, dr, is reduced as the field lines converge. This

convergence results in the following increase in the density along the ith field

line.

fdr

where R^(£) is the radial location of the ith field line at a distance I from

the midplane.

In addition to the convergence of field lines, the radius of the plasma

decreases from the midplane to the coil plane. This radius change results in

the density increasing by the following factor.

RN<*)]/2

+RN(*)J/2

where the field lines at R^(^) and Rfj(£) define the plasma edge in the

equatorial plane. Inherent in Eq. (D-67) is the assumption that the orbits are

symmetric and concentric, which is in contradiction to the results presented in

Fig. D-8. Nevertheless, the density profile n(r,£) is bounded as follows.

where n(r) is the radial density profile in the midplane, and the primes on f^,
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fjj., and fr have been omitted to denote the introduction of a normalization

factor that enables the recovery of the radial density profile upon bounce

averaging the above expressions. Neither n(r,Jt) = n(r)f^f(jr nor

n(r,£) = n(r)f^f , f is expected to give a pressure balance. The density

profile adopted here represents a lower bound in that it corresponds to the more

extreme variation in the axial dependence of both the density and, hence, the

neutron wall loading.

As for the other magnetics calculations, the calculation of the neutron

wall loading is restricted to the equatorial plane. The number of neutrons born

in an infinitesimal volume element is given by

V = i <av> n2(r,£) dAdh , (D-69)
D 4

where <av> is the DT fusion cross-section, dA is an area element in the

equatorial plane, and dh is an element orthogonal to the equatorial plane. The

fraction of NL that reaches an element dz along the first wall is given by

f = cosg(dz/2TiL) , (D-70)

where 3 is the angle between a normal to the wall and a ray from the wall to the

volume element in which the neutrons are born, and L is the distance between the

first wall and the volume element. The wall loading from a single volume

element is

Nbf

Summing over all volume elements to obtain the total wall loading yields

(D-72)
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Performing the integration in the EBT polar coordinate system (Fig. D-3) yields

JRiR /d<t> (D-73)

The calculation of 3 and L appearing in Eq. (D-73) is described here only

for an inboard, conical first wall, shown in Fig. D-24. The law of cosines is

used t'j calculate the distance L between a point in the plasma, (Rpj'l'n)* ant^ a

point at the first wall, (Rw,<j)w):

FIRST
WALL

(

PLASMA
SURFACE

-TOROIDAL
CENTER

COIL
PLANE

MIDPLANE

VESSEL
CENTER
LINE

Fig. D-24. Schematic of first wall and plasma with nomenclature used for

first-wall neutron flux calculation.
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L = ^ Rp 2 + Rw 2 - 2 R *w

The calculation of 3 is somewhat more complicated and requires the calculation
/ r

of L . Again, the law of cosines is used to obtain L .

(D-75)

and the law of sines is used to calculate the angle a.

R, sin <j)
a = sin"1 [_ . _] . (D-76)

The angle Y is also determined from the law of sines.

,Rp sin(<j>p - <j>w)
;in [_T _T Jsin"1 _£ * — . (D-77)

The angle y is related to a and 0 by 3i/2 = u + 3 + Y. Equation (D-74) and the

above relationship complete the calculation of the integrand of Eq. (D-73).

The integration limits for Eq. (D-73) must include more than the plasma

boundaries; the effects of the shadows cast by the first-wall joints or

junctures located in the coil planes must also be taken into account. A ray is

drawn from the point on the first wall for which the wall loading is calculated

to each such joint, as is shown in Fig. D-25. Each region of the plasma found

to be in the shadow of one of these joints is excluded from the region of

integration. This technique of ray tracing combined with the knowledge of the

plasma boundary yields the limits of integration of Eq. (D-73).

The relative importance of the contribution from neighboring sectors to the

neutron wall loading is illustrated in Fig. D-26 for a conical first wall. The

primary contributions to 4>jg come from the plasma in the same half sector and the

plasma in the two adjacent half sectors. Outside these three primary half

sectors the contributions to the first-wall neutron flux attenuate rapidly
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Fig. D-25. An illustration of the casting of shadows by the first-wall joints
in the coil planes.
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Fig. D-26. Sensitivity of neutron wall loading to the number of adjacent half
sectors included in the calculation. The four positions shown in
this figure are depicted in Fig. D-25.
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because of shadow effects. On the outboard wall the neutron contributions from

adjacent sectors decrease rapidly until about half sectors +4 and -4, as these

half sectors come into full view and out of the shadow of the outboard wall.

Proceeding farther away from the central half sector the contributions again

rapidly attenuate as the half sectors slip into the shadow of the inboard wall.

The axial dependence of the totaf neutron wall loading is shown in

Fig. D-27 for the following density profiles: n(r,£) = n(r)f^,

n(r,£) = n(r)f^f(jr, and n(r,Jl) = n(r )f ̂f ̂rf r. The maxima in * N occur at that

point near the midplane where the plasma is tangent to the first wall. A 2%

variation is found in $^ between the inboard and outboard first-wall sections.

The differences in assumed density profiles produce a range of peak-to-average

wall loading ratios ranging from 40% to 5%. The latter level of axial variation

(i.e., 5%) is assumed to be applicable to the reactor design. In order to check

if an axial variation could pose a design problem, however, the n(r)f^f^r

density profile, representing a lower bound on the axial variation, was used to

make preliminary neutronic and heat-transfer estimates of the blanket/shield

'0 4 8 12 16 20 24 28
TOROIDAL ANGLE (arb units)

Fig. D-27. Axial variation of neutron wall loading for a range of assumed
density profiles.
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system. The analysis revealed that even at the exaggerated level of the axial

variation in neutron wall Loading no design problem was evident.

D̂. 7._ Corroboration and Comparison of the Magnetics Model

A large extrapolation is required to proceed from the magnetics associated

with tht EBT-I/EBT-S/EBT-P experiments to that envisaged for the reactor.

Consequently, past experience arising from the design of experiments may not be

directly applicable to the reactor embodiment. The magnetics/orbits/transport

model described in Sec. D.3. has been developed specifically for the EBTR

study, and in some instances results may appear to be different or even contrary

to related results generated for EBT experiments. For this reason, it is

important to benchmark the results of reactor-related magnetics models with

independent models and calculations, as well as performing other checks whenever

possible. The purpose of this section is to report the results of

comparative/corrobative magnetics calculations with similar, but

experiment-related, models.

The procedure adopted here consists of two phases. The first phase

compares basic rudiments that are common to several existing EBT magnetics codes

(i.e., the calculation of magnetic fields, the tracing of field lines, and the

calculation of the second adiabatic Invariant, J). A direct comparison

vis-a-vis benchmark calculations represents the most direct method of validating

these aspects of the reactor magnetics model described in Sec. D.3. The second

phase of the magnetics model corroboration examines integrated quantities (e.g.,

toroidal drift velocity, v , poloidal drift frequency, ft, and average field

curvatures) that are generated by the Los Alamos code and compares these results

to cases where analytic or other numerical results exist.

The first phase is based upon a benchmark calculation of the Los Alamos

magnetics code against a vacuum-field code that has been developed18 by the

McDonnell Douglas Astronautics Company (MDAC) in conjuction with the EBT-P

experiment. The data base for the comparison is given in Table D-6. The

location of the loop currents for the benchmark case is determined by different

means in each code. The center of the TF coil for the MDAC calculation

coincides with the vacuum vessel center-line. Within a TK coil, the loop

currents are displaced from the coil plane by a specified angle of rotation

along the vacuum vessel center-line. The Los Alamos code, on the other hand,

requires an explicit specification of the TF-coil major radius. The value of

Kjp given in Table D-6 was obtained by drawing a chord between the two loop
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TABLE D-6

DESCRIPTION OF LOS ALAMOS/MDAC
MAGNETICS COMPARISON OR "BENCHMARK"
OF BASIC MAGNETIC FIELD CALCULATIONS

Parameter

Major radius of vacuum vessel, R (m)
Major radius of TF coil, R ^ (m)

MDAC

4.4828
(a)

0.29
2
1.342
(a)

36
12
1.05
0.30
21
41

Los Alamos

4.4828
4.4825
0.29
2
(a)

0.21
36
12
1.05
0.30
21
49

Minor radius of TF coil, r (m)
Number of loop currents per TF coil
Angular spacing between loops (deg)
Toroidal length of TF coil, &TF (m)
Number of sectors, N
Number of TF coils simulated
Current per loop (MA)
Plasma radius at midplane, r^p (m)
Number of radial grid points
Number of toroidal grid points per sector

_
v 'This variable is not applicable because the MDAC computation uses another

means to compute the current-loop positions.

currents and using the major radius of the intersection point of the chord and

the coil plane. The Los Alamos code locates the loop currents along such a

chord by uniformly distributing the loop currents along the toroidal length of a

TF coil. The length i^ given in Table D-6 is twice the distance between loop

currents measured along the chord constructed between them.

Using the data base summarized in Table D-6, the two codes were used to

calculate independently the magnetic field within a half sector of this EBT

experimental device, to trace out the field lines in the half sector and,

subsequently, to integrate the parallel velocity along a field line to yield the

second adiabatic invariant, J, for various values of magnetic moment, \i. The

results of these calculations are summarized in Tables D-7 and D-8. The minor

differences between the two sets of results are directly attributable to the

numerical accuracies associated with the different techniques used for

calculating elliptical integrals, solving differential equations, and

Integrating functions.

Having generated an accurate benchmark calculation between the Los Alamos

and MDAC magnetics codes using typical experimental parameters, the Los Alamos

code was applied to a set of typical reactor parameters given in Table D-9. The

calculation of the volume utilization and alpha-particle retention fraction

yielded 0.569 and 0.630, respectively, for fy and fQ, compared to 0.822 and
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RMP(m)

TABLE D-7

COMPARISON OF MAGNETICS RESULTS FROM LO~ ALAMOS AND MDAC
VACUUM MAGNETIC-FIELD MODELS^)

Inboard Center Outboard
Edge Edge

(4.18) (4.48) (4.78)

BMP
RCP
BCP

(T)
(n.)
(T)

LOS
1
4
5

ALAMOS
.18
.31
.96

MDAC
1.18
4.29
5.96

LOS
2
4
4

ALAMOS
.17
.48
.81

MDAC
2.17
4.46
4.81

LOS ALAMOS
1.00
4.63
5.67

MDAC
1.00
4.62
5.67

= location of field line in the raidplane.
= location of field line in the coil plane.
= field in the midplane.
= field in the coil plane.

differences between MDAC and Los Alamos values are attributable to
numerical accuracies associated with the different calculational techniques
used.

TABLE D-8
COMPARISON OF LOS ALAMOS AND MDAC

CALCULATIONS OF J/mvM (m)^a^

RMP(m)

cos ?
(r = 0)

0.1
0.4
0.6
0.7
0.8
0.9

Inboard
Edge
(4.18)

LOS
ALAMOS

0.082
0- 104
0.141
0.174
0.246
0.333

MDAC

0.082
0.104
0.142
0.174
0.246
0.333

Center

(4

LOS
ALAMOS

0.002
0.038
0.098
0.154
0.256
0.328

.48)

MDAC

0.002
0.038
0.098
0.155
0.256
0.328

Outboard
Edge
(4.78)

LOS
ALAMOS

0.114
0.138
0.179
0.215
0.297
0.378

0
0
0
0
0
0

MDAC

.114

.138

.179

.215

.297

.378

differences between MDAC and Los Alamos values are attributable to
numerical accuracies associated with the different calculational techniques
used.

0.931, respectively, computed for the benchmark case ''Table D-6). The

difference between these two sets of results is caused by the poor confinement

of passing particles for the reactor parameters used (Table D-9). Figure D-28

graphically demonstrates this effect. The poorer performance for the reactor

parameters, as measured by f and fa, is the result of two opposing effects. As
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TABLE D-9

TYPICAL REACTOR PARAMETERS USED BY LOS ALAMOS MAGNETICS CODE

Parameters

Major radius of vacuum vessel, Ry(m)
Number of loop currents per TF coil
Number of sectors, N
Number of TF coils simulated
Current density in TF coil (MA/m2)
Mirror ratio, M
Peak field in midplane, ^
Plasma radius at midplane, jp
Number of radial grid points
Number of toroidal grid points

Value

60
4 x
48
48
17 .

2
1.
1.

31
61

6

.5

67
25

0.2

<
UJ
a:
< O.I

TYPICAL EXPERIMENTAL
PARAMETERS

TRAPPED
PARTICLES

0.2 0.4 0.6
cosC(rM)

TRAPPED
PARTICLES

FOR TYPICAL
REACTOR PARAMETERS

COUNTER-
ROTATING
PARTICLES

PASSING -
PARTICLES

0.2 0.4
COS

0.6 0.8 1.0

Fig. D-28. The cross-sectional area of the largest drift surface contained
within the vacuum vessel versus cos?(rM) for typical experimental
and reactor parameters. The ordinate ranges
cross-sectional area of the vacuum vessel.

from 0 to the

seen from Fig. D-29, the passing-particle orbit centers are aligned inboard of

the trapped-particle orbit centers, which are in turn aligned inboard of the

TF-coil center, Rj F. The relative shift of a passing particle and a trapped

particle towards R^p is given in Table D-10 for both typical experiment and

reactor parameters of Tables D-6 and D-7, respectively. These relative

624



FOR TYPICAL EXPERIMENTAL
PARAMETERS
ORBIT

cos£(rM)=l CENTERS
ORBIT
EDGES

FOR TYPICAL REACTOR
PARAMETERS

ORBIT ORBIT
CENTERS EDGES

cos£(rM)-O

4.4 4 6
R(rn)

INBOARD
LIMITER

OUTBOARD
LIMITER

J t 59 50 61
MAJOR RADIUS ,R(m) t

rr*20ARD OUTBOARD
LIMITER LIMITER

Fig. D-29. Second adiabatic invariant, J, versus major radius, R, for various
values of cos5(rM) between 0 and 1 for typical experimental and
reactor parameters. 1. -2 range of R spans the entire domain of field
lines contained within the reactor vacuum vessel.

TABLE D-10

A COMPARISON OF VARIOUS RATIOS FOR THE TYPICAL EXPERIMENT AND
REACTOR CASES OF TABLES D-6 AND D-7, RESPECTIVELY

Ratio

Ratio of midplane plasma radius to
TF-coil radius, rMp/rc

TF-coil aspect ratio, Rxp/«"c

Relative shift of a passing-particle
orbit center, [Rpp - Rpo(cos<;(rM) = 1)]/RTF

Relative shift of a trapped-particle
orbit center, [RTF - Rpo(cosC(rM) = 0)]/RTF

Experiment

1.03't

15.57

0.0336

0.0069

Reactor

0.430

20.63

0.0247

0.0042
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orbit-center shifts scale as the inverse of the TF-coil aspect ratio,

ignoring differences in mirror ratio and TF-coil cross section. Hence, the

increased value of % p / r
c f° r c n e reactor is a source of improved orbit

confinement. However, the value of r]vjp/rc can have a significant effect on

orbit confinement when there is a distribution of orbit centers in pitch angle

as shown in Fig. D-29. Reducing the value of rMp/rc limits the size of the

largest confined orbit, enhancing the number of open orbits hitting the first

wall. For very small values of rMp/rc, even the fraction of the distribution of

orbit centers that reside within the plasma is affected. Then, any improvement

n orbit confinement in the reactor case relative to the experiment case

<. -n'ided by the increased value of R^/rc is overcome by the decrease in orbit

confinement resulting from a much lower value of rMp/rc.

The second phase of the corroboration of the magnetics/orbits/transport

model focuses on that area where simplified analytic models can be used, (i.e.,

the calculation of v , fl, Rrp/Rc, etc.). The test procedure adopted here to

check the v and SI calculations was to perform two sets of Los Alamos code

comparisons with the analytic expressions of Ref. 19. The first comparison

entailed the running of the Los Alamos code with the magnetic-field calculation

module replaced by another duplicating the analytic field model, described in

Ref. 19, used in deriving the analytic expressions for v and SI. The second

comparison retained the magnetic-field calculation module that had already been

checked with the MDAC code. Provided the first comparison was successful, any

discrepancies found in the second comparison would be directly attributable to

the accuracy of the analytic field model approximation to the magnetic field.

The results of the first comparison with tht analytic model are given in

Figs. D-30 and D-31. The analytic expressions for rrt and v are based upon

approximations that are valid only at the plasma center (here, the midplane

location, Rg, where 3B/9r = 0 ) . To allow a comparison at arbitrary plasma

radii, the midplane field, B^p, and the plasma major radius, R̂ ., were replaced

by the corresponding local values, as suggested by Eqs. (D-29) and (D-AO). The

analytic expressions and the calculated results compare favorably except for the

displacement of the cusp location for the results obtained near the plasma edge.

The analytic expressions have a mirror ratio of two already factored into their

coefficients. Consequently, the analytic expressions cannot follow the increase

in the local mirror ratio that in actuality occurs with increasing plasma radius

(Fig. D-9).
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Fig. D-30. A comparison of v computed by the Los Alamos code (solid curves),
using the magnetic field from Ref. 19, with the analytic cusped
result of Ref. 19 (dot-dashed curves) and the polynomial result of
Ref. 2 (dashed curve) at several radii across the plasma cross
section.

Reinvoking the actual magnetic field calculations used in the Los Alamos

code and calculating Vy and r£2 for the same parameters used to generate

Figs. D-30 and D-31, the comparison results given in Figs. D-32 and D-33 are

obtained. The toroidal drift vel cities agree well with the analytic

expressions, in light of the problem with the mirror ratio previously noted.

The poloidal drift frequencies are vastly different, however, for certain plasma

regions and certain values of cosc(r). The discrepancies in rfl are best

explained by examining the J-surfaces shown in Fig. D-34 (obtained with the

analytic field model) with the J-surfaces generated by the actual field
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Fig. D-31. A comparison of rfi computed by the Los Alamos code (solid curves),
using the magnetic field from Ref. 19, with the analytic cusped
results of Ref. 19 (dot-dashed curves) and the polynomial results of
Ref. 2 (dashed curves) at several radii across the plasma cross
section.

calculations (Fig. D-29). The centers of the orbits in Fig. D-34 for the

analytic model are nearly all coincident with the plasma center. The curvature

of the J-surfaces, 3^J/3r2, begins with a positive value at cos?(rM) = 0, passes

through a zero near cosC(r^) - 0.69, becomes negative, passes through a second

zero at cosC(r^) - 0.74, and subsequently remains positive until cosC(r^) = 1.0.

This behavior is independent of plasma location and permits the first derivative

of J and, hence, rft to display similar behavior. The J-surfaces computed using

the actual (Fig. D-29) rather than analytic fields (Fig. D-34) are radically

different. Examining the J-surfaces in Fig. D-29 at several plasma radii, which
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Fig. D-32. A comparison of v computed by the Los Alamos code (solid curves),
using the actual magnetic field, with the analytic results of Refs.
19 (dot-dashed curves) and 2 (dashed curves) at several radii across
the plasma cross section.

are denoted by the dotted lines and correspond to the radii selected for each

plot of Fig. D-33, reveals only two regions that exhibit the previously noted

plus/minus/plus curvature; these regions are located at the inboard plasma edge

where the passing particles are contained and at uhe outboard plasma edge where

the counter-rotating particles are contained, respectively. The radial

locations of Fig. D-33 inboard of the plasma center exhibit a progression only

from negative 8J/9r to positive 3J/3r, with the transition point following the

trapped-particle-orbit centerline. At plasma locations outboard of the plasma
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Fig. D-33. A comparison of rii computed by the Los Alamos code (solid curves),
using the actual magnetic field, with the analytic results of Refs.
19 (dot-dashed curves) and 2 (dashed curves) at several radii across
the plasma cross section.

center, the slope of J is positive for all values of coscfr^) except for one

value of cosCfr^) at the most outboard location of Fig. D-33. This behavior

explains the results of Fig. D-33, which exhibit only one zen for ru as a

function of c-^^r^) inboard of the plasma center and no zeroes outboard of the

plasma center, except at the most outboard plasma .location where two zeroes

exist due to the presence of counter-rotating particles.
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Fig. D-34. Second adiabatic invariant, J, versus major radius, R, for values of
cosc(r^) between 0 and 1, using the analytic magnetic field of Ref.
19. Trie range of R spans the entire domain of field lines contained
within the reactor vacuum vessel.

In summary, the rS calculations were checked with analytic magnetic fields,

and the results for the actual field calculations are consistent with

J-surfaces, which in turn represents a validated calculation. Consequently,

this radically different behavior of ril is a legitimate result; this difference

will impact substantially the calculations of Rp and Rc used in the point-burn

model.

The calculations of Rj, and Rc remain to be verified. For the scope of this

study only a comparison of the calculated results with a simple- analytic model

is practical. The analytic model begins with Eqs. (D-2) and (D-3) and the

following approximations for Io(x) ~ 1 + x
2 M ~ 1 and Ij(x) ~ x/2, to yield
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B(r)

[3B(r)/3
- r = ̂ A_[!lj2i . (D-78)
37T (M-l) L N J r

Making the approximation that

R = B(r), (D-79)
c [3B(r)/3r] ' ^ *'

results in the expression for R (r),

N2 JL . (D-80)
RRc 4

A comparison of the Los Alamos code results and the analytic model represented

by Eq. (D-80) is given in Fig. D-35. The calculated toroidal radius of

curvature, Rj, agrees with the approximation of Rj by the major radius. Good

agreement is also found between the calculated RT/RC and Eq. (D-80). The Rc

result reflects the peculiarities that were first observed in the rfi

calculation. The most noticeable difference is the inboard displacement of the

zero in <RC
-1>. This displacement indicates that the center of plasma rotation

is inboard of the commonly adopted plasma center (i.e., the radial location

where 3B/9r = 0). This shift is not observed in the R.j./Rc result because of tue

nature of the velocity-averaging process. When the analytic fields are used in

the calculation, the R^/Rc and Rc results become even more disparate from the

analytic model near the plasma edge where the approximations used lor I and Ij

break down. In fact, the edge values of Rp/Rc and Rc more closely resemble

twice the values predicted by Eq. (D-80). This difference is probably the

reason that the R^/Rc values appearing in the literature
20 are twice that given

by Eq. (D-80) evaluated at the plasma edge.

The differences between the analytic field results and those generated from

the actual field calculations are directly traceable to the difference in the

magnetic field. The two fields agree to within 5% (Fig. D-36). This relatively

minor difference, however, is amplified by a factor of seven at the plasma edge

when the derivatives of the magnetic field are taken. These differences in the
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Fig. D-35. A comparison of Rp and Rc calculations obtained from the Los Alamos
magnetics code with the predictions of the simple analytic model.

derivatives are passed directly to the evaluation of rS2 and eventually appear in

the estimate for Rc.
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Fig. D-36. A comparison of the analytic field model with the actual field
calculation.

The calculation of Rp and Rc for use in the point-plasma burn model is

complete upon averaging over the spatial variation given in Fig. D-35. No

cl^ar-cut guidelines for performing such averages exist, although the choice of

an averaging method can lead to a substantial difference in the final result.

This effect is shown in Table D-ll, where a range of averaging procedures and

curvature averages are shown. Because diffusion is primarily an edge affect ^nd

to avoid at this point any unresolved controversy associated with the selection

of a given weighting function, the edge values of Rp and Rc are used in the

point model.

In conclusion, the magnetic field calculation, the field-line tracing, and

the J calculations have been benchmarked successfully against another magnetics

code.18'21 The calculations of rJ2 and v were tested against analytic

expressions19 and were found to be in agreement when evaluted under the same
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TABLE D-ll

DIFFERENCES RELATIVE TO EDGE VALUES ASSOCIATED WITH AVERAGING EQ. (D-80)
BY DIFFERENT METHODS AND WEIGHTING FUNCTIONS

Weighting
Function <R T / K C > < ( R T / R C )

2 > 1 / 2 < R C / R T > ~
1 < ( R C / R T )

2 > ~ 1 / 2

Density, n(r)^a^

Gradient, 3n/3r

Volume, 1

(8/15)

(3/4)

(2/3)

1//3

/373
1//2

(3/8)

(2/3)

(1/2)

0

1//3

0

(a) A parabolic density profile is assumed for n(r).

conditions. The radial variation of Rp and Rc is found to agree with a simple

analytic model to within the accuracy of that model. The only defensible

spatial average for use in generating field curvatures for the point-plasma burn

code must be obtained by inserting the spatial dependence into a radial

transport code; this approach, however, is beyond the scope of this study. In

the absence of a spatial average, edge values of the transport parameters are

used in the point model. Finally, in some instances the analytic field models

were found to be inapplicable to reactor systems.

REFERENCES

1. L. M. Kovrizhr.ykh, "Transport Phenomena in Toroidal Magnetic Systems," Sov.
Phys. -JETP 29_, 3, 475 (1969).

2. D. A. Spong, E. G. Harris, and C. L. Hedrick, "Kinetic Transport Properties
of a Bumpy Torus with Finite Radial Ambipolar Field," Nucl. Fus, _19, 665
(1979) [also Oak Ridge National Laboratory report ORNL/TM-6215 (April,
1978)].

3. D. G. McAlees, N. A. Uckan, E. S. Bettis, C. L. Hedrick, E. F. Jaeger, and
D. B. Nelson, "The Elmo Bumpy Torus Reactor (EBTR) Reference Design," Oak
Ridge National Laboratory report ORNL/TM-5669 (November, 1976).

4. N. A. Uckan, D. B. Batchelor, E. S. Bettis, R. A. Dandl, C. L. Hedrick, and
E. F. Jaeger, "The ELMO Bumpy Torus (EBT) Reactor," Proc. 7th Inter. Conf.
on Plasma Physics and Controlled Nuclear Fusion Research, Innsbruck,
Austria (August 23-30, 1978) [also Oak Ridge National Laboratory report
ORNL/TM-6532 (September, 1978)].

5. W. R. Smyth, Static and Dynamic Electricty, McGraw-Hill Book Company, NY
(1939).

635



6. F. B. Hildebrand, Introduction to Numerical Analysis, McGraw-Hill book
Company, NY (1956).

7. M. S. Lubell, "Superconducting Toroidal Magnets for Fusion FeasibiJity
Experiments and Power Reactor," Oak Ridge National Laboratory report
ORNL/TM-4635 (July, 1974).

8. L. W. Owens and N. A. Uckan, "Configurational Analysis of an EBT Reactor in
Various Magnetic Geometries," Proc. 4th ANS Topical Meeting
Technol. Controlled Nucl. Fusion, King of Prussia, PA (October 14-17,
1980).

9. I. P. Shkarofsk, T. W. Johnston, and M. P. Bachynski, The Particle Kinetics
of Plasma, Addision-Wesly Pub. Company, Reading, MA, 483 (1966).

10. F. L. Hilton and R. D. Hazeltine, "Theory of Plasma Transport in Toroid.il
Confinement Systems," Rev. Mod. Phys. 4-8, 239 (1976).

11. R. D. Hazeltine, "Recursive Derivation of Di ift-Kinetic Equations," Plasma
Phys. _L5, 77 (1973).

12. T. G. Northrop and E. Teller, "Stability of the Adiabatic Motion of Charged
Particle in the Earth's Field," Phys. Rev. j_17_, 215 (1960).

13. N. A. Krall and A. W. Trivelpiece, Principles of Plasma Physics,
McGraw-Hill Book Company, NY (1973).

14. L. A. Berry, C. L. Hedrick, and N. A. Uckan, "ELMO Bumpy Torus," Oak Ridge
National Laboratory report ORNL/TM-7191 (January, 1980).

15. A. L. Boch (Project Manager), "EBT-P Proposed Reference Design Report," Oak
Ri' ̂ e National Laboratory report ORNL/TM-7191 (January, 1980).

16. A. L. Boch (Project Manager), "EBT-P Preliminary Conceptual Design Report,"
Oak Ridge National Laboratory report ORNL/TM-7066 (draft, 1979).

17. R. J. Henninger, T. J. Seed, P. D. Soran, and D. J. Dudziak, "A Comparison
of Calculational Methods for EBT Reactor Nucleonics," Proc. 4th ANS Topical
Meeting Technol. Controlled Nucl. Fusion, King of Prussia, PA (October
14-17, 1980).

18. R. Juhala, private communication, McDonnell Douglas Astronautics Company
(March, 1980).

19. D. A. Spong and C. L. Hedrick, "Variational Corrections to EBT Neoclassical
Ion Plateau Transport," Phys. Fluids 2J3, 1903 (1980).

20. W. B. Ard, L. A. Carosella, L. A. Clark, A. L. Conlee, J. L. Curtis, and
C. T. Dannenmueller, "Elmo Bumpy Torus Proof of Principle," McDonnell
Douglas Astronautics Company report MDC E2160 (October, 1979).

21. E. F. Jaeger and C. L. Hedrick, Jr., "Radial Transport in the Elmo Bumpy
Torus in Collisional Regimes," Nucl. Fus. J_9, 443 (1979).

636



APPENDIX E. ELECTRON-RING ENERGY LOSSES

The relativistic electron rings play an essential rule in providing an

average minimum-B field topology for the EBT. The energetic electron rings are

formed and sustained by microwave power applied at the midpl.ane of each simple

mirror. These rings contain sufficient perpend icular .energy to render a high

beta for an energetic electron density, n^, that is considerably below the

background or core plasma density, n, at the ring location.

The microwave power used to create the electron rings must also supplant

losses occurring through radiation, collisional. drag, and pitch-angle

scattering. These losses are not excessive for the low density EBT-I

experiment,1'2 but the energy required to sustain the electron rings against

classical collisional-drag losses to the cooler core plasma in the

reactor-density regime increase as (3B1*. The original KBTH design did not

consider explicitly the collisonal drag from the relativistic electron rings,

but rather assigned to the electron rings an ad hoc energy confinement time that

was considerably longer than that predicted by classical collisional

interactions with the cooler but more dense core plasma. A subsequent, more

thorough analysis1'" of electron ring losses in EBT-I concluded that collisional

drag could indeed account for the losses inferred from that experiment. Scaling

t;> the reactor regime, however, leads to either acceptable or unacceptable

losses, depending on the beta, censity, and voLinif ratios assumed for the

electron ring to the toroidal plasma (i.e., b/p|(, u/n^, and Vp/V^,

respectively). Application4 of the estimates of electron-ring losses made for

the proposed EBT-P experiment2'^ to the KBTR indicates that an engineering

Q-vahie of 10 (i.e., recirculating power fraction of 0.1) would result if

t K = n/n^ --- 10 and Vp/\'^ > 50. These predictions appear to be roughly in

agreement with those obtained by an independent estimate of the ring losses in

EBTR, if the ratio, f = <n>/n, of average core-plasma density to the

core-plasma density at the ring location is ~ 10.

Tn addressing the electron-ring losses for the reactor, this study adopted

the approach1' 'J used to estimate KliT-P ring losses. The constraints imposed

by cl?ctron-ring and core-plasma pressure balance ar^ approximated in this

analysis. The primary goal, of this appendix is to identify, by means of

simplified models, the electron-ring parameters required to provide a favorable

reactor energy balance. Consequently, the primary object function is the

electron-rinj; Q-value, QR, defined as the ratio of fusion power to electron-ring
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losses. Specifically, electron-ring parameters (VR/V , f , fR, f*R, TR, etc.)

are selected to give QR > 100, which, for the expected rf generation, transfer,

and coupling efficiencies, should give a recirculating power fraction < 0.1 for

the electron rings.

E.I. Estimate of Classical Losses

Energy is lost from the electron rings by: a) collisional drag of the hot

electrons against the cooler and more dense core-plasma electrons, P^; b)

scattering of hot electrons into the mirror loss cone, Pg; c) electron-electron

bremsstrahlung, PgR> ar>d d) cyclotron radiation, ^QYC ^ n e toCa-'- ring power

loss, PR(W), is to be supplied by the microwave power. The electron-ring power

balance is given by

PR = PD + PS + PBR + PCYC

Expressions for each component of the power loss are summarized below and differ

little from those found in Refs. 1, 2, and 5. In addition, -he microwave power

required to sustain the electron rings against these losses is subjected to the

density-cutoff constraint given by equating the plasma frequency, w
D e» to the

cyclotron frequency, <»ce, both being evaluated at the ring position:

meeo
(E-2)

NeB(l-BR)
1/2

a. = _ , (E-3)
ce me

where m is the electron rest mass, B is the vacuum field at the raidplane

position, n is the toroidal-plasma density at the ring location, N is the mode

number, e = 1.602(10)"19 J/eV, and eQ = 8.854(10)~
12 F/m. With the exception of

temperature, T(keV), mks units are consistently used. The microwave frequency,

f = u>ce/2ir, is given by
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fy(GHz) = 28.0 N(l-g R)
1 / 2 B . (E-4)

Using t'ie following expression for the core-plasma pressure balance,

2<n>kRT ^ 213
2/2y0 , (E-5)

where <n> is the average toroidal plasma density { i.e., <n> = nf ), gives the

microwave cutoff fraction, f .

"pe - w c e) N 2 f (1-0R)T

In this relation, the 6 value refers to the midplane position, and the effect of

finite beta has been included by expressing all magnetic fields in terms of the

vacuum field through the relationship BR/B = (l-f5R) ' , where BR is the magnetic

field at the ring location. It should be noted that the toroidal plasma beta at

the coil-plane location equals 3/Mz in the absence of axial pressure gradients,

where M is the mirror ratio. Hence, a geometrically averaged beta would equal

3(1 + M )/2, whereas an average beta based on a pressure balance that instead

uses a geometrically averaged magnetic field equals 4S/O+M) . For purposes of

self-consistency in this analysis, the core or toroidal beta, $, always refers

to the midplane location.

E.I.I. Collisional Drag Losses. Using a corrected expression for the

relativistic slowing-down power given in Ref. 7 and formulating this expression

in terms of a collisional-drag time, Tj, = E/(dE/dt), gives

(E-7)/ D

<v>3

where,
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e e

a = " , (E-8A)
2 2

<v>2 = 2kBT/me , (E-8B)

= (kBT/hupe)
2 , (E-8C)

x2 = 21! (y-1) , (E-8D)

and h = 6.6252(10)~31* Js is Planck's constant. Equation (E-7) reduces to the

classical electron-electron slowing-down time when y = [1 - (v/c) ]"•*'

approaches unity, where c is the velocity of light. The parameter x is the

ratio of velocity of the hot, ring electrons to the mean speed of the Maxwellian

core-plasma electrons. Equation (E-7) can be used in conjunction with an

assumed ring energy distribution to determine the total power dissipated through

collisional drag. Adopting the assumption made by past analyses,1'2 a

delta-function energy distribution is assumed for the ring electrons at an

energy, TR, that considerably exceeds the core-plasma temperature, T. For this

case, x 2 = TR/T » 1, and Eq. (E-7) predicts n Ri D = (c
3/afR) (y-1) (7

2-l)1/2/y;

or in terms of a collisional-drag power density,

PD/VR = 1.23(1O)-
33 nnR £nAee -

 Y , (E-9)
(Yz - l)l/z

where

= 1.38(10)~33 n/T2 , (E-10A)

Y = 1 + TR/511 , (E-10B)
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and PD(W) = nRkBTRVK/TD* Equation (E-9) is functionally similar to that

presented in Ref. 5.

E.I.2. Pitch-Argle Scattering Losses. Each hot electron that scatters

into the mirror loss cone represents a loss of kinetic energy from the ring

equal to kj,Tp = (y-l)m c^. The following expression" gives the time required

for Coulomb scattering through a 90° angle in terms of the reduced mass, mr, and

relative velocity, v .

m - v
r

e 4 n Inh

For large-angle electron/ion scatterings m = in/f and v - v . Consequently,

the rate of energy loss associated with pitch-angle scattering is given by

nf,e
2(Y-l) c4tnA •

(dE/dt)R •-- J: = :;~- n __--__-.•__

= 2.45(1O)~33 n Inh . ._lil_J!_ , (E-12A)
(Y 2-D 3 / 2

where

= 2.66(K1)16 T R/(n R)
l / 2 . (E-12B)

The power loss associated with pitch-angle scattering of ring electrons is then

PS/VR - 2.45(10)-" n,,R

Generally, p g ( W ) is (;o,nparable COf b u t

U
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E . I . 3 . Bremsstrahlung Losses . The r a t e a t which an e l e c t r o n r a d i a t e s

energy upon d e c e l e r a t i o n i s given bya

bMAX

( d E / d t ) R R = tJL /db/b2. (E-14)

^£o C V J ,'BR
48TfLE^ Jc Jm£ / /

bMIN

Performing the integration over ion/electron impact parameters, b, with

equated to infinity and b.^j^ equaled to the Compton wavelength, (h/2ir)/Ymev,

gives the following expression for Ppo = nnV^(dE/dt)g^.

= 5.96(1O)"36 nn

Generally, P R R ^ ^ "̂ S ~ ̂  times smaller Lhan the col lisional-drag, pitch-angle

scattering, and cyclotron radiation losses.

E.I.4. Cyclotron Radiation Losses. In a reiativistic formulation,5 where

the ring electrons are assumed to have only perpendicular momentum, p^, relative

to the magnetic field, the rate of energy loss by cyclotron radiation,

(dE/dt)CYC, is given by e^B2)^ /6nf-ome c
3. For [̂  equal to Ymev, this results

in the following expression for the cyclotron radiation power loss.

P C Y C / V R = 1 . 5 9 ( 1 0 ) ~ 1 A n R B 2 ( l - t i R ) ( Y 2 - 1) , ( E - 1 6 )

where the numerical constant equals e v 6ireoroe* ". The l-fiR term is included to

reflect the reduction in cyclotron radiation at the ring location caused by the

depressed magnetic field; consequently, B is the external vacuum field at the

ring location.
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Combining Eqs. (E-9), (E-13), (E-15), and (E-16) gives the following

expression for the total power loss from the electron rings, PR(hW).

PR/VR(MW/m
3) = 10(n/1020)(nR/10

2°){l.22£nA

il/2

e e

(V-

5.96(10)" 3 ( Y 2 - 1 J 1 / 2

In arriving at Eq• (E-17), Eqs. (E-2) , and (E-3) were combined with the

defintion of fc appearing in Eq. (E-6) to give the following relationship for

the background-plasma density at the ring location.

n = 8.72(10)18 N2fc(l-0R) B
2 , (E-18)

which in turn was used to eliminate B from the cyclotron radiation term.

Equation (E-17) agrees reasonably well with that reported in Ref• 1; the Oak

Ridge National Laboratory (ORNL) group gives 2.5 instead of 1.22 for the

collisional-drag coefficient and 1.0 instead of 2.45 for the pitch-angle

scattering coefficient.

E.2. Toroidal-Plasma and Electron-Ring Pressure Balance

Before Eq. (E-17) can be parametrically evaluated in conjunction with

electron-ring/core-plasma pressure balance, the parameters fR = n/nR and

fc = n/n(wce = u ) must be related to t>, 3R, and y = 1 + TR/511. The required

relationships are derived here on the basis of a simple pressure balance, which

must ultimately be more firmly based in MHD stability theories for EBT. A more

integrated analysis could not be performed within the scope of this study.

Both the core-plasma and electron-ring betas, t$ and fiR, respectively, refer

to the vacuum magnetic field, B, at the midplane. Figure E-l gives a schematic

diagram of the idealized density and field profiles that serve as a basis for
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Fig. E-l. Idealized density and field profiles used to model the rigid-ring,
sharp-boundary pressure balance.

the approximate, rigid-ring, sharp-boundary pressure balance. The following

expression equates the pressures in the plasma core and the surrounding electron

ring.

2<n>kBT = "1(
o

2<n>kBT/f - nRkRT + nRkgTR (E-19)

where <n> is the average core-plasma density. Equation (E-19) represents a

limiting case in that the full core-plasma pressure is supported by the pressure

contained within the ring. Although more detailed models are required to

establish the realism of this assumption, Eq. (E-19) is evaluated only as an

indicator of one possible constraint on the electron-ring energy balance. In

Erj. (E-19), the form factor, f_,, accounts for the radial density gradient of

toroidal plasma through the electron-ring region. Introducing the global

pressure balance, Eq. (E-5), and recalling that fR is the ratio of cold-electron

density in the vicinity of the electron ring, <n>/f , to the hot-electr<.n

density, nR) Kq. (E-19) becomes

646



BR/S = [l + (TR/T - l)/2fRj/f . (E-20)

This attempt to incorporate the effects of a cold-electron-density profile

through the ring region, when used in conjunction with Eq. (E-6), allows the 3R

and & values needed for ring/core-plasma pressure balance to be estimated.

Hence, given parametric values for fR and t
:
c, Eq. (E-20) yields explicit values

for H and £sR; the quantities fc, fR, p
1, and 3R cannot be treated as independent

parameters if an approximate pressure balance is desired. Equation (E-18) for

the frequency cutoff factor, fc, when expressed in terms of a global,

core-plasma pressure balance, takes ihe form

- PR)fp

Assuming only first-harmonic heating (X = i), the combination of Ecs. (t-20) and

(E-21) gives the following expressions that relate p and rfD explicitly to the

key electron-ring parameters (fp, fR> fc> and T R/T).

B f

L = 1 + ^ 4 . (E-22B)
BR Tfc[l + (TR/T - l)/2fR]

The analyses reported in the next sections treat fR and f parametrically while

T R and T are varied; Eqs. (E-22) are used to relate these parameters to the

respective beta values.
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E.3. Calculational Results

E.3.1. Computational Approach. The object function adopted by this

analysis of electron-ring power losses is the ratio, Q R ) of thermal fusion

power, PfH' t0 r^-n8 losses, PR. Introducing the form factor, f , into

Eq. (E-17) and retaining the symbol <n> for the average toroidal plasma density,

results in

PR/VR(MW/m
3) = - 10 , (<n>/1020)2 [1.22£nAe

2.45£nA , 1 + 5.96(10)~3

( 2 1/2(Y + 1) (Y2- 1J1/2

L2Z (Y2 - l)j . (E-23)
c

The fusion power density is given by

PF/Vp(MW/m
3) = <n>2<ov> EN/4 , (E-24)

where the total energy release per fusion is E N = (14.1MN + 3.5)(10)
6e, and MN

is the blanket energy multiplication. Upon dividing Eq. (E-24) by (E-23), the

natural scaling relationship is readily shown to be

W V p ) / f p 2 f R = Q*(T'TR) • (E-25)

First, a parametric evaluation of Q in T and T R is accomplished, but this

parameter does not show an explicit dependence on tf, (3R, and £S/fcSR.

Consequently, a parametric evaluation of the quantity QR(VR/V ) is performed in

T R, f and fR for T = 20 keV, with Eqs. (E-20) to (E-22) being used to map out

regions of fixed beta and 3/fJR < 1. The calculational algorithm adopted for

this second level of analysis is . ummarized below.
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• Specify these primary variables: cutoff fraction, f ; density ratio, fR;
ring form factor, f • core-plasma temperature, T; external field at
midplane, B; and blanket energy multiplication, M^. Generally, fc = 1,
N = 1, and MN = 1.1, with fR, f , and Tc being varied parametrically.

» Use Eqs. (E-22) to determine p and ,iR> with the requirement that P/E*R < 1
and tfR > 0.1.

>» Use the core-plasma pressure balance to compute <n>, from which A and
A|e can be calculated for a given TR and y.

• After computing the fusion power density, Pp/Vp, the ratio QR = Pp/PR is
expressed as QR(VR/Vp), where the ring-to-core volume ratio, VR/Vp, is
left as a floating parameter.

As will be shown subsequently, the dependence of QR(VR/Vp) on TR is weak

for electron-ring temperatures in excess of ~ 500 keV. This behavior can be

used to make a third level of parametric analysis in which Q [Eq. (E-25)] is

assumed to be a function only of T. In this case, the explicit dependence of QR

on [3R can be determined using the following relationship.

= Q*(T,TR)
(TR/T -

where x = (51l/4fcT)3R/(l-HR) and Q (T,TR) depends only weakly on TR. It is

noted that Eq. (E-26) shows a minimum at 1/S^R = 1+(51l/8)/fCT and becomes

unbounded for 1/^R = l+(511/4) fcT and (iR = 1 ; the low-pSR extremum corresponds

Lo large values of fR (i.e., low nR) and the high-tiR extremum corresponds to

large values of f (i.e., low n), both being dictated by the pressure balance

given by Eq. (E-19). Generally, the desire for high-cl operation will force the

reactor to operate to the right of the minimum predicted by Eq. (E-26).

No attempt has been made at this level of analysis to express the

parametric results in terms of an engineering Q-value, Qr, or the recirculating

power fraction, 1/QE* However, given a thermal-to-electric conversion

efficiency, nxn> anc* a total efficiency for microwave generation and

transmission, n R F, it is easily shown that QE = nRFnTH(QR + ! ) • If QE ** 1 0 i s

desired (i.e., < 10% recirculating power associated with electron ring

sustenance), then for n^H - 0.3 and nRp - 0.3 the required value of QR must

exceed ~ 100.
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E.3.2. Comparison of Electron-Ring Model with Experiment. Before examin-

ing the electron-ring losses for EBTR, the model developed in previous sections

was applied to the EBT-I experiment in a similar fashion as that reported in

Ref. 2. Table E-l lists the EBT-I parameters used in this comparison. Figure

E-2 gives the dependence of PR/VR o n T R for a range of fR values. Also shown

are the estimated beta values [Eqs. (E-22)] and the EBT-I best estimates for

Pj^/VR. Although the parameters fR) f , and T were not extensively varied, it is

seen from Fig. E-2 that fR ~ 4 would pass through the EBT-I T-mode datum, which

in itself is subject to uncertainty.2 The agreement between the simple

energy-loss model and the EBT-I data is reasonable and compares favorably with

the predictions given in Ref. 2. It is noted that the electron-ring losses

appear to be dominated by collisional-drag processes, in that the EBT-I data are

to the left of the minimum power predicted by Eq. (E-23).

TABLE E-l

EBT-I ELECTRON RING PARAMETERS2'y

Parameter Value

Major radius, Rrj.(m) 1.5

Minor radius, r (m) 0.1

Plasma volume, V (m3) 0.30

Number of sectors, N 24

Plasma volume per sector, V /N(m ) 0.012

Electron-ring volume per sector, VR/N(m ) 0.0025

Plasma-to-ring volume ratio, V /VR 4.9

Average core-plasma density, <n>(10 /m ) 15.0

Electron ring density, nR(10 /mJ) 5.0

Core-plasma electron temperature, T(keV) 0.4(0.15-0.6)

Electron-ring temperature, TR(keV) 100 - 200

Electron-ring beta, fc!R 0.1-0.4

Vacuum magnetic field at raidplane, ts(T) 0.45

Microwave power per sector (W) 175

Electron-ring power density

• PR/Vp (MW/m
3) 0.014

• PR/VR (MW/m
3) 0.070
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Fig. E-2. Parametric evaluation of electron-ring energy-loss model for EBT-I
experimental parameters (re: Table E-l).

Parametric Evaluation of Electron-Ring_JLos_se_s_î ri EBTR. As was

noted previously, parametric analyses for the reactor have been performed at

three levels: a) QR(VR/V )/f ^fR versus T^ with no implicit consideration of

pressure balance or beta limits; b) QR(VM/V ) versus To in a parametric manner

beta limits; and c)and with some indication of

QR(VR/V )(6R/0)
2/(TR/T-l) versus gR with an explicit variation of T.

Figure E-3 shows the TR and T dependence of the natural scaling parameter,

Q = QR(V R/V )/f fR. Although these curves are of little value in resolving

directly the important beta/pressure-balance constraints, the effect of
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of 6, BR, and 3/BR are changing along a given curve.

increased QR resulting from increased plasma temperature (primarily increased

fusion yield) is shown. In order to demonstrate more explicitly the constraints

imposed by beta and pressure balance, QR(V R/V ) must be plotted versus TR for

parametric variations of fR, f , and beta (Eqs. E-22).

Figure E-4 gives QR(VR/V ) versus T R for a 20-keV toroidal plasma, with fR

being varied over an order of magnitude and f being varied from 1 to 6. These

curves represent an expansion of the single 20-keV curve in Fig. E-3 and

demonstrate the beta/pressure-balance constraints. The region where 6/SD

becomes greater than unity is indicated by the dot/dash curves, whereas lines of

constant 8 R values are indicated by the dashed curves. The iso-8R curves are

given by Eq. (E-22B), and for a given value of BR and f , the core-plasma beta

is given by Eq. (E-21). Values of QR in the range of ~ 100 will be required if

less than 10% of the total fusion power is to be used to supply the

electron-ring power losses. Consequently, if the volume ratio, VR/VR, can be

maintained as low as ~ 0.01, then the required value of QR(
V
R/Vp) lies near

~ 1.0. From Fig. E-4, fR must exceed 15 for fp = 4 and 6/3R < 1, or if f = 6,

then fR - 6 is required. Generally fp
2fR ~ 240 is required for QR(VR/V ) ~ 1
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Fig. E—k. Dependence of QR(V R/V ) on TR for a range of f and fR values.

and 6/8R < 1. From Fig. E-A, these points occur for gR in the range 0.4 - 0.5.

Moderate increases in T from 20 keV will improve this situation by allowing the

desired value of QR(VR/V ) to be achieved at lower values of f 2f R and/or lower

beta values.

The weak dependence of Q* [Eq. (E-25)] on TR permits an approximate, but

more lucid, parametric analysis of QR, leading to the explicit dependence on 6R.

Taking Q* values at TR = 1000 keV as representative, Eq. (E-26) is shown in

Fig. E-5 for three values of T as a function of f3R. large values of QR, in

principle, are possible at small values of 6R (large values of fR, both f and

~ 1) or very large values of 6R (fp very large, 6R ~ 1). Realistic
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constraints must be imposed on f however. Using Eq. (E-21), these constraints

can be imposed by the following expression.

(E-27)

which is also shown in Fig. E-5.

The lines of constant f /(8/t5R) shown in Fig. E-5 can be used to limit the

parameter range and allowable values of the variables embodied in QR. First,

f = 1 and B/0R = 0.8 establishes f /< ii/BR) > 1.3 as a lower bound in Fig. F.-5.

Then, taking f < 3, rf > 0.3 and 3/3R < 0.5 gives f /(ti/BR) < 6.0 as an upper

bound in Fig. E-5. Because core-plasma temperatures much above T = 30 keV do

not lead to increased values of QR, whereas a strong impetus exists for

operating with T > 20 keV from the viewpoint of maximizing QR, the region

bounded by T = 20,30 keV and f / (ji/ cSR) = 1.3, 6.0 defines a range of viable

operating points. In this region, the parameter QR(VR/V )/(TR/T-l)/(B/tiR)~ is

10'

a.
>

ct
o

09.

^ l O " 2

10",-3 I I I I I

0.2 04 0.6 0.8
ELECTRON RING BETA,/3R

10

Fig . E-5. Dependence of QR(VR/V ) (d R / j4) 2 / (T R /T- l ) on P R

assumption that QR(VR/V )fpfR i s independent of TR.
T under the
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limited to the narrow range 0.01 - 0.02, with BR limited to the narrow range

0.2 - 0.5. As was previously noted, QR(V R/V ) must be > 1 if the ring power is

to consume less than ~ 10% of the recirculating power and the ring volume can be

maintained at a few percent of the core-plasma volume. This limit establishes

TR/T > 80, which for T = 20 keV will require TR > 1600 keV.

Some indication of the constraints imposed on f and fR by MHD stability

can be obtained for the special case where the -oroidal pressure is oupported by

the electron rin^. Equation (E-20) can be rearranged to yield the following

linear relationship between B and BR.

2fnfR + 4fnfr(TR/511) 4fRf.(Tu/511)
a -. a P K p c ^ K K C K i-a_^a\

2f, -

Figure E-6 reproduces the results of one stability calculation, where the

S~versus-BR boundary has been linearly parameterized according to

B = m[eR - BRo] . (E-29)

For this linear parameterization, m = 8/3 and £Ro - 0.1. Comparing Eqs. (E-28)

anH (F.-29) leads to the following stability constraints implied for f and fR.

2fcTR

(E-30)
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Fig. E-6. Linear approximation of g-versus-g^ stability condition for
comparison with Eq. (E-22).

where the latter approximation holds when the edge-plasma-to-electron-ring

density ratio is sufficiently large. Although the f range examined on Fig. E-A

exceeds this implied stability limit, a conclusive scoping of the constraints

imposed by pressure balance [Eq. (E-19)] and stability [Fig. E-6 and Eq. (E-29)]

must await a more detailed analysis.

In summary, this study has addressed on]y the energy requirements for the

creation and sustenance of the rings. Stability considerations have been

injected into the reactor design only by requiring SR > 3 and (3 < 0.4-0.5.

Depending on the values assumed for the volume ratio, V /V^, the density ratio

f^ = n/nR, the core-plasma form factor, f = <n>/n, and the related beta values,

3 and BR, the power dissipated from the rings can be small or comparable to the
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fusion power. For a thermal efficiency of 0.35, a volume ratio V /VJJ - 50, and

an rf generation/transmission/coupling efficiency of 0.5, the product f fR must

be in the range 150 - 225 (T = 30 or 20 keV, respectively) if the

ring-sustenance power is to be equal to or less than 10% of the gross electrical

power generated by the reactor. A linearized comparison of the sharp-boundary

pressure balance with a stability analysis [Eqs. (E-28)] indicates that

f^f_ < 283. Furthermore, an approximate evaluation of pressure-balance and

stability constraints indicates that the value of f f^ required for high-Q

reactor operation may be limited by related beta constraints; this issue is not

resolved and requires further analysis. The application of a highly approximate

sharp-boundary pressure balance to the parametric evaluation of Q^, however,

indicates that the parameter QR(VR/V )(T/Tp) is relatively constant in the range

0.006 - 0.013 when realistic constraints are imposed on the core-plasma form

factor, f < 3 and B/8R < 0.8. These approximate results imply that T^ must

exceed ~ 1.5 MeV if QR(VR/V_) values are to be on the order of unity.

Furthermore, the constraint that f < 3 for these conditions implies that the

ratio of toroidal-to-ring electron density at the ring location, f^, must lie in

the range 15 - 20. Although high, these values of f and f^ appear acceptable,

as indicated by a comparison of the simple pressure-balance model with published

results of more detailed stability calculations (Fig. E-6).

Other important facets of the electron rings that have not been examined by

this study Include their effects on magnetics/orbits/transport and the

MHD-stability symbiosis that exists between the core plasma and the electron

rings. The questions of ring losses, core-plasma transport, and

core-plasma/ring stability couple strongly to define a problem that is far

beyond the scope of this study. By perturbing local magnetic-field curvatures,

Lhe electron rings influence particle orbits. This effect is not dramatic from

a volume-averaged standpoint, but the rings should significantly affect closure

of particle orbits at the plasma edge and, therefore, influence measurably the

volume utilization. Although rings provide stability to the core plasma by

creating a desirable average-minimum-B configuration, the warm background plasma

at the ring location, n = <n>/f , stabilizes the ring against hot-drift waves by

providing interference between fast-drifting electrons and slow-drifting ions.

These three aspects of the EBT electron rings (energy loses, stability

symbiosis, and transport) and their coupled impact on the reactor deserve

considerably mo?:e analysis.
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APPENDIX F: SYSTEMS AND COSTING CODE MODELS

This appendix describes the models used in the EBTR systems and costing

code. The brief treatment given in Sec. 5. focuses on results. The following

sections describe the various equations and assumptions used to model the E3T

reactor and balance of plant. The appendix is divided into physics, power

balance, and engineering and costing subsections.

The systems code couples costing and engineering to a steady-state model of

the EBT plasma. The models that comprise the systems code use simplified

scaling relationships, thereby allowing a large number of cases to be examined

parametrically. In this way, comprehensive sensitivity studies can rapidly be

performed over a wide range of reactor parameters (B, N, Rp, r , I^RE/IXF' e t c-)

with the cost-of-electricity (COE) as the object function.

F.I. Physics Models

Two different physics models are used in the systems code: a

"comprehensive" model, adapted from the time-dependent burn model (Appendix B);

and a "simplified" model, based on the Oak Ridge National Laboratory (ORNL)

EBT-P model1 and calibrated with the burn code.

Several general relationships apply to both physics models. The midplane

beta, 3piP> i s computed using the mean value of the magnetic field, B, and the

assumption that 3B is a constant for an axially uniform pressure. Hence,

where g is the average beta of the toroidal plasma

J2R^T 2Plasma volume, V , is computed as 2TJ2R^T 2, and neutron wall loading,

/Iw(MW/m
2), is A.03 paV /4ir

2RTrw, where p a is the alpha-particle power density

(MW/m3), rw is the average first-wall radius, r is the plasma average minor

radius, and Rrj, is the plasma toroidal radius. All powers are expressed in MW

units. The electron-ring beta, 0^, can be expressed either as a constant times

6 or as a function of mirror ratio, M, times (3. All magnetics parameters are

computed from curve-fits made to calculated magnetics data (Sec. 4. and

Appendix D). Only steady-state systems are considered by the systems code, and

only ignited, steady-state systems are considered by the "simplified" physics

model.
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F.I.I. "Comprehensive" Physics Model. The plasma equations used in the

comprehensive model, with one exception, are similar to those described in

Appendix B; rather than use a Fokker-Planck formulation, the partitioning of

alpha-particle energy is described in the systems code with a simpler

expression. The prompt loss of alpha-particles is specified by the input

parameter, fa. The steady-state energy and pressure balance equations are

solved by a modified Newton-Raphson equation solver. The plasma beta is fixed

outside the physics subroutine. The electric field parameters can be calculated

either by the method used in the transient zero-dimensional model (Appendix B)

as a function of Te/Ti, or set to a constant.

A number of options are available in this model. Either a strictly ignited

or subignited steady-state plasma can be chosen, or the ignition state can be

found for a specified ion temperature. Initial guesses are made for T , na/nj,

and either T^ or the excess plasma power, Pxs (with the other variables fixed).

Either ion or electron heating (Pxs^ or Pxse) tnay be chosen for the subignited

cases. Fueling requirements are determined by the burnup rate as well as

transport losses, n/i . A plasma-recycle parameter is also included to account

for the particles recycled back from the first wall to the plasma (Sec. 7.5.).

F.I.2. "Simplified" Physics Model. The simplified physics model

circumvents problems associated with the extreme sensitivity of the

comprehensive physics model to input parameters by eliminating the electric

field calculation, setting T^ = Tg, and assuming an ignited system. This

approach reduces the number of unknown variables to one. For any magnetic

aspect ratio, Rj./Rc, the required Te for ignition can be calculated directly.

The ion energy balance is used to solve for T^, and an expression for Tg given

by Eq. (F-2) eliminates the need for a separate electric field calculation. The

equation for tp. used in the simplified physics model is*

(RT/Rc)
2Te

3/2 3T, 2
T E = 3.7(10)

14 — — — [l +_i] , (F-2)
ne 2Te

where the last term on the right represents an approximation for the electric

field. An analytic expression for the DT reactivity, <av>, is used instead of a

spline fit to a table as in the comprehensive physics model.
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<av> ~ [L e--
0U5T - 3.29] (10)"22 (m3/s) . (F-3)

This equation is accurate to within 5% for temperatures between 10 and 100 keV.

All other equations used in the systems code are summarized in Table F-l.

TABLE F-l

EQUATIONS USED IN SYSTEMS CODE PHYSICS TO DESCRIBE PLASMA POWER

1. Ion density: n- = (—) —
ni Tj <av>

na
2. Alpha-particle density: n = (—J n^

nni

3. Electron density: ng = n^ + 2na

20 (ni + na' B Rc rp ,
4. Ion collisionallty: ? = ~- £ Z e f f

2

7.15C1O)20 T ^ ' 2

where Z e f f = (ni + 4na)/n£

5. Electron collisionality: C^ =
6 0.0418X5/2 .

where X = Te/T±

6. Dimensionless radial electric field (Appendix B): er = f(Ce,X, Rc/r )

0-0015 [ ( l + e r ) 2
+ ? e

2 J

5e(E r/2 - Rc/rpj

8. Particle confinement times: T . = x = BiRT
2f(C)/Te

9. Alpha-particle power: pa = na(3500-T1)

10. Energy confinement time:

i E = (3/7) Tj ("comprehensive" physics)

xE = 2.3(10)
15 (^/Rc)

2T:l/2/ne("simplined" physics)

11. Ton conduction power: pc^ = (3/2) (n^ +
 n
a)T^/tg

12. Bremsstrahlung power: p R B = 5.35(1O)~
37 ne(n± + 4na) Tfi

1/2

13. Electron-ion equipartition power: p e i = 1.28(10)~
3Zt "^^(Tj - Te)/Te

3

14. Electron conduction power: p c e = (3/2)neTe/i£

15. Cyclotron radiation power: p C Y = 2. 5( 10)~
3 8 _I_2. ne

2Te
2kc

x (I + Ti/Te)(l + V 2 0 4 ) ,

where kc is a reflectivity coefficient
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Table F-l (contd)

16. Alpha-particle/ion energy partition: foi = (3.06)(10)~
3Te

32.14T- - 335T 1 / 2 + 3500^ 118 - 5.67TP
1/2

x [in ( _ ) + 2/1 tan"1 ( ! j + 1.814
32.14Te + 670Te

1/2 + 3500 9.82Te
1/2

17. Excess power to ions required for steady state:

Pxsi = Pel + Pel ~ Pafaifa

18. Excess power to electrons required for steady state:

Pxse = Pee " Pel + ?CY + PRB ~ Pafaefa

19. Pressure balance: n T + n^T^ + n.T. - - — = 0

'a'All temperatures are in keV.

F.I.3. Ring Physics Model. The ring physics model includes both

electron and ion rings. This model estimates the required electron cyclotron

resonance heating (ECRH) power for inclusion in both the plasma power balance

aad costing models. Since the ring physics is poorly understood at this

point, particularly for reactor-sized devices, an option is included to scale

the ring power losses as a fraction of the net electric power. The required

ring parameters are then calculated from the equations described as follows.

The equations used to model electron-ring energy loss are based primarily

on those given in Ref. 2 and summarized in Appendix E. The ring loss is a

function of the hot-electron temperature, TR, with a minimum occuring at TR =

1.4 MeV. At this minimum the power loss is ~ 2.43B1*(MW/in3). It is assumed

that this electron-ring temperature can be attained. The ring is assumed to

be 10 ion gyroradii thick (radially), as evaluated at the plasma edge, with a

width equal to the midplane plasma radius. From these dimensions the ring

volume and power requirements can be calculated.

Ion rings may present an attractive approach for EBT, since potentially

much less power is consumed than for electron rings. Simple relationships are

included in the systems code for comparison purposes. The ion-ring

temperature can be either chosen or back-calculated from the ring power loss.

The ion-ring thickness is assumed to be four ion gyroradii, again evaluated at

the plasma edge, with a width equal to the midplane plasma radius. The

ion-ring power can be calculated as a function of the assumed ion temperature

and expressed as a fraction of the net electric power or as a fraction of the

equivalent electron ring power.
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F.1.4. Physics Limits. The limits shown in Table F-2 are placed on the

various inputs and outputs for the physics routine. Where "variable" is shown

rather than a constant, the limits may be assigned. All limits can be easily

adjusted, with the exception of the magnetics inputs and outputs, which are

based on data and curve fits generated by the magnetics/transport code

described in Sec. D.6.4.

F.2. Reactor Power Balance Model

A complete power balance is calculated for the EBTR. The electrical

pcwer required for ring and bulk heating is calculated based on the outputs

from the physics model and the system efficiencies; the latter are inputs

[nominally 35% for ECRH and 70% for ion cyclotron resonance heating/lower

hybrid heating (ICRH/LHH)]. Auxiliary power requirements are assumed to be

100 MWe for a nominal 1200-MWe power plant. The gross electric power is

calculated using the fusion power, blanket multiplication (input), and

thermal-conversion efficiency (~ 35%). The required recirculating electrical

power is subtracted from the gross electrical power to determine the net

electric power. This recirculating power includes ECRH, ICRH, and LHH power

as well as 100 Mwe for auxiliary requirements. The recirculating power

fraction is calculated as the ratio of recirculating power to the gross

electric power.

TABLE F-2

LIMITS ON PHYSICS INPUTS TO AND OUTPUTS FROM SYSTEMS CODE

Variable

Plasma major radius, Rrj.(m)

Plasma minor radius, r (m)

Average magnetic field, B(T)

Number of coils, N

ARE-coil current as a fraction of TK-coil
(current per coil), ~^

Plasma coil-plane radius, r^p

Average plasma tnidplane beta,

Ring beta, 3^

Electron collisionality, £e

Plasma density, n(m )

Minimum

30

1.0

3.0

28

0

—

—

—

—

—

Maximum

40

1.5

4.5

48

0.24

2.0

variable

variable

1.0

microwave cutoff taken
as ~ B2(10)19

665



F.3. Engineering and Costing Model

The engineering basis of the systems code is described in Sec. 5.2.

These engineering relationships are combined with the costing relationships

into a single set of self-consistent equations, which are described here.

Scaling relationships for cost are based on current data, where possible, or

are extrapolated from current costs and designs. The costing equations are

designed to operate over a broad range of parameters and hence are not

constructed to give exact results. Instead, reasonable cost estimates result

that can be used for comparative analyses. All cost relationships are

normalized to the reactor design point and accurately simulate the predicted

costs. More detail on specific costing information and the design basis for

the reference reactor and plant can be found in Appendix G. The code "CXY" is

used in this section to designate a costing account XY according to

Appendix G.

F.3.1. Direct Capital Costs. All capital costs presented here are in

1980 dollars. Escalation factors are incorporated to adjust the base year if

desired. The cost scaling equations used in the systems code are given in

Table F-3.

TABLE F-3

EBTR ENGINEERING AND DIRECT CAPITAL COST SCALING EQUATIONS^)

Equation
Account Major Variable (M$) Reference

STRUCTURAL AND SITE FACILITIES (C21)

Site improvement and
facilities Cost of land (C20) (4.96) C20 4

Reactor building Torus major radius, R̂-, (324) 2ITRT + 13.3 4
(including hot cell)

Turbine building Gross electric power, ?Q (27.6) (Pg/1000)0*7 3
Cooling system structures ?G (4.5) (PQ/1000)** 3 3
Power supply, switching, PG PG/1200 4
and energy storage

Miscellaneous buildings — 34.9 4

REACTOR PLANT EQUIPMENT (C22)

Toroidal-field (TF) and Coil radius, rc> (0.8) NrcAc 4
aspect-ratio-enhancement
(ARE) coils

Coil cross-sectional area,
AC,N

ECRH gyrotrons Gyrotron output power, PgL (0.6) P E L 4
LHH crossed-field CFA output power, P L H (0.07) P L H 4
amplifiers (CFAs)
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Table F-3 (contd)

Account

Primary structure

Reactor vacuum

ECRH power supplies
LHH power supplies
Impurity control
First-wall/blanket heat

transport
Limiter heat transport

Magnet cryogenics
ECRH/LHH cryogenics
Vacuum cryogenics
Fuel handling cryogenics
Liquid radioactive wastes
Ga^ous radioactive wastes
r" iy. raci" active wastes
. 'j"- ha ldiinjL

. ;crur*. itciion and
coit-ro' (I&C)

Turbine generators
Main steam piping
Heat rejection
Condensing system
Feedwater heating
Misc. turbine equipment
I&C

Switchgear

Major Variable
Equation
'(M$)

(2.65KM 0' 6

THRUPUT

Gyrotron input power, Pg^j
CFA input power, ?,„,
First wall cost, C220101
Thermal power
(primary coolant)
Thermal power
(limiter coolant)

PTH
PTH
PTH

iTHRUPUT|0.9
8800(88.4)[.

(0.2) P E L I

(0.08) P,HI

(0.05) CZ20101
(0.01) PTH

•TH

rTH

(o.oi) P
T H

TH
TH

TH

?TH

(5.7) (PTH/4000)
(0.07) (PTH/4000)
(0.18) (PTH/4000)
(0.07) (Pju/4000)
(162.8x10 B)
(434xlO~6)
(373xlO~6) P T H

(0.97) P T H

rTH
TH

(0.002) PTH + 15.5

Reference

4

4

4
4
4
4

4
4
4
4
3
3
3
4
4

TURBINE PLANT EQUIPMENT (C23)

rTH
PTH

rTH

(67.9) [PG/1000]
(4.0) [PTH/4000]

0.7

0.8(16.1) [PTH/4000l
u"

(14.2) [PG/1000]
0-9

(8.8) [PTH/4000]
0"6

(10.9) [PG/1000]
0-6

(2.7) [Pr/1000]
0'8

ELECTRIC PLANT EQUIPMENT (024)

Net electric power, PNp
Auxiliary power, P A U X

Slscion service equipment P,
Switchboards and protective
equipment -
Electrical structure and
wiring P A U X

Power and control wiring P,
Light ing

AUX

?AUX

(3.8) [PNE/1000]
0-8

(t Q\ f n /I f\{} ?1 • o ) [ r AU)(/ i-VKJ J

(9.8) [PAUX/100]

3.8

(4.9) fPAUX/100]

(11.6) [PAux/
10°]

3.0

3
3
5
3
3
3
4

5

5

5

5
5
3

MISCELLANEOUS PLANT EQUIPMENT (C25)

Transportation and
lifting equipment

Air and water service

3.1

10.2
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Table F-3 (contd)

Equation
Account Major Variable (M$) Reference

Communications - 0.4 5
Furnishings and fixtures - 0.8 5

'All major variables are mks units except the powers which are in MW units.

Land and Land Rights (C20) - costs are fixed at $3.2M for 1000 acres.

Structures and Site Facilities (C21) - Costs cover the site improvements

and facilities and are based on the size of che tract of land. The reactor

building is assumed to scale with the circumference of the reactor, 2nRj. A

fixed cost is included for the Hot Cell. All other building costs are scaled

as the gross electric power and are normalized to the STARFIRE tokamak reactor

design.5

Reactor Plant Equipment (C22) - Cost includes the first wall, blanket,

and shield ( 'BS). Volumes, weights, and costs for the coil-plane and

midplane modules are all computed by the systems code. Volunes are normalized

to the design-point volumes and scale as the plasma radii (coil-plane radius,

rQp, midplane radius, r^. and average radius, r ). The relative toroidal

widths of the reactor sectors scale as the toroidal width of the TF coils.

Costs are computed on a per-unit-weight basis ind are the same as those

presented in Appendix G.

TF-coil and ARE-coil costs are computed on a weight basis and hence

depend on the respective coil volumes. The locations of the ARE coils are

computed using the magnetics data and associated curve fits described in

Appendix D. The placement of the ARE coils allows sufficient clearance

between two adjacent ARE ceils, between the ARE and TF coils, and between the

ARE coils and the back of the shield. These dimensions are normalized to

those for the design point and vary as the size of the coils and the

dimensions of the torus.

The ECRH and LHH systems are sized according to the input power. The

gyrotrons are predicted (Sec. 6.5.3.4.) to cost about 600 $/kW and the CFAs

cost 60 $/kW. A 10% charge is added to these costs for waveguides and other

equipment. Vower supplies for these devices are costed at 200 $/kW and 80

S/kW, respectively.
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The reactor primary structure is assumed to scale as the major radius,

RT, but this scaling will not be linear. The costing code uses a 0.6-power

scaling law. The structure is normalized to $20M for a 30-m-radius torus.

The reactor vacuum system scales in size with the DT fuel throughput, THRUPUT.

Fueling is proportional to transport losses plus burnup, and the required

pumping rate is equal to the fueling rate. Because only the core-plasma t is

computed by the systems code, provision is made for particles that may recycle

back into the core plasma from the walls, thus reducing the net loss rate

(Sec. 7.5.) The cost is normalized to the STARFIRE design5 and scales directly

with THRUPUT. The impurity control system is a limiter and hence is similar

to the first wall. The limiter cost is assumed to be 5% of the

first-wall/blanket cost in this model.

All other reactor plant equipment scales, both in size and cost, with

thermal power that is normalized to 4000 MW. Costing factors are presented in

Table F-3.

Turbine Plant Equipment (C23) - The cost is assumed to scale with the

gross electric power. The turbine generators are the largest components and

dominate the costing in this account. These cost data are based on historical

information, which is not expected to change significantly in the forseeable

future.

Electric Plant Equipment (C24) - The cost scales as total reactor

auxiliary power, which consists of plasma and ring heating as well as 100 MW

of miscellaneous auxiliary power. Costs are based on current data.

Miscellaneous Plant Equipment (C25) - The expenditures are fixed costs

encountered in construction of any power plant and will be required for EBTR.

Special Materials (C26) - As defined here, the costs apply to the various

cooling systems. No special materials are required for this EBTR design

because it uses a pressurized-water coolant system.

Spare Parts and Contingencies - Accounts 21 through 25 contain a

percentage add-on cost for spare parts (CXY98) and contingencies (CXY99).

These percentages are shown in Table F-4 and are based on DOE recommended

guidelines.3 A full explanation of these costs can also be found in

Appendix G.
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Spare Parts

2%

2%

2%

4%

3%

Contingency

15%

15%

15%

15%

15%

TABLE F-4

SPARE PARTS AND CONTINGENCIES FOR DIRECT CAPITAL COST ACCOUNTS

Account

21

22

23

24

25

F.3.2. Indirect Capital Costs. Indirect capital costs for EBTR are

calculated as percentages of the total direct capital cost. The indirect

capital costs include construction facilities, engineering and construction

management services, and miscellaneous costs. The percentages used by the

systems code are shown in Table F-5. Justification for the indirect costs and

time-related costs are also given in Appendix G (Sees. G.2.4. and G.2.5.).

TABLE F-5

INDIRECT CAPITAL COSTS

Percentage of Direct
Account Capital Costs

Construction facilities, C91 10

Engineering and construction management
services, C92 8

Miscellaneous costs, C93 5

F.3.3. Annual Costs. These costs include operations, maintenance, and

fuel costs, as discussed below.

Operating Costs - These costs are annual operating costs that comprise

personnel salaries and fringe benefits, consumable supplies and equipment,

outside support, miscellaneous items, and general and administrative costs.

Section G.6.2. describes the required staffing level for a nominal 1200-MWe

reactor. As the size of the plant is changed, staffing requirements are

modified and appropriately costed by the systems code. More information on

this procedure can be found in Ref. 6. The normal staffing requirements

provide for normal operations and maintenance personnel. Special crews for

first-wall/blanket/shield replacement are not included in this cost account.

Consumable supplies and equipment for routine day-to-day operation scale with
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the net electric power. Outside support is divided into two classes: regular

services (film processing, laundry, etc.) which scale with net electric power;

and special services (blanket replacement crews) which are contracted on a

24-hour-per-day basis for the required length of time. Only labor costs are

included, at a current hourly rate of about $45, including overhead and fringe

benefits. Miscellaneous costs include small items that are not catalogued

under the other three headings (e.g., orfice supplies). These costs scale

with electric power. General and administrative costs are considered to

represent an additional 15% of the annual operating costs.

Maintenance Costs - Maintenance and maintenance-related functions play a

major role in the economic analysis of the fusion power plant. A key variable

in maintenance is the fraction of the torus replaced per scheduled outage

(Sec. 7.1.). The systems code evaluates all replacement options for which an

integral number of sectors can be replaced each time. Table F-6 illustrates

some of the possible replacement fractions for a 36-sector torus. For each

replacement option there is a particular number of maintenance sets and

operations personnel as well as the expected length of time required. These

requirements are shown in Table F-7 for a number of sector-replacement

options. For each maintenance option the plant availability is computed as is

shown in Fig. F-l. The overall power-plant availability is calculated as the

ratio of plant operating time to total elapsed time. The ratio used is the

TABLE F--6

EBTR BLANKET/SHIELD REPLACEMENT FRACTIONS FOR 36 SECTOR TORUS

Replacement
Fraction

1

1/2

1/3

1/4

1/6

1/9

1/12

1/18

1/36
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Number of Sectors
Replaced per Outage

36

18

12

9

o

L

3

2

1

Number of Outages Required
to Replace All Sectors

1

2

3

h

6

9

12

18

36



TABLE F-7

MAINTENANCE EQUIPMENT, MANPOWER, AND TIMES FOR VARIOUS MAINTENANCE OPTIONS

Number of
Sectors

Replaced

1

2

3

4

5

6

12

Number of
Maintenance

Sets<>>

1.68

1.68

1.68

2.37

2.37

2.37

3.53

Number of
Maintenance
Personnel

21

24

27

29

32

35

53

Number of
Maintenance
Days R e q u i r e d ^

8.46

15.42

22.38

22.38

22.38

22.38

22.38

(a)

(b)

Based on one maintenance set consisting of: one 300-tonne crane, one
overhead manipulator, one transporter, one general maintenance machine,
three cryopump maintenance machines, and one set of welders and sector
extractors.

For more than three sectors, three are replaced in series, the rest are
replaced in parallel (Sec. 7.11.).

average over the life of the plant. The elapsed time includes the time

allocated to maintenance of the plant and the reactor. Specifically,

AVAILABILITY
OPERATIONAL TIME
ELAPSED TIME

OPERATING TIME

OPERATING TIME + MAINTENANCE TIME
. (F-4)

The maintenance times considered in this study include: a) reactor scheduled

maintenance period for replacing the first-walI/blanket and auxiliary

equipment, this period being dependent upon the fraction of the first wall

replaced and the maintenance plan; b) the plant and reactor unscheduled

maintenance outage allowance; and c) the balance-of-plant (BOP) scheduled

maintenance period. Rather than compute the total maintenance period as a

simple summation of the above-defined maintenance times, the scheduled

maintenance periods for the reactor and balance-of-plant are frequently

accomplished simultaneously. The extent of simultaneous maintenance is

dependent upon the duration and frequency of the respective scheduled

maintenance periods. Case Number 1 in Fig. F-l illustrates that when the wall
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CASE NO i
OAYSMAN

NOTE SOME REARRANGEMENT OF
SCHEDULED MAINTENANCE
ISPM1 IS REQUIRED AS
SHOWN BY DASHED BLOCKS)

DAYSMAN - WALL MAINTENANCE DURATION IN DAYS
SPM E SCHEDULED MAINTENANCE PFRIOD IN DAYS
USM = FORCED OUTAGE IN DAYS PER OPERATING YEAR
SPM • SCHEDULED BOP MAINTENANCE DURATION JN DAYS

PER OPERATING YEAR
YRSPOTG * OPERATING TtVE IN YEARS BETWEEN SCHEDULED OUTAGES

• WALL LIFE X NO MODULES REPLACED PER OUTAGE ^TOTAL NO OF MODULES

- YRSPOTG AVAIL-

0 spM E 3

AVAILABILITY '

[ DAVSMAN * SPM

YRSPC

IYRSPOTG 11

I—J

VRSPOTG AVAIL

CASf NO 2
DAVSMAN > SPM

DAYSMAN•

SPM K J . j

AVAILABILITY •

|—

Q

L —|

0
0 SPM

A V A I L A B I L I T Y =
365 • USM • SPM

YRSPOTG'AVAIL

CASE NO 4 I '

DAYSMAN < SPM DAYSMAN Q Q S Q , Q Q G
YRSPOTG < 1 ' ' 1 '

Q

AVAILADILITY =
365

365 • USM * SPM • DAYSMAN
11 - YRSPOTG1

Fig. F-l. Illustration of four maintenance scenarios and the respective
computation of power-plant availability.

maintenance duration (DAYSMAN) is longer and less frequent than the scheduled

BOP maintenance (SPM), one BOP scheduled maintenance period can be rearranged

and absorbed without affecting the plant availability. Case Number 2 shown in

Fig. F-l considers the circumstance where the first-wall maintenance interval
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is more frequent but longer than the BOP maintenance. In this case the

first-wall maintenance completely dominates the availability, with SPM being

rescheduled during the first-wall maintenance period. If the period of the

first-wall maintenance is less frequent and of shorter duration than the

scheduled BOP maintenance, as is shown in Case Number 3, the BOP maintenance

determines the plant availability, and BOP maintenance is rearranged for

simultaneous maintenance with the first wall. Case Number 4 completes the

possibilities with DAYSMAN shorter than SPM and more frequent. Even with

rearrangement, only one first-wall maintenance period can be absorbed into the

BOP maintenance duration, with the remainder of the wall replacement periods

being accounted in the availability. In all of the above cases the

unscheduled or forced outage is not shown, because it is included in the

calculation of availability.

Once the availability has been calculated for each option, the total

annual maintenance cost is calculated as follows.

Annual Maintenance Cost = (11.02) TMA/Y + (C220101)A/W, (F-5)

where T = Blanket replacement days per outage

M = Manpower required

A = Availability

Y = Years between outages

W = wall life

C220101 = Cost of a blanket/shield sector (Account 22.01.01).

Fuel Costs - These costs are associated with the annual cost of deuterium

and are computed as a function of fuel consumed at a cost of 2170 $/kg.

Tritium is bred in the reactor, and no fuel cost is associated with this fuel

component.

F.3.4. Calculation of COE, From the above costing model, the COE can be

determined. Following the method outlined in Appendix G, the capital costs

are translated into annual costs in both "constant-year" and

"then-current-year" dollars. These costs are added to the annual operating,

maintenance, and fuel costs for each maintenance option to find the total

annual cost (CTDT). These total costs are then converted to COE by the

following relationship.
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COE = (114.16) JEE (mills/kWeh) (F-6)
Pne A

The maintenance option with the lowest associated COE is then selected.
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APPENDIX G: COSTING

G.I. Introduction and Summary

This appendix presents the guidelines and analyses pertaining to the

costing of the EBTR conceptual design power plant. A majority of the work

presented herein was accomplished for a similar study of the STARFIRE tokamak

fusion reactor. Much of the costing procedure developed for the STARFIRE

designs is also applicable to this study as well ss to most prospective fusion

reactor conceptual designs. Many of the costing precepts have been adopted to

allow standardization of the economic evaluations. The use of the common

features snd guidelines have allowed much greater design and costing detail than

would ...ve been possible within the EBTR study schedule or cost constraints.

The costing of the STARFIP.S and the EBTR studies were both accomplished by the

cooperative efforts of McDonnell Douglas Astronautics Corporation (MDAC) and The

Ralph M. Parsons Company (RMP).

In order for a fusion reactor to become a commercially attractive power

source, three criteria have to be satisfied. First, the performance and

reliability of the new technologies associated with fusion will have to be

provt J the degree required by commercialization. Second, the safety and the

envir-.i nental impact of the fusion process and fuel cycle will have to be more

attractive than alternative energy systems. Third, the economics of a fusion

power system have to be competitive with that of other energy systems. The

purpose of this study is to develop a conceptual design of an EBT Reactor that

can be used to assess how well these criteria can be met by the EBT concept.

This appendix estimates the capital costs associated with the developed design;

the fu]1 costing basis is given.

The EBTR cost estimate is specific to this system and reflects the unique

ground rules applied to this study. It is expected, however, that many of the

results can be used to assess economic trends for many other magnetic fusion

concepts. When comparing results with an estimated cost of an existing power

plant, it should be emphasized that the EBTR design is preconceptual, with some

subsystems not fully definsd or developed. Cost estimates for poorly defined

subsystems were determined with implicit design allowances to account for

uncertainties. Fortunately, many of the balance-of-plant (BOP) and heat

transport systems are similar to existing PWR systems, and this similarity

should enhance the cost credibility. The direct capital cost estimates

associated with the reactor plant equipment, the BOP equipment, land, and all

679



the related structures and site facilities, are based upon supplier quotes,

historical data, and costs of analogous systems. The indirect costs related to

construction are assessed based upon DOE recommendations2 with design specific

modifications being made. Time-related costs account for both interest and

escalation during construction. The annual costs include the annualized capital

cost, the operations and maintenance costs, the fuel costs, and any scheduled

component replacement costs. Given these costs along with the plant capacity

(i.e., net power) and the plant availability, the bus-bar energy cost is

determined. These costs are presented in both constant-year (1980) dollars and

then-current-year (1985) dollars, which represents a nominal facility cost for

the first year of operation.

This appendix defines the economic guidelines and assumptions used in the

study and analyses. The key design, performance, and operational features and

their impact on the economics of the overall system will be discussed. The

capital cost accounts follow the DOE guidelines and provide a uniform

evaluation tool by which possible comparisons can be made with other studies.

The estimated capital costs for EBTR are discussed, with any significant

influencing factors or components highlighted.

The total direct and indirect costs are summarized in Table G-l for both

constant-year-1980 dollars and then-current-year-1985 dollars. Table G-2 shows

the total bus-bar energy cost for the fusion generated energy. These values are

higher than are currently being projected for new fission plants, but EBTR

fusion power plants will become competitive as the cost of fissile fuel

continues to escalate compared to the negligible cost of the fusion fuel

(Sec. 8.3.3.3.). After reviewing the economic guidelines/assumptions and the

key design features in Sees. G.2 and G.3, respectively, the capital cost

accounts and capital cost per se are given in Sees. G.4 and G.5, respectively.

Section G.6 summarizes the bus-bar energy cost that emerges for EBTR. The

economic assessment of the EBTR power plant is discussed in Sec. 8.3.

G.2. Economic Guidelines and Assumptions

To assure a consistent, uniform and complete economic evaluation of EBTR,

the DOE guidelines for costir* fusion systems2 were adopted to the maximum

extent for this EBTR study. This procedure will assist in an evaluation of EBTR

that is consistent with procedures used for alternate energy systems. To insure

that all data are consistent and easily comprehended, the study guidelines will

be defined in the following subsections. These guidelines apply both to design

630



TABLE G-l

SUMMARY OF EBTR CAPITAL COSTS

I£ Cost Account

20 Land and Land Rights

21 Structures and Site Facilities

22 Reactor Plant Equipment

23 Turbine Plant Equipment

24 Electric Plant Equipment

25 Miscellaneous Plant Equipment

26 Special Materials

Total Direct Cost

91 Construction Facilities, Equipment, and Services

92 Engineering and Construction Management Services

93 Other Costs

Subtotal

94 Interest During Construction

95 Escalation During Construction

Total Capital

Cost/Generating Capacity ($/kWe)

1980
Constant
Dollars

278.06

0.00

2871.91

2366

Cost (M$)

3.30

289.76

1425.73

249.68

100.50

39.60

0.25

2108.82

210.88

168.71

105.44

2593.85

1985
Then-Current

Dollars

650.80

403.08

3647.73

3005

TABLE G-2

TOTAL BUS-BAR ENERGY COST

Annual Cost (M$)

Annualized Cost of Capital

Operations and Maintenance

Scheduled Component Replacement

Fuel

Total Annual Cost

Cost of Electricity (mills/kWeh)

1980
Constant
Dollars

287.19

19.41

11.54

0.33

318.47

38.9

1985
Then-Current
Dollars

547.16

24.77

14.73

0.42

587.08

71.7
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and economic analyses. All costs quoted in this report are referenced to 1980

dollars unless defined otherwise. It is assumed that the user of the power

plant will be an investor-owned utility.

G.2.1. Level of Technology. The EBTR design philosophy adopts the state-

of-the-art technology for all BOP systems except where incorporation of specific

advances in technology will enhance the performance, schedule, and/or cost. An

example is the use of three stages of moisture separation for the steam turbine

rather than the current practice of using one stage; for this example rhe

turbine cycle efficiency is improved from 34 to 35.5%. For the construction

time frame envisaged it is likely that this improvement would be a tnen-current

technology. Another example is the use of multiplex cabling and distributed

microprocessors to reduce schedule constraints and system costs. Most of the

BOP systems selected for EBTR represent current PWR technology (i.e., the Steam

Generators, Turbine and Electric Plant Equipment, Condensing and Heat Rejection

Equipment, and most of the Miscellaneous Plant Equipment). The Reactor

Building, albeit unique, conforms to current construction practices. All other

buildings are also considered to be of conventional design.

Three levels of technology compose the reactor plant equipment. The first

level represents technologies that have been demonstrated for a commercial power

plant. Typical of this level is the Primary and Closed Coolant Systems, power

supplies, portions of the Radioactive Waste Treatment and Disposal system, and

most of the Other Reactor Plant Equipment. The second level of technology

represents technologies that have been demonstrated in existing power plants,

but the application, design, and/or configuration is new or unique. This level

is only a modest extrapolation of the existing state-of-the-art; examples are

elements of the shielding, the Atmospheric Tritium Cleanup System, elements of

the Maintenance Equipment, Special Heating Systems, Inert Atmosphere System, and

Reactor I&C System. The third level of technology is yet to be demonstrated in

a commercial power plant, but the technology may have been commercially

demonstrated by other industries. All these systems and related technologies

are assumed to have been commercially demonstrated in power plants by the time

EBTR is constructed [i.e., first-wall/blanket/limiter systems, the

superconducting coils, rf power amplifiers, waveguides, large vacuum cryopumps,

electron cyclotron resonance heating (ECRH) system components, cryogenic

cooling, tritium processing and storage, and special remote maintenance

equipment].
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Another aspect of the level of technology involves the design and

operational philosophy of remote maintenance. This philosophy will require a

re-evaluation of present power-plant design criteria, procurement procedures,

and operational practices. Designs will have to be modified or redesigned for

modular replacement and firmer control will have to be enforced on

specifications and interchangeability of parts. This philosophy represents an

evolutionary change in the power industry, but it will be necessary in the

future.

It is implied in all of the foregoing discussions that EBTR is not the

first-of-a-kind fusion power plant. Specifically, it has been assumed that EBTR

is the "tenth-of-a-kind" power plant based on a specific design technology and

that all systems have been thoroughly proven. Equipment R&D costs, therefore,

are not included, and the equipment is costed with appropriate learning curves

applied. Engineering and Construction Management Services (Cost Account 92) are

reduced to a degree that reflects the design standardization of the reactor and

BOP. No tooling costs are included in the cost estimate as all initial tooling

costs are amortized over the previously constructed fusion power plants.

Learning curves will be applied to the cost estimates for EBTR. The

learning or experience curve is a concept which reflects a cost reduction of a

product through experience as the manufactured quantity increases. This

learning curve is usually charted by comparing the unit cost after a doubling of

the production quantity. The percent of learning is directly related to the

degree and complexity of the labor involved in the process compared to the total

product cost. No further learning will be assumed by the EBTR cost estimate

(i.e., learning curve is 100%) for all large, common material purchases such as

3O4SS, aluminum, and steel. Materials required for EBTR that may create demand

or influence marketable quantities (i.e., NbTi, Nb^Sn, or LiAlC^) will be costed

on the basis of a 98% learning curve. Systems which have a small labor

requirement (i.e., power supplies, amplifiers, and electronics) will be

estimated with a 95% learning curve. The more labor-intensive systems (i.e.,

first-wall/blanket modules, turbines, and tritium processing equipment) will be

costed witli an 85% learning curve. The actual cost reduction also depends on

the quantity of the components, units, or systems produced prior to the

tenth-of-a-kind EBTR reactor. Most cost estimates from the subsystem designers

for unique systems will be in the form of first-of-a-kind unit costs.

Thirty-six toroidal-field (TF) magnet sets would be required for each reactor,
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resulting in at least 324 TF coils of a specific design being purchased prior to

this cost estimate. For a 90% learning curve with a moderately labor-intensive

system, the block-average cost would be less than one-half the first unit cost.

Specifically,

BLOCK AVERAGE COST = _ J " [1st Unit Cost]

= (0.412) [1st Unit Cost] (G-l)

G.2.2. Reference Site. The reference site chosen for the EBTR study

follows the DOE recommendations. The reactor site is near the hypothetical

midwestern town of Middletown (population 25,000) and is adjacent to the "North

River". Kansas City, MO was chosen for specific values of labor and material.

The site size was assumed to be 1000 acres with the 1980 cost of $3000 per acre.

The North River will provide access for shipment by barge of large equipment, as

wel] as providing sufficient water for all plant requirements. The seismic

requirements have been upgraded from Zone 1 (Ref. 3) to Zone 2; in this case the

design would be acceptable in approximately 95% of the land area within the

United States. All other reference site recommendations were adopted from the

DOE specifications.2

G.2.3. Design Allowance, Contingency, and Spare Parts. Design allowance

is a method of accounting for the cost differences between a technically

immature design (upon which the cost estimate was based) and the final mature

design. The EBTR cost estimate assumes that the Structures and Site Facilities

and the Balance of Plant [Accounts 21, 23, 24, and 25 (Sec. G.4.)] are

sufficiently well developed in the fission industry and are well enough

understood in concept not to require any design allowance. This assumption is

in agreement with Appendix A of Ref. 3. The Reactor Plant Equipment

(Account 22) incorporates mainly new equipment and, therefore, requires a design

allowance. Contrary to Ref. 3, the use of a fixed allowance of 10% was not

incorporated. Instead, each subsystem was analyzed according to its degree of

technical and production maturity of the design; based upon this assumption, an

appropriate design allowance was levied.
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A contingency allowance is added to a cost estimate in order to account for

the difference between the sum of individual estimated costs and the total

amount that is reasonably expected to be spent, considering the degree of

uncertainties in the estimated quantities, prices, and labor productivity. This

contingency allowance is intended to reduce the risk of an overrun. The EBTR

estimate uses the recommended value of 15°4 for Accounts 21, 22, 23, 24, and 25

from Ref. 3.

Any power plant requires a supply of spare parts that must be held in

inventory in order that the plant quickly recover operation in event of a

breakdown. Spare parts do not include equipment that ia permanently connected

in the systems to assure a desired level of redundancy. The spare parts are

considered capital cost items that must be held in reserve for use during

unexpected breakdowns or scheduled maintenance actions. The spare parts

inventory should be increased to assure adequate supplies if lead times are

unusual ly long.

The spare parts allowance is assumed to be a percentage of direct equipment

cost. The spare parts allowances adopted from Ref. 3 are:

Cost Account Spajje Partis Al Iowa nee

21, 22, 23 2%

21; 4%

2 5 M

Others b%

Any costly component that requires a spare inventory is separately identified.

Section G.5.3.15. gives the the major items identified as spare parts in the

Reactor Plant Equipment. These major items are additive to the standard

allowances given previously.

G.2.4. Indirect Cost Allowances. The indirect cost allowances are

expenses resulting from the support activities required to design, fabricate,

assemble, and checkout the entire power plant. The three major accounts are

Construction Facilities, Equipment and Services (Account 91), Engineering and

Construction Management Services (Account 92), and Other Costs (Account 93).

Section G.4. gives additional detail for specific items included in each

account.

Construction Facilities, Equipment and Services (Account 91) is somewhat

different from fir-sion plants in that more modular plant equipment is planned

for EBTR with assembly and major checkout being conducted offsite. These
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preassembled modules will be much larger than most fission reactor components

with the exception of the PWR pressure vessel. The cost estimate of the

Construction Facilities, Equipment and Services adopts an allowance of 10% of

the total direct cost. This approach was selected because the plant size and

power output are only slightly larger than a current PWR, whereas the estimate

is being scaled as a percentage of the direct cost, which is considerably larger

than the direct cost of a current PWR power plant. Most of the high cost items

(magnets, blanket, or shields) require very little handling and no field

construction.

Engineering and Construction Management Services (Account 92) consists of

the expenses for reactor and plant engineering and construction management

services. The EBTR design philosophy of applying the current and envisaged

power plant technology will certainly reduce the required engineering for the

BOP and the heat transfer and transport systems. Also the tenth-of-a-kind

reactor will require reduced engineering services. The only engineering

services being considered are those which are necessary for site development,

utility requirements, new or updated regulatory guides, and design improvements.

Services required of the construction management will he eased somewhat because

of familiarity with the PWR systems and the nine prior hfcsTK systems. Offsetting

those advantages is the management of the construe tiur. of a large reactor

building, the handling of large and expensive equipment, anri the coordination of

potentially more complex tasks. Based upon these considerations and the

capital-intensive cost base, it was concluded that Account 92 costs could be

estimated to be a factor of 8% of the Total Direct Capital Cost.

Associated with other costs (Account 93) are taxes, insurance, staff

training, plant startup, and owner's general and administrative (C&A) costs.

Most of these items scale directly with the direct capital expense, and the EBTR

estimate, therefore, adopted the recommended 5°' of the Total Direct Capital Cost

for Other Costs.2

G.2.5. Time-Related Costs. Time-related costs are incurred because the

fabrication, installation, construction, checkout, and startup occur over a

finite period of time. These expenses are related to the opportunity cost of

money and the changes in the purchasing power of the dollar with respect to

time. Account 94 represents the allowance for funds used during construction

(AFDC) or interest during construction (IDC;. The IDC is the expense of the

interest charges of financing the debt, the charges on the equity (common stock)
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portion of the financing, and any administrative charges on the financing. The

interest during construction is determined by three elements: the total direct

and indirect capital cost of the facility; the time distribution of the capital

expenditures; and the aggregate interest rate on all financing charges. The

direct and indirect costs are estimated using present-year-1980-dollar price

levels. The time distribution of the capital expenditures is dependent upon the

.instruction schedule, the construction techniques, the material and equipment

purchases and progress payments, and the checko1 t and startup si nedule. The

expenditure pattern^ shown in Fig. G-1 is adopted by this study.

The aggregate interest rate is representative of a privately owned utility.

Tne roll owing assumptions are used as a basis for determining the cost of
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Fig. G-l. Fusion power plant expenditure pattern.'
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• Utility is investor owned

o Capital structure is 53% debt financing and 47% equity (common stock)
financing

• Nominal cost of debt financing is 8% per year

9 Nominal cost of equity financing is 14% per year

• Power plant economic lifetime is 30 years with no salvage value

• Cost escalation and general inflation is 5% per year

Given these assumptions, the nominal cost of capital is 10% per year, and the

real (deflated) cost of capital is 5% per year.

Two modes of economic analysis are utilized in this study. The first mode

is a "constant-dollar" mode, which assumes the purchasing value of the dollar

remains constant over time. This constant-dollar analysis will express the cost

in 1980 dollars. The inflation is assumed to be zero and the cost of capital is

5% per year. The second analysis uses the "then-current-dollar" mode which

assumes the purchasing value changes over time (inflation rate is not zeru).

The cost of capital for this mode is 10% per year, and the escalation is 5% per

year. Figure G-2 illustrates the means by which interest and escalation are

additive to the direct and indirect cost of capital. The specific values

assumed for interest and escalation have been standardized2 for comparison

purposes with other fusion studies and are not intended to reflect actual

interest and inflation fluctuations. All costs reported in Accounts 20 through

26 and 9] through 93 are presented in current-year-1980 dollars, and all effects

of cost of capital and escalation during construction are reported,

respectively, in Accounts 94 and 95 as factors of total direct and indirect

costs.2 The then-current-dollar analysis gives essentially a nominal first-year

facility cost, with escalation only computed during construction.

Considerable care should be exercised when comparing the cost of EBTR to

that of other energy sources (Sec. 8.3.3.). Key factors involve the cost basis

of the estimate (usually the start of construction), the length of construction,

the basis for the cost of capital and escalation, and the presentation mode of

the facility economics (e.g., constant, then-current, or levelized). Any new

energy source starting construction now will certainly cost more than an

existing energy source due to inflation. Therefore, any comparison should only

consider new starts on alternative energy sourr ̂.s.
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Fig. G-2. Comparison of constant and then-current dollar analyses.

G.3. Key Design, Performance, and Operational Features

Several key features of a power plant directly influence the capital and

operational cost. Section G.2. discusses economic and financial features, and

this section discusses the design, performance, and operational features that

impact jn the plant economics. Thw economic implications inherent to the

selected baseline features of the EBTR are thereby highlighted. The

design-point selection (Sec. 6.2.) was followed by a series of trade studies of

several key design parameters discussed in Sec. 5. Table G-3 lists the major

design, performance, and operational features that can significantly affect the

power plant economics.
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TABLE G-3

KKY EBTR DESIGN, PERFORMANCE, AND OPERATIONAL FEATURES

• Tenth-of-a-kind of a specific design technology

• High aspect ratio device

• Enhanced maintenance access

• Steady-state operation

• Lower hybrid heating (LHH) tor plasma startup

• ECRH for electron ring formation/sustenance

• Limiter/vacuum impurity-control system

• Sta i nless-stt't-.l first-wall and blanket structural 'UAI'TI.JI

• Moderate neutron wall loading

• Reactor thermal power output of 400') MWi

• Pressurized-water primary coolant

• No intermediate ;oolant loop

• High efficiency steam turbine-generator

• High plant availability

o Low fue1 cost

The EBTR design philosophy reflects a mature fusion energy industrv ':.•.,

tenth of a specifK design). Several design features reflect this ph: i - ••;i':<.::

steady-state operation, enhanced maintenance access, rf heating ra!.;,.jr t..;-:

neutral-atom beams, and 1 imi ter/vacuum impurity-control system. These l >-;it.ur-- :

remain to be thoroughly demonstrated, but they have been shown to be tciisi1-:.-

and would he typical of the design features to be found on a mature fusio1! p"wtr

plant .

The steady-state operation relieves thermal fatigue problems and increases

the system reliability. Steady-state operation also eliminates the need for

thermal and electrical energy storage. Commercial operation also requires

adequate maintenance access and other provisions not required in experimental

devices or demonstration machines. The EBTR design incorporates accessible and

maintainable wall/blanket sectors, as well as providing adequate space around

the reactor for maintenance equipment. The decision to incorporate fully remote

maintenance in t^e Reactor Building and Hot Cell represents another strong

influence on system economics. This decision anticipates that the nuclear

regulatory process will result in and require fully remote maintenance by the

time fusion becomes a commercial reality. Remote handling is currently
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undergo!nj> rapid development, and it is anticipated thac the necessary equipment

has been developed and is being utilized.

The use of rf heating in place of neutral-atom beams and the use of

iimiter/vacuum impurity control in place of a magnetic divertor was selected for

reasons of design simplification, enhanced maintainability and improved

performance. An added benefit of these approaches are systems that are less

expensive than the alternatives.

It has been shown that power reactors exhibit an economy of scale; larger

reactors have lower cost of electricity (COE). Three important utility

considerations, however, limit the desirable power rating. The first

cont.ider.-it ion is the difficulty of raising the capital for larger power plants.

The second consideration relates to the cost of reserve electric power capacity

than the utility must provide in order to compensate for scheduled and

unscheduled outages; the impact on the electrical grid of an unscheduled outage

for a large power plant represents another concern. The cost of reserve

capacity increases with the size of the individual power plant. The third

i- ins i fit-rat ion is the maximum capacity of a single turbine generator by the year

2000, which is postulated to be in a range around 1400 MWe(gross). The most

-iesirahle power rating at present, therefore, is in the range of 3000-4000 MWt

[K'.V) MWe(net)] for electrical power; the power level for this EBTR design was

targeted within this range.

The selection of the first-wall and blanket structural material is a

significant element of the conceptual design. A key factor in this choice is

the anticipated integral neutron wall loading or wall fluence (MWyr/m2). A

trade study was conducted in conjunction with the STARrIRE design1 which

concluded that a fluence limit of 16 MWyr/m^ for primary candidate alloy

stainless steel (PCASS) was acceptable from the viewpoint of radiation damage

and would yield reasonable economic results. The neutron wall loading also has

a substantial impact on the physical size of the reactor. For the same fusion

power, higher neutron wall loading results in a smaller surface area, higher

power density, smaller reactor volume, and potentially lower cost. This obvious

correlation underlines the motivation for developing designs with higher neutron

wall loadings. Limitations exist, however, on the ability to produce aud use

high wall loadings. The upper limits on neutron wall loadings are dictated

primarily by the first-wall cooling capability and the structural lifetime.

Constraints imposed by the maximum operating temperature and thermal stresses
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establish an upper bound on the allowable neutron wall loading. For a given

lifetime fluence, the neutron wall loading must assure that the frequency of

structure replacement is not excessive. For a given structural material and a

fluence lifetime, the loss of energy production associated with high neutron

wall loading and the resultant short wall lifetime must be weighed against the

economic gain realized by designing a small size reactor. The STARFIRE1 average

neutron wall loading was chosen to be 3.6 MW/m2 on the basis of trade studies.

However, the maximum wall loading of an EBT is further constrained by the

intrinsic transport scaling and the magnet configuration. The plasma operates

best at high magnetic aspect ratios and, hence, high physical aspect ratios>

which in turn results in lower wall loadings for a given total power. As the

physical aspect ratio is lowered through the use of aspect-ratio-enhancement

(ARE) coils, which maintain high magnetic aspect ratios, the neutron wall

loading can be increased. This increase is limited by the current carrying

ability of the ARE and TF coils, the resultant stored energy, and the

interactive coil forces. The EBT design point adopted by this study uses a

physical aspect ratio of 35 and a neutron wall loading of 1.4 MW/m2.

Several performance factors within the Main Heat Transfer and Transport

System have an important effect on the system economics. The pumping power and

the turbine inlet temperature, which governs the gross efficiency of the power

conversion system, are key economic determinants. An increase in pumping power

(or auxiliary power in general) by 10 MWe increases the then-current 1985 COE

approximately 0.5 mi-lls/kWeh (approximately 0.8%); this increased COE is

equivalent to a $30M capital cost increase. If the gross cycle efficiency is

reduced by one percentage point (35.5% to 34.5%), the COE increases over

2.0 mills/kWeh (> 3%), which is equivalent to a $100 M capital cost increase.

On the basis of these economic incentives, efforts were concentrated on

maintaining an optimum performance of the Main Heat Transfer and Transport

System. For example, the present practice in PWR steam turbines uses a single

stage of moisture separation with a resulting gross cycle efficiency in a range

around 34%. With three stages of moisture separation the efficiency can be

increased to 35.5%. The R&D costs associated with this more advanced technology

would be amortized over the first few fusion plants or by more advanced fission

plants. The engineering design conditions for the EBTR also permit elimination

of the thermal energy storage and intermediate coolant loop.
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Plant availability is one of the most economically influential features of

any power plant. A reduction in availability from a nominal 75% to 74£

increases the COE almost 1.0 mills/kWeh for a capital-intensive facility like

EBTR. EBTR was designed principally around a PWR BOP that typically operates

with an availability of 60 to 80%. The reactor design was developed to permit

all scheduled maintenance to occur during the maintenance of the BOP. System

redundancy, ease of component replacement, and development of reliable

components should permit an overall plant availability of 77% for the EBTR

design. This plant availability also includes a major shutdown for TF-coil

anneals every 10 years. The steady-state operation of EBTR should considerably

improve reliability for the application of economically optimum engineering

safety factors.

The periodic first-wall and blanket replacement is an important operational

feature. An integral neutron wall loading of 16 MWyr/m^, a neutron wall load of

1.4 MW/m^, and an overall plant availability of 77% yield a first-wall life of

approximately 15 calendar years. The maintenance scenario calls for replacing

three of the 36 torus sectors during the annual maintenance period in the last

12 years of any 15-year cycle. This expenditure is taken into account under the

Annual Scheduled Component Replacement costs. The rewote maintenance equipment

is designed to accomplish the required replacement within the annual maintenance

period. The resultant impacts of remote maintenance on the reactor and hot cell

have been incorporated in both the design and cost analyses. Cost for the

maintenance equipment is shown in Account 22.06.01 under Other Reactor Plant

Equipment.

Another attractive feature of a DT fusion power plant is the low cost of

fuel. Deuterium is currently estimated to cost in the range of $2OOO/kg.3 If

the reactor consumes 0.5 kg/d, the annual deuterium cost is approximately

$300,000. Adequate tritium would be bred by the reactor and, therefore, is not

considered as a cost item. Reference 3 states that the current price of tritium

is $5M/kg. However, as the fusion economy develops, tritium will become more

plentiful. The future cost will be dependent upon the then-current supply and

demand for tritium, but will probably never decrease below the cost of

processing and handling. The startup cost for tritium has not been taken into

account; several years of plant operation may be required before the plant

becomes intrinsically self-sufficient for tritium. The fusion fuel cost will
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amount to approximately 0.04 mills/kWeh j/e_rs_us 8.7 milLs/kWeh for fission plants

and 31.9 mills/kWeh for coal-fired plants of similar sizes [1200 MWe(net)].14

G.4. Capital Cost Accounts

The cost accounting format conforms to the guidelines provided by the

DOE.2 This format has been developed and is used to assist in evaluating

alternative fusion reactor concepts. Specific accounts have heen modified to

represent more clearly systems and design approaches that are unique to EBTR.

Table G-4 lists the EBTR capital cost accounts. Costs are reported for any

element with an account number (third level for Reactor Plant Equipment and

second level for the remainder of the plant). Subelements are shown to display

the content of each cost account. The costs of the main power transformt'rs and

switchyard are not included in the cost estimate, although these systems are

discussed as part of the BOP section and are shown in the site plan. Reference

2 excludes these items because the intent is to evaluate the generator bus-bar

energy cost. Items included in the costs are the generator switchgear, station

service and startup transformers, and the main bus wiring up to the generator

voltage terminals.

To help understand the account system and to assist in locating cost items,

an explanatory discussion will follow. All intersystem power, control, and

instrument wiring will be placed under Electric Plant Equipment, Power and

Control Wiring (Account 24.06). Impurity Control System (Account 22.01.08) only

includes the limiter. The low-Z coating on the first wall is reported under

Blanket and First Wall (Account 22.01.01) and the Vacuum System is included

under a separate account (Account 22.01.06). All Reactor Plant Equipment power

supplies are included under Power Supply, Switching and Energy Storage (Account

22.01.07) unless the power supplies are integral to the basic system. All Plant

I&C, except for the Reactor Plant I&C, are included under Turbine Plant I&C

(Account 23.07).

£_• A L . Capital Costs

This section gives the costing logic and supporting data base used for the

generation of the EBTR capital cost estimate. Factors that determine and

influence the costs are examined. The total capital costs are shown in

Table G-5. The table is identical to Table G-4 except the subelements are

eliminated, and only those elements are shown for which costs are reported.
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TABLE G-4

FBTR CAPITAL COST ACCOUNTS

Account
Number Account Title

20 LAND AND LAND RIGHTS

20.01 Land and Privilege Acquisition

20.02 Relocation of Buildings, Utilities, Highways,

and Other Services

21 STRUCTURES AND SITE FACILITIES

21.01 Site Improvements and Facilities

General Yard Improvements
Grading, General Excavation and/or Fill,

Landscaping, and Site Clearing
Roads, Sidewalks, and Parking Areas
Retaining Walls
Fences, Railings, and Gateways
Sanitary Sewer System
Yard Drainage and Storm Sewer System
Roadway and General Yard Lighting

Waterfront Improvements

Revetments
Levees
Breakwaters

Transportation Access (Offsite)

Highway Access
Railway Access
Waterway Access Facilities
Air Access Faci1ities

21.02 Reactor Building

Basic Building Structures

Earth Work Including Dewatering, Walers
Steel Sheeting

Substructure Up to Grade Including Concrete,
Reinforcing, Forms, Embedments
Superstructure
Special Shielding and Air Locks

Building Services

Plumbing
Heating, Ventilation, Air-Conditioning
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TABLE G-4 (contd)

Account
Number Account Title

21 STRUCTURES AND SITE FACILITIES (contd)
(See 22.05.0/ and 22.06.05)
Fire Protection System

(Lighting and Service Power Covered in 24.07)

21.03 Turbine Building

Basic Building Structures
Earth Work
Substructure, Embedments
Superstructure Including Structural and

Gallery Steel

Building Services

Plumbing
Heating, Ventilation, Air-Conditioning
Fire Protection System

21.04 Cooling System Structures

Intake Structures

Earth Work
Supply Pump House
Protective Relief Slabs for Supply Pipe Lines

Discharge Structures

Earth Work
Protective Relief Slabs for Discharge Lines

Unpressurized Intake and Discharge Conduits

Discharge Tunnel
Discharge Canal
De-icing Pump Pit

Recirculating Structures

Earth Work
Recirculating Pump House
Protective Relief Slabs for Circulating

Pipe Lines

Cooling Tower Earth Work (See 23.03.03 for
cooling towers)
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TABLE G-4 (contd)

Account
Number Account Title
21 STRUCTURES AND SITE FACILITIES (contd)

21.05 Electrical Equipment and Power Supply Building

Basic Building Structures

Earth Work
Substructure, Embedments
Superstructure Including Gallery Steel

Building Services

Plumbing
Heating, Ventilation, and Air-Conditioning
Fire Protection System

21.06 Plant Auxiliary Systems Building (Including
Switchgear Bay)

Basic Building Structures
Building Services

21.07 Hot Cell Building
Basic Building Structures
Building Services

21.08 Reactor Service Building
Basic Building Structures
Building Services

21.09 Service Water Building
Basic Building Structures
Building Services

21.10 Fuel Handling and Storage Building
Basic Building Structures
Building Services

21.11 Control Room Building

Basic Building Structures
Building Services

21.12 Onsite AC Power Supply Building

Basic Building Structure
Building Services
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TABLE G-4 (contd)

Account
Number Account Title
n STRUCTURES AND SITE FACILITIES (contd)

21.13 Administration Building

Basic Building Structures
Building Services

21.14 Site Service Building

Basic Building Structures
Building Services

21.15 Cryogenics and Inert Gas Storage Building

Basic Building Structures
Building Services

21.16 Security Building

Basic Building Structures
Building Services

21.17 Ventilation Stack

21.98 Spare Parts Allowance

21.99 Contingency Allowance

22 REACTOR PLANT EQUIPMENT

22.01 Reactor Equipment

22.01.01 Blanket and First Wall

First Wall
Wall Modifier
Neutron Multiplier
Tritium Breeder
Structure
Reflector

22.01.02 Shield

Vacuum Boundary and Plasma
Chamber Shield

Vacuum Pump Shield
RF & ECRH Duct Shield
Fuel Injection Shield
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TABLE G-4 (contd)

Account
Number Account Title
22 REACTOR PLANT EQUIPMENT (contd)

22.01.03 TF and ARE Coils

Conductors
StaDilizers
Structure
Insulation
Wiring
Dump Resistors
Helium Tanks
Vacuum Dewars

22.01.04 RF Heating

Gyrotrons
Amplifiers
Phase Shifter
Waveguide/Coax
Window
(Power supplies incld in 22.01.07)

22.01.05 Primary Structure and Support

Coil Support Structure
Midplane Support Structure
Equipment Support Structure

22.01.06 °eactor V cuum

Plasma Chamber System
Magnet Dewar System
Fuel Handling and Storage System
Radioactive Waste System

22.01.07 Power Supply, Switching, and Energy Storage

Lower Hybrid Heating
ECR Heating
TF and ARE Coils

22.01.08 Impurity Control

Limiter and Support Structure

22.02 Main Heat Transfer and Transport Systems

22.02.01 Primary Coolant System (Including Wall, Blanket,
Shield, and Limiter)

Pumps and Motor Drives, Modular and Non-
modular
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TABLE G-4 (contd)

Account
Number Account Title
22 REACTOR PLANT EQUIPMENT (contd)

Piping

Heat Exchange Equipment

Steam Generators
Refrigerator
Reheater
Preheater

; Steam Drums

Tanks

Dump Tanks
Makeup Tanks
Cleanup Tanks
Tritium Extraction Tanks

Hot Storage Tanks

Pressurizing Equipment

Cleanup System

22.02.02 Intermediate Coolant System (Not Required)

22.02.03 Limiter Cooling System

Pumps and Motor Drives
Piping
Heat Exchange Equipment
Tanks
Pressurizing Equipment
Cleanup System

22.03 Cryogenic Cooling System

22.03.01 Helium Liquefier - Refrigerator

22.03.02 LHe Transfer and Storage

22.03.03 He Gas Storage
22.03.04 LN2 System
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TABLE G-4 (contd)

Account
Number '.ocount Title
22 REACTOR PLANT EQUIPMENT

22.04 Radioactive Waste reatment and Disposal

22.04.01 Liquid Waste Processing and Equipment

22.04.02 Gaseous Wastes and Off-Gas Processing System

22.04.03 Solid Wastes Processing Equipment

22.05 Fuel Handling and Storage Systems

22.05.01 Fuel Purification Systems

22.05.02 Liquefaction

22.05.03 Fuel Preparation Systems

22.05.04 Fuel Injection

22.05.05 Fuel Storage

22.05.06 Tritium Extraction and Recovery

22.05.07 Atmospheric Tritium Cleanup System

Reactor Building
Fuel Handling and Storage Building

Hot Cell Building

22.06 Other Reactor Plant Equipment

22.06.01 Maintenance Equipment
Blanket and Coil Maintenance Equipment
Other Maintenance Equipment

22.06.02 Special Heating Systems (Startup Heating,

Equipment Heating, Trace Heating, etc.)

22.06.03 Coolant Receiving, Storage, and Makeup Systems

22.06.04 Gas Systems

22.06 05 Inert Atmosphere System

22.06.06 Fluid Leak Detection
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TABLE G-4 (contd)

Account
Number Account Title

22

22.07

22

22

22

.06

.07

.07

.07

.08

.01

.02

.03

22 REACTOR PLANT EQUIPMENT (contd)

22.06.07 Closed Loop Coolant System

Reactor, Fuel Handling, and Hot Cell HVAC
All HC Systems
Shielding
Hot Cell Waste Processing Storage
Irradiated Vacuum Pumps
Radioactive Waste Treatment and Disposal

Fuel Handling and Storage

Standby Cooling System

Instrumentation and Control
factor I&C Equipment (Burn Control, Plasma

Control, etc.)
Monitoring Systems

Instrumentation and Transducers
(Wiring is included in Acct. 24.06)

22.98 Spare Parts Allowance

Blanket Sectors
Cryopumps
Other Miscellaneous Spares

22.99 Contingency Allowance

23 TURBINE PLANT EQUIPMENT

23.01 Turbine-Generators

Turbine-Generators and Accessories
Foundations
Standby Exciters
Lubrication System
Gas Systems
Reheaters

23.02 Main Steam (or other f l u i d ) System

23.03 Heat Rejection Systems

Water Intake Common Fac i l i t i es

Circulat ing Water Systems
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TABLE G-4 (contd)

Account
Number Account Title
23 "URBINE PLANT EQUIPMENT (contd)

Circulating Water Pumps and Motor
Drives

Pumps to Condensers and to the
Cooling Towers

Cooling Towers

Foundations and Basins
Primary Coding Towers
Waste Heat Cooling Tower
Waste Heat System Heat Exchanger

23.04 Condensing Systems

Condensers

Condensate System

Gas Removal System

Turbine By-Pass Systems

23.05 Feedwater Heating System

Regenerators and Recuperaters

Pumps

Tanks

23.06 Other Turbine Plant Equipment

Turbine Auxiliaries

Auxiliaries Cooling System

LHH and ECRH System (Nonradioactive)
Cryogenic Cooling
Power Supply Cooling
I&C Cooling
Vacuum Pumping (Nonradioactive)
Plant HVAC
Miscellaneous Plant Services

Makeup Treatment System

Chemical Treatment and Condensate Purification
Systems
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TABLE G-4 (contd)

Account
Number Account Title

23 TURBINE PLANT EQUIPMENT (contd)

Central Lubrication Service System

23.07 Instrumentation and Control (I&C) Equipment

Process I&C Equipment
Automatic Monitoring and Control
Isolated Indicating and Recording Gauges,

Meters, and Instruments

23.98 Spare Parts Allowance

23.99 Contingency Allowance

24 ELECTRIC PLANT EQUIPMENT

24.01 Switchgear

Generator Circuits
Station Service

24.02 Station Service Equipment

Station Service and Startup Transformers
Low Voltage Unit Substation and Lighting

Transformers
Battery System
Diesel Engine Generators

24.03 Switchboards (Including Heat Tracing)

Main Control Board for Electric Systems
Auxiliary Power and Signal Boards

24.04 Protective Equipment (General Station Grounding

Systems and Cathodic Protection)

24.05 Electrical Structures and Wiring Containers

Concrete Cable Tunnels, Trenches, and Envelopes
Cable Trays and Support
Conduit
Other Structures

24.06 Power and Control Wiring

Generator Circuits Wiring
Station Service Power Wiring
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TABLE G-4 (contd)

Account
Number Account Title
24 ELECTRIC PLANT EQUIPMENT (contd)

Control Wiring
Instrument Wiring
Containment Penetrations

24.07 Electrical Lighting

Reactor Building Lighting
Turbine Building Lighting
Electrical Equipment and Power Supply

Building Lighting
Reactor Auxiliary Systems Building

Lighting
Hot Cell and Radioactive Waste Processing

Building Lighting
Reactor Service Building Lighting
Fuel Handling and Storage Building Lighting
Miscellaneous Structures and Building Lighting
Yard Lighting

24.98 Spare Parts Allowance

24.99 Contingency Allowance

25 MISCELLANEOUS PLANT EQUIPMENT

25.01 Transportation and Lifting Equipment

Cranes, Hoists, Monorails, and Conveyors

Reactor Building Cranes
Turbine Building Cranes
Hot Cell Cranes
Reactor Service Area Crane
Miscellaneous Hoists, Cranes, Jibs, and

Trolleys

Railway

Roadway Equipment

Vehicle Maintenance Equipment

25.02 Air and Water Service Systems

Air Systems
Water System
Auxiliary Heating Boilers
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TABLE G-4 (contd)

Account
Number Account Title

25 MISCELLANEOUS PLANT EQUIPMENT (contd)

25.03 Communication? Equipment
Local Communications Systems
Signal Systems

25.04 Furnishing and Fixtures

Safety Equipment
Shop, Laboratory, and Test Equipment
Office Equipment and Furnishings
Change Room Equipment
Environmental Monitoring Equipment
Dining Facilities

25.98 Spare Parts Allowance

25.99 Contingency Allowance

26 SPECIAL MATERIALS

Initial Supply of Special (Nonfuel and Nonstructural)
Materials, Fluids, Gases, and Liquids, which require
nonstandard indirect costing or fixed charge rate

91 INSTRUCTION FACILITIES, EQUIPMENT, AND SERVICES

Temporary Facilities

Site Access and Improvements

Building and Structures

Electricity and Water (Temporary Power Lines,
Pipe Lines, and Equipment for Providing
Services During the Construction Period)

Communications Equipment

Aggregate Plant (Includes Equipment for Pouring
or Receiving, Crushing, Classifying, and
Wasing Sand, Stone, and Rock Aggregates)

Concrete Batch Plant

Construction Equipment

Transportation, Lifting, and Unloading Equipment



TABLE G-4 (contd)

Account
Number Account Title

91 CONSTRUCTION FACILITIES, EQUIPMENT, AND SERVICES (contd)

Welding Equipment

Air Compressor

Steam Generators

Chemical Cleaning Facilities

Scaffold, Ladders, and Stairways

Buildings, Furnishings, and Fixtures

Miscellaneous Items (Signs, Barricades, Rope,
Tarpaulins, Plastic Sheeting, Office and Drafting
Supplies, Small Tools, Welding Rod, and other
Expendable Items)

Construction Services

Purchased Utilities

Security Watchmen and Guards

Education and Testing Programs for Labor Force

Materials Receiving and Storage (Pertains only to
Receiving and Handling Miscellaneous Materials at
the Plant Site)

Inspection and Testing of Construction Materials
(Includes Radiography Equipment, Testing Machines,
etc.)

Site Cleanup (Includes General Cleanup Operations
During Construction and Final Job Cleanup)

Operation and Maintenance of Construction
Facilities and Equipment

Insurance, Injuries, and Damage (Excludes Workman
Compensation Insurance, which is included in the
Labor Charges associated with the Direct Costs)

92 ENGINEERING AND CONSTRUCTION MANAGEMENT SERVICES

93 OTHER COSTS
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TABLE G-4 (contd)

Account
Number Account Title

93 OTHER COSTS (contd)

Taxes and Insurance

Staff Training and Plant Startup

Owner's G&A

94 INTEREST DURING CONSTRUCTION

95 ESCALATION DURING CONSTRUCTION
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Account
Number

20

20.

20.

21

21.

21.

21.

21.

21.

21.

21.

21.

21.

21.

21.

21.

21.

21.

21.

21.

21.

21.

21.

.01

,02

01

02

03

04

05

06

07

03

09

10

11

12

13

14

15

16

17

98

99

TABLE G-5

EBTR CAPITAL COSTS

Account Title Costs (1980 M$)

LAND AND LAND RIGHTS 3.30

Land and Privilege Acquisition 3.0

Relocation of Buildings, Utilities, Highways, 0.3
and Other Services

STRUCTURES AND SITE FACILITIES 289.76

Site Improvements and Facilities 11.15

Reactor Building 117.41

Turbine Building 35.92

Cooling System Structures 7.96

Electrical Equirpment and Power Supply Building
(included in 21.02)

Plant Auxiliary Systems Building 3=26

Hot Cell Building 53.69

Reactor Service Building 1.88

Service Water Building 0.66

Fuel Handling and Storage Building 8.63

Control Room Building 3.10

OnSite AC Power-Supply Building 2.05

Administration Building 0.87

Site Service Building 0.87

Cryogenics and Inert Gas Storage Building 0.91

Security Building 0.31

Ventilation Stack 1.81

Spare Parts Allowance 1.71

Contingency Allowance 37.57

22 REACTOR PLANT EQUIPMENT 1425.73

22.01 Reactor Equipment 1018.65

22.01.01 First Wall and Blanket 174.53

22.01.02 Shield 191.46
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TABLE G-5 (contd)

Account
Number Account Title Costs (1980 M$)

22.01.03 TF and ARE Coils 556.90
22.01.04 RF Heating 32.30
22.01.05 Primary Structure and Support 27.84
22.01.06 Reactor Vacuum 8.30
22.01.07 Power Supply, Switching and Energy Storage 26.06
22.01.08 Impurity Control 1.26

22.02 Main Heat Transfer and Transport Systems 62.52

22.02.01 Primary Coolant System 57.44
22.02.02 Intermediate Coolant System
22.02.03 Limiter Cooling System 5.08

22.03 Cryogenic Cooling System 14.90

22.03.01 Helium Liquefier Refrigerator 7.70
22.03.02 LHe Transfer and Storage "i-60
22.03.03 He Gas Storage 2.80
22.03.04 LN2 System 0.80

22.04 Radioactive Waste Treatrent and Disposal 4.80

22.04.01 Liquid Waste Processing and Equipment 1.70
22.04.02 Gaseous Wastes and Off-Gas Processing System 1.80
22.04.03 Solid Wastes Processing Equipment 1.30

22.05 Fuel Handling and Storage Systems 49.00

22.05.01 Fuel Purification Systems 19.50
22.05.02 Liquefaction
22.05.03 Fuel Preparation Systems
22.05.04 Fuel Injection
22.05.05 Fuel Storage
22.05.06 Tritium Extraction and Recovery
22.05.07 Atmospheric Tritium Cleanup System

22.06 Other Reactor Plant Equipment 32.75

22.06.01 Maintenance Equipment
22.06.02 Special Heating Systems
22.06.03 Coolant Receiving, Storage and Make-Up Systems
22.06.04 Gas Systems
22.06.05 Inert Atmosphere System
22.06.06 Fluid Leak Detection
22.06.07 Closed Loop Coolant System
22.06.08 Standby Cooling System

22.07 Instrumentation and Control 23.41
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2
2
8

15

27
0
0
0
0
2
1
1

.20

.00

.00

.60

.70

.30

.00

.24

.08

.00

.00

.97
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Table G-5 (contd)

Account
Number Account Title Costs (1980 M$)

22.07.01 Reactor I&C Equipment
22.07.02 Monitoring Systems
22.07.03 Instrumentation and Transducers

22.98 Spare Parts Allowance

22.99 Contingency Allowance

23 TURBINE PLANT EQUIPMENT

23.01 Turbine-Generators

23.02 Main Steam System

23.03 Heat Rejection Systems

23.04 Condensing Systems

23.05 FeedwaL^t Keating Systems

23.06 Other Turbine Plant Equipment

23.07 Instrumentation and Control (I&C) Equipment

23.98 Spare Parts Allowance

23.99 Contingency Allowance

24 ELECTRIC PLANT EQUIPMENT

24.01 Switchgear

24.02 Station Service Equipment

24.03 Switchboards

24.04 Protective Equipment

24.05 Electrical Structures and Wiring Containers

24.06 Power and Control Wiring

24.07 Electrical Lighting

24.98 Spare Parts Allowance

24.99 Contingency Allowance

25 MISCELLANEOUS PLANT EQUIPMENT

25.01 Transportation and Lifting Equipment

25.02 Air and Water Service Systems

25.03 Communications Equipment

25.04 Furnishings and Fixtures

25.98 Spare Parts Allowance

25.99 Contingency Allowance
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38

180

249.68

77

4

44

19

9

50

8

3,

32.

100.50

9.

12.

7.

2.

17.

29.

7.

0.

12.

39.60

14.

12.

6.

0.

0.

7.61
1.76

14.04

.80

.90

.33

.37

.34

.18

.39

.84

.70

.41

.12

.30

.22

.80

.11

.40

79

96

93

99

68

35

22

75

50

5.10



Account

Number Account Title Costs (1980 M$)

26 SPECIAL MATERIALS 0.25

TOTAL DIRECT COST 2108.82

91 CONSTRUCTION FACILITIES, EQUIPMENT AND SERVICES (10%) 210.88

92 ENGINEERING AND CONSTRUCTION MANAGEMENT SERVICES (8%) 168.71

93 OTHER COSTS (5%) 105.44

SUBTOTAL 2593.85

1980 1985
CONSTANT THEN-CURRENT

94 INTEREST DURING CONSTRUCTION 278.06 650.80

95 ESCALATION DURING CONSTRUCTION 0.00 403.08

TOTAL CAPITAL 2871.91 3647.73

UNIT CAPITAL. COST ($/kWe) 2366 3005

The total direct cost is $2109M. The total capital cost is $2872M and $3648M in

constant-year-1980 dollars and then-current-year-1985 dollars?, respectively.

The following subsections describe the basis used to evaluate each of the

cost accounts. Any cost estimates or data obtained prior to 1980 will be

TABLE G-6

GROSS NATIONAL PRODUCT PRICE LEVEL DEFLATORS

Period Price Deflator5

1972 100.00 (base)

1973 105.80

1974 116.02

1975 127.18

1976 133.71

1977 141.70

1978 152.05

1979 165.46

1980 180.22 (estimated)
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adjusted for inflation by the Gross National Product Price Level Deflator Index,

as is shown in Table G-6, unless noted otherwise.

G.5.1. Land and Land Rights (Account 20). The reference plant site was

chosen to be 1000 acres in a midwestern location. Section G.2.2. defines the

guidelines assumed regarding the plant site. The land requirements are less

severe than for an LWR fission plant in regard to exclusion boundaries; hence,

the 1000 acres are deemed adequate. Sufficient space is provided to construct

multiple plants at the common site. The cost associated with the land and

privilege acquisition is estimated to be $3,000/acre,2 or C2Q Q^ = $3.0M. The

cost of the initial clearing of the land, demolition of existing structures and

relocation of buildings, highways, and railroads is estimated to be 10% of the

land cost, or C20 Q2 = $0.3M. This estimate is reasonable because the

topography and site characteristics are amenable to the EBTR requirements and

the site access2 (i.e., roads, railway, and barge facilities) is adequate. The

value of the land is a nondepreciable asset, but following the recommendations

in Rcf, 2, the co&i". of land will be treated as a depreci'ating asspr in or^er to

simplify the economic analysis.

G.5.2. Structures and Site Facility (Account 21). This account covers all

direct costs associated with the physical plant buildings (i.e., reactor,

turbine, electrical equipment, cooling system structures, site improvements and

facilities, miscellaneous structures and building work, and ventilation stack).

A full description of the items covered under this account is shown in Table

G-4. The cost estimates for this account were prepared by The Ralph M. Parsons

Company. A more detailed definition is given in Sec. 7.13. under Structures and

Site Facilities.

The facility is located in a secured area within the site as is described

in Sec. G.2.2. The site is adjacent to the North River, which supplies adequate

cooling water. The river is assumed to be navigable by barge traffic throughout

the year and provides a means to ship large modules and equipment. Highway

access is also provided by eight kilometers of secondary road leading to a state

highway. The secondary road requires no improvement to permit overland

shipments. Railroad access will be provided by constructing a /-km railroad

spur from the main line to the plant site. Other site-related parameters have

been established on the following bases.

• Incoming power will be provided by two independent EHV power sources,
probably 345-kV high-voltage lines.
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o Power and water for construction are available at the s. ts boundary.

o Communication lines will be provided at the site boundary.

• Sanitary sewage system will be available I\.r connection at the site
boundary.

• An auxiliary boiler furnishing plant auxiliary steam is included in the
facility design.

9 Plant utility systems including compressed ait, inert gas storage and
distribution, and potable and demineralizcd water are included in the
facility design.

• Personnel parking will be located outside the facility perimeter close to
the guard station. The guard station will control incoming and outgoing
personnel, vehicles, and railroad cars.

• The facility will be located on level ground at an elevation unaffected
by potential i'looding.

• Seismic criteria UBC Zone 2 will be assumed for all structures.

Thfc coot basis aod .issi.ir:ptlô n used in this Aecosi;;; a::d .\ccnuuLs li. '/A,

and 25 are as follows.

o Major equipment costs are based on vendor quotations or on historical
data for similar equipment. Quotations were received on the steam
turbine-generator, condenser, heat exchangers, cooling tower and pumps,
and other major mechanical equipment. Quotations for major electrical
equipment and building services equipment were also received.

• Required quantities of concrete were developed from the conceptual design
drawings. Electrical and piping quantities were estimated from the
single-line diagram, flow diagrams, and building layouts.

0 Pricing of bulk materials is based on the Kansas City, Missouri, area and
escalated to a baseline date of August 1, 1980.

o The labor rates and fringe benefits for each craft were compiled from the
union wage rates for the Kansas City, Missour^, area and can be found in
Table G-7. These rates are assumed effective on September 1, 1980, the
date by which craft contracts for 1S80 will be renewed. The escalated
craft labor rates and fringe benefit amounts for health and welfare,
vacation, pension, apprentice training, and other fringes, plus
percentage allowance for Federal and State payroll taxes, employer-paid
portion of the Social Security tax, and Workers Compensation, are
compiled and summed to develop a total labor rate for each craft oa
Table G-8. The total labor rate for each craft and the RMP standard
composite crew-mix breakdown for each class of work, as defined by the
account codes used in the estimate, were used to develop a composite
labor rate for each account code work classification as is shown in
Table G-9. These crew-mix composite labor rates were used to determine
the estimated labor costs.
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• The overall labor productivity factor results from an evaluation of
factors, such as project site, working conditions, quality, and
availability of labor. This evaluation reflects recent experience at
approximately 20 large nuclear facility construction sites where
productivity has varied from 30 to 50%. The value used in this study is
50%. Productivity associated with the construction of nuclear facilities
has been steadily decreasing over the past two decades. Fusion has the
opportunity and the requirement, however, to pioneer new construction
techniques, products, and assembly procedures to lower the required
manhours and to enhance the associated labor productivity.

* The contingency allowance is to cover unknown costs and conditions,
(i.e., weather, labor problems, lack of firm pricing, the conceptual
state of the design package). Fifteen percent of the total cost was
allocated for the contingency. A spare parts allowance was set at 2% of
the subcontract and materials costs.

The direct cost for the Structures and Site Facilities is $289.76M. This

cost represents a significant portion of the total facility cost and is higher

than that for a comparably rated PWR. The cost increases, however, can be

identified and rationalized. The Reactor Building is much larger than a T>WR

containment building, but this structure contains more equipment. The remote

handling features in the Reactor Building and Hot Cell contribute to the size

and cost increase. The Fuel Handling and Storage (Tritium Reprocessing)

Building is an additive factor as is the handling and containment of tritium.

In fact, the premise that this facility should have very low release rates of

tritium, low material activation, and a very high factor of safety, greatly

impact the overall facility cost. The Hot Cell is another facility which is

additive to a PWR system. Because of the large sizes of the components and

large number of components handled within the Hot Cell, a large building is

required. The total cost of the Structures and Site facilities is C21 =

$289.76M.

G.5.2.1. Site Improvements and Facilities (Account 22.01). This account

covers all the site improvements and facilities necessary for the complete power

plant. Section G.2.2. discusses the design details of the necessary site

improvements and transportation access requirements. Table G-10 summarizes the

direct costs determined for this Account code. The cost is C2^ <QJ = $11.15M.
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TABLE G-8. Craft Composite - Labor Rate Compilation

Health Pension
Base Rate Travel t» &
9/1/00 Allowance Welfare Vacation Apprenticeship

<*> ($) (S) ($)

•oiler Maker

•rick layer

Carpenter

Ceskent Haaon

I leecrieUn

Iron Uorker

Inaulatara

Laborer

Operating Engr

Fainter

ripe Fitter

Hoateen

Sheat Httal Ukr

Teaaater

HllluTliht

14.85

12.59

12.SO

12.6S

14.04

12.35

13.27

10.25

12.85

12.19

14.54

12.35

13.91

11.77

12.(0

1.50

0.95

0.60

0.80

0.76

0.80

O.SO

0.60

1.47

0.35

0.50

0.70

1.54

2.50

2.61

1.60

0 .

0 .

0 .

0 .

I .

0 .

55

72

ao

75

00

6 0

0.70

3.05

2.50

1.32

1.25

O.SO

($)

0.05

0.07

0.13

0.13

0.05

0.05

0.10

0.15

0.10

0.10

0.05

0.15

Other
Fringes

($>

-

-

-

-

0.S5

-

0.10

0.35

0.25

-

0.20

-

0.44

0.30

Subtotal
(bate +
•rlna.es)

<$>

17.87

13.89

13.97

14.31

17.32

15.70

16.83

12.90

16.30

13.54

18.61

15.70

16.57

14.32

13.97

Federal
Unemployment
Tax 0.7* <$)

0.10

0.09

0.09

0.10

0.10

0.09

0.09

0.07

0.09

0.09

0.10

0.O9

0.10

0.10

0.09

State
Employment

Tax 3.61 (?)

0.53

0.45

0.46

0.52

0.51

0.44

0.4B

0.37

0.46

0.44

0.52

0.44

0.50

0.52

0.46

Tax, Employer
Only 6.13* ($)

0.91

0.77

0.7S

0.88

0.86

0.76

0.81

0.63

0.79

0.75

0.89

0.76

0.85

0.88

0.78

Compensation
(5)

0.91

0.47

0.55

0.51

0.36

1.79

0.69

1.47

0.82

0.47

0.60

0.79

0.53

0.72

0.50

Total

Ratc/Hll
(S)

20.32

15.67

15.85

16.34

19.15

18.78

18.90

15.44

1C.46

15.29

20.72

17.78

18.55

16.54

15.80
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TABLE G-9. Composite Labor Rates
F*ge 1 of 5

TMf RALPH M. PAftSONt COMPANY

COMPOSITE LABOR RATES
Effective From
Estimator
Source of Information_
Date_
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Equipment
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Air Cooled
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Furnaces ami Heaters,

Packaned
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Boilers,

Field Fabricated
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t

t
?•
4

*
i
%
i
i
*
*

*

t
$
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3

.48

R1CIAN

19-15

JO

3-83

100

1*.1S

6o
11-49

15

2.87

5

.96

'>

.77

2

.31

ATOR KKC.

•»

-93

-93

10

2.78

10
1-86

ro
3.71

10

10
2.7B

00

3-71 J

1 J

1.86

10

1.86

10

I.R6

.93
10

1-86

WBIGMT

60

9-4B

3-16

70

11.06

60

9-48

10

1-56

80

12.64

PAINTKR PIPE-
FITTER

3-11

10

2-07

Uo

8.29

80
16.58

r>
3-11

70

14-50

*,»

b.22

.")

5.1a

iO

3-11
15

3.11
.'0

5-18

RODMAN IRON
WORKIS

55
1 0 1 3

LO
1.88

20
3-76

J?0

3-76

10

1.88

TKAMSTXR T F W N T
MASON

16.34

TO ML

17.35

19. 15

18.05

10 7R

16.71

20.32

16.95

20.11

20.24

19.46

19.87

20.21

16.68

20.25

Pi'KKWN
ALLOW.

X 1 . 0«.'l>r

X1. J20 =

XI.020*

XL.O?O=

XI.015

X1.020--

XI. 01')-

X1.01 '• -

XI. 01')

XI .01*> =

XI .015

XI .010 =

XI.015=

XI.01/,.

COM I'.
HATF

12.70

19.53

18.41

?n in

16.96

20.73

17.20

20.41

20.54

19.75

20. 17

20.51

16.93

20.55



TABLE G-9 (contd)
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TABLE G-10

SITE IMPROVEMENTS AND FACILITIES COSTS

Category

General site improvements

Site work, fencing, storm sewer

Earth-moving equipment

Tank and pump foundations

Fire protection

Sanitary sewer

Transportation access

Highway (7 km)

Railway (7 km)

TOTAL

Cost (M$)

4.03

3.33

0.66

0.87

0.29

0.81

1.16

11.15

G.5.2.2. Reactor Building (Account 21.02). The Reactor Building is a

steel-lined circular structure that contains the reactor, heat transport system,

Atmospheric Tritium Cleanup system (ATC), and the rf plasma heating system. The

building is 104 m in diameter and 36 m high. A detailed description is given in

Sec. 7.13. Key features of the building that influence the cost are:

© Building shape and size (104 m in diameter, 36 m high)

• Steel-lined pressure and tritium boundary

• Provisions for remote maintenance

• A 1.5-m thick shielding wall and door requirement

• An 83-kPa (12 psi) internal design pressure

• All contaminated and potentially contaminated systems are located within
the reactor building, resulting in a larger size

The cost of the Reactor Building is C 2 1 > Q 2 = $117.41M and is summarized on

Table G-ll.

G.5.2.3. Turbine Building (Account 21.03). The Turbine Building has the

largest floor area (110 m x 50 m) of all the buildings in the facility and

contains a single turbine-generator and its auxiliaries. The surface condenser

is located on the subgrade level, the feedwater heaters are on the ground level,

and the turbine generator is on the upper level. The building is described in
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Sec. 7.13. The steel-framed, truss-roofed building is of a conventional

construction consistent with current power plant installations. The cost

TABLE G-ll

REACTOR BUILDING CC3TS

Category

Structural

Earthwork, including dewatering

Substructure up to grade

- Concrete

- Reinforcing

- Concrete tunnels

- Reinforcing for tunnels

- Painting

Superstructure

- Concrete

- Reinforcing

- Structural steel

- Painting

- Railroad track in building

Special shielding and airlocks

- Steel liner

- Airlocks

- Lead test

- Construction openings

- Penetrations

Building services

HVAC

Plumbing

Fire protection

Architectural

Interior and exterior finishes

Shield door

Elevator

TOTAL

Cost (M$)

109.24

3.24

26.44

57.16

22.40

1.51

1.20

0.01

0.30

6.66

1.61

4.97

0.08

117.41
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elements of the Turbine Building are shown in Table G-12; the total direct cost

is C 2 1 # 0 3 = $35.92M.

G.5.2.4. Cooling System Struccares (Account 21.04). The main cost element

in this account is the circulating water system. Also included in this account

are the costs associated with intake and discharge structures and conduits and

the earthwork for the cooling towers. Specific iteos considered are:

• Circulating and makeup-water pump pits

• Fire-water storage tank with epoxy liner

• Evaporation pond

• Reservoir

The total direct cost for this system is C21 Q^ = $7.96M, with concrete and

piping as the dominant cost contributors.

G.5.2.5. Electrical Equipment and RF Power Supply Building (Account 21.05).

The Electrical Equipment and RF Power Supply Building typically houses power

supplies for the reactor magnets and heating systems. However, in the EBTR

design, these functions are incorporated directly into the Reactor 3uilding with

a minimal increase in cost and with an improved geometry arrangement.

Therefore, there is no cost associated with this account; C2^#Q5 = $0.00M.

G.5.2.6. Plant Auxiliary Systems Building (Account 21.06). This two-level

building houses the heat exchangers and pumps for the closed loop cooling water

system. Also located on the ground level are chillers, pumps, instrument air

equipment, and a maintenance area. The upper level contains air handling units,

pumps, plenums, and HVAC equipment. Table G-13 summarizes the direct costs of

this system, which total to give C21 Qg = $3.26M.

G.5.2.7. Hot Cell Building (Account 21.07.). The Hot Cell Building for

EBTR is the second most expensive building in the facility. This cost is a

reflection on the design, safety maintenance approach, and the high level of

detail involving the Hot Cell operations. The safety aspects require a

carbon-steel liner and a concrete-hardened structure designed for Design Basis

Earthquake (DBE) seismic loading. The 1.5-m thick external walls art designed

to withstand tornado' and turbine missile and differential pressures induced by

tornados, while providing adequate shielding for the radioactive products

handled and stored in the Hot Cell.
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TABLE G-12

TURBINE BUILDING COSTS

Category

Structural

Earthwork, including dewatering

Substructure up to grade

- Concrete

- Reinforcing

- Concrete tunnels

- Reinforcing for tunnels

- Painting

Superstructure

- Concrete

- Reinforcing

- Structural steel

- Painting

Building services

HVAC

Plumbing

Fire protection

Architectural

Interior and exterior finishes

TOTAL

2

19

Cost

.21

.58

(M$)

32.65

10.86

1.68

0.10

1.49

1.78

1.49

35.92

TABLE G-13

PLANT AUXILIARY SYSTEMS BUILDING COSTS

Category

Structural

Earthwork, including dewatering

Substructure

Building services

HVAC

Plumbing

Fire protection

Architectural

TOTAL

726

Cost

0.04

1.50

1.31

0.01

0.07

(M$)

1.54

1.39

0.33

3.26



A wide variety of maintenance and decontamination functions must be

accomplished within the Hot Cell through remote operations. The activated

blanket sectors are transported into the Hot Cell on a monorail system for

inspection, disassembly, and storage. All solid and liquid wastes are processed

in the Hot Cell and are either shipped offsite or stored. Also included in the

Hot Cell are remote maintenance and repair shops to work, on blanket sectors and

other activated reactor equipment. This building, as well as the Reactor

Building, requires Atmospheric Tritium Recovery Units to clean up tritium

releases.

In many ways the Hot Cell is very similar to the Reactor Building, insofar

as shielding, pressure rating, seismic, and remote maintenance requirements are

concerned; hence, it is understandable that the cost for this building is high.

Table G-14 shows the cost of the building. The two highest cost elements are

concrete and the liner, which contribute approximately 75% of the total cost,

which is C 2 1 # o 7 = $53.69M.

TABLE G-14

HOT CELL BUILDING COSTS

Category

Structural

Earthwork, including dewaLering

Concrete

Reinforcing

Liner plate and miscellaneous steel

Liner tests and airlock

Painting

Building services

HVAC

Plumbing

Fire protection

Architectural

Interior and exterior finishes

Shield door

TOTAL

Cost

0.13

18.81

3.60

3.88

17.30

0.24

1.09

-

0.06

1.52

7.06

(M$>

43.96

1.15

8.58

53.69
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G.5.2.8. Reactor Service Building (Account 21.08). The Reactor Service

Building is a ground-level, high-bay structure located between the Hot Cell and

the Turbine Building and adjacent to the Plant Auxiliary Building. The building

is a steel-framed structure with concrete floors supported on steel framing. A

railroad spur passes through the receiving end of the building. Storage space

is provided for new blanket segments and process modules. Table G-15 lists the

elements of the building and their costs. The total direct cost of the building

is C 2 1 0 8 = $1.88M.

G.5.2.9. Service Water Building (Pump Houses) (Account 21.09). The

Service Water Buildings (fire-water storage-tank pump house) and the

circulating-water pump house are included in this account. These pump houses

contain the pumps and the chlorinating facilities for these systems. The

circulating-water pump house is a steel framed structure with a truss roof. The

fire-water storage-tank pump house is a concrete-hardened structure designed for

DBE seismic loading. The direct costs for these buildings are shown in

Table G-16, totaling C21#Og = $0.66M.

G.5.2.10. Fuel Handling and Storage Building (Account 21.10.). The Fuel

Handling and Storage (FHS) Building is also referred to as the Tritium

Reprocessing Building and houses the process equipment to reclaim and purify the

TABLE G-15

REACTOR SERVICE BUILDING COSTS

Category

Structural

Earthwork

Concrete

Reinforcing

Structural steel

Painting

Building services

HVAC

Plumbing

Fire protection

Architectural

TOTAL 1.88

723

Cost

0.04

0.53

0.14

0.77

0.06

0.05

0.01

0.04

(M$)

1

0

0,

.54

.10

.24



TABLE G-16

SERVICE WATER BUILDING COSTS (PUMP HOUSES)

Category Cost (M$)

Structural 0.50

Earthwork 0.002

Concrete 0.11

Reinforcing 0.05

Structural steel 0.31

Painting 0.03

Building services 0.H

HVAC 0.005

Plumbing -

Fire protection 0.105

Architectural 0.05

TOTAL 0.66

tritium. Deuterium is also stored in this building, and the two fuels are mixed

and sent to the reactor. The FHS Building is separated into

tritium-contaminated and noncontaminated areas. Areas subject to contamination

are lined with carbon steel and are within a concrete-hardened structure

similiar to the Reactor Building. An airlock separates the contaminated areas

from the offices, a tritium equipment control room, and HVAC equipment. Again

like the Reactor Building, the tritium area requires a subatmospheric ambient

pressure of clean air. A CO2 atmosphere is not required in the FHS building.

Tritium cleanup of the building atmosphere is provided by the five ATC units.

In addition to the tritium processing area, sufficient area is provided for

storage of deuterium, maintenance and repair shops, and a storage room. A

uranium storage bed for the tritium is also required. The facility costs for

this system are summarized in Table G-17. Again, the concrete and the steel

liner are the highest cost items. The total direct cost for the building is

C21.10 = $8-63M.

G.5.2.11. Control Room Building (Account 21.11). The Control Room is

adjacent to the Administration Building and the Site Service Building. This

building is a separate two-level hardened structure that is capable of

withstanding DBE seismic loads and tornado-induced pressures and tornado-driven

missiles. The lower area houses the main control room, auxiliary equipment,
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TABLE G-17

FUEL HANDLING AND STORAGE BUILDING COSTS

Category

Structural

Earthwork, including dewatering

Concrete

Reinforcing

Structural steel

Steel liner, plate, and airlock

Painting

Building services

HVAC

Plumbing

Fire protection

Architectural

TOTAL

Cost

0.02

5.33

0.72

0.03

1.12

0.03

0.52

0.03

0.07

(M$)

7.25

0.62

0.76

8.63

computer equipment maintenance and repair, tools and parts storage, offices,

conference rooms, and electrical equipment. The upper level contains electrical

and HVAC equipment and an observation gallery above the main control room. The

cable-spreading areas beneath the control room have an access flooring system

and use a multiplexed communication system. The Control Room Building direct

cost is C 2 1 > 1 1 = $3.10M, shown in Table G-18.

G.5.2.12. Onsite AC Power Supply Building (Account 21.12). The onsite ac

power supply is provided by two gas turbine generators housed In a one-story

hardened building. Each unit has a control room and battery room. Additional

hardening is provided in the walls to shield against turbine-generated missiles.

An adjacent two-story building is required for the switchyard control equipment

and the cable-spreading room. The foundations are designed to meet the gas

turbine manufacturer vibration specifications. The total direct cost of

C21.12 = $2-05M is shown in Table G-19.

G.5.2.13. Administration Building (Account 21.13). The Administration

Building is a two-story structure designed to support a maximum of 60 people.

This building consists of a reception area, conference/display room, offices,

lunchroom, and electrical and HVAC equipment for both this building and the Site

Service Building. A steel-framed structure is used with a supported floor of
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TABLE G-18

CONTROL ROOM BUILDING COSTS

Category

Structural

Earthwork, including dewatering

Concrete

Reinforcing

Structural steel

Painting

Building services

HVAC

Plumbing

Fire protection

Architectural

TOTAL

Cost

0.01

1.63

0.35

0.05

0.01

0.47

0.01

0.22

(M$)

2.05

0.70

0.35

3.10

TABLE G-19

ONSITE AC POWER SUPPLY BUILDING COSTS

Category

Structural

Earthwork

Concrete

Reinforcing

Structural steel

Building services

HVAC

Plumbing

Fire protection

Architectural

TOTAL

0

0

0

0

0

0

0

Cost

.02

.80

.24

.08

.10

.01

.46

<M$)

1

0

0.

.14

.57

,34

2.05

concrete resting on a steel decking. Table G-20 shows the total cost to be

C21.13 = $°- 8 7 M-

G.5.2.14. Site Service Building (Account 21.14). This building is

divided into a maintenance shop and a warehouse, both servicing the balance-of-

plant function. The building is combined with the Administration and the
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TABLE G-20

ADMINISTRATION BUILDING COSTS

Category

Structural

Earthwork

Concrete

Reinforcing

Structural steel

Building services

HVAC

Plumbing

Fire protection

Arcaitectural

TOTAL

Cost

0.01

0.18

0.04

0.24

0.09

0.02

0.02

(M$)
0 ,

0 .

47

13

27

0.87

TABLE G-21

SITE SERVICE BUILDING COSTS

Category

Structural

Earthwork

Concrete

Reinforcing

Structural steel

Building services

HVAC

Plumbing

Fire protection

Architectural

TOTAL

Cost

0.02

0.07

0.03

0.34

0.07

0.02

0.04

(M$)

0 .

0 .

0 .

4&

13

28

0.87

Control Room Buildings and shares some building services. The total building

cost is C2i>i4 = $0.87M and is shown in Table G-2i.

G.5.2.15. Cryogenics Building (Account 21.15). This steel-framed

structure uses pre-cast concrete panel walls and houses the helium and nitrogen

compressors. The remainder of the cryogenics equipment is located in a fenced

yard adjacent to the building. An enclosed mezzanine provides space for an
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TABLE G-22

CRYOGENICS BUILDING COSTS

Category Cost (M$)

Structural 0.70

Earthwork 0.01

Concrete 0.52

Reinforcing 0.16

Structural steel 0.01

Building services 0.04

HVAC 0.02

Plumbing

Fire protection 0.02

Architectural 0.17

TOTAL 0.91

electrical equipment room. This building costs C2J ^5 = $0.91M and details are

shown in Table G-22.

G.5.2.1o. Security Building (Account 21.16). The Security Building is a

single-level steel-framed structure that is similar to the Administration

TABLE G-23

SECURITY BUILDING COSTS

0

0

0

Cost

.00

.09

.02

<M$)

0.18

Category

Structural

Earthwork

Concrete

Reinforcing

Structural steel 0.07

Building services 0.05

HVAC 0.038

Plumbing 0.006

Fire protection 0.006

Architectural 0.08

TOTAL 0.31
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Building. The total cost of this building is C2Jl#16 = $0.31M. Detailed costs

are shown in Table G-23.

G.5.2.17. Ventilation Stack (Account 21.17). The Ventilation Stack

disposes of low-level radioactive gases above ground level. The stack has a

steel-lined, reinforced-concrete outer shell 100 m high and 14 m in diameter at

the base. The concrete shell is slip-formed and is supported on an octagonal

foundation. The cost for this stack is shown in Table G-24, and the total

direct cost is C21.17 = $1.81M.

G.5.3. Reactor Plant Equipment (Account 22). This account, which

sometimes is referred to as the "nuclear island" portion of the facility costs,

summarizes all of the fusion reactor plant equipment. The systems contained

herein are either uniquely designed for the fusion application or have been

tailored to accommodate the fusion systems. The R&D costs of these systems are

not included because EBTR is assumed to represent a developed and mature system.

The reactor portion of this facility is the most expensive part of the overall

system, representing in excess of 50% of the total direct cost. The cost of the

Reactor Plant equipment is C 2 2 = $1425.73M.

G.5.3.1. Blanket and First Wall (Account 22.01.01). This ace.ant covers

the components of the first wall, the blanket (including the breeder, reflector,

multiplier, and jackets), headers, and any internal structure. Other

components, which may be an integral part of the blanket sector, are covered in

other accounts to differentiate their functions. Examples of the latter include

the LHH grill and ECRH waveguides (Account 22.01.04), the fuel injection system

(Account 22.05.04), and the pumped limiter (Account 22.01.08).

TABLE

VENTILATION

G-24

STACK COSTS

Cost

0.01

0.37

0.22

1.23

(M$)

1.81

Category

Structural

Earthwork

Concrete

Reinforcing

Structural steel

TOTAL 1.81
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The costs of the first-wall/blanket components are estimated based on a

cost per weight, which is an approximation that is consistent with the degree of

design definition. Table G-25 lists the materials, masses and costs. The

largest cost item is the natural LiA102. The stainless-steel components

generally are classified into a complex fabrication category (first-wall and

blanket cooling components), a structural or simple fabrication category

(reflector, jacket, coolant headers, and blanket support structures), and a bulk

category (reflector). The total first-wall/blanket system cost is estimated to

b e C22.11.01 " $174.53M.

G.5.3.2. Shielding (Account 22.01.02). The bulk and penetration

shielding is an optimized composite of materials designed to attenuate the

neutron/gamma-ray radiation and thermal heating to levels necessary for

protection of the surrounding equipment (e.g., superconducting coils).

Table G-26 lists the principal shielding materials by weight and cost. The

costs were calculated on a per-unit-weight basis. The bulk 304SS costs reflect

thick plates with very little machining required. The higher cost for 304SS

($20/kg) includes the coolant tubes, the structural elements, and pressure

jackets. For the containment of the shielding around the ECRH ducts, the 3O4SS

is estimated to cost $14/kg. The powdered T1B2 and Til^ requires a minimum of

handling and no fabrication costs. The tungsten/lead mixture is fabricated by

TABLE G-25

FIRST-WALL/BLANKET COSTS

Material Mass Installed Cost

First Wall

• Be, wall coating

• PCASS, complex fabrication

• Be, multiplier

Blanket

• PCASS, complex fabrication

• PCASS, structure

• PCASS, bulk

• LiA102

(tonnes)

4.9

58.0

173.5

352.9

364.1

1118.0

2044.2

($/kg)

250

35

330

35

27

9

40

Total Cost

(M$)

1.
2.

57.

12.

9.

10.

81.

23

03

26

35

83

06

77

TOTAL 4115.6 174.53
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Material

TABLE G-26

SHIELDING COSTS

Mass Installed Cost Total Cost

Reactor Shielding

• W/Pb mixture

• 3O4SS, structure

• 3O4SS, bulk

© TiH2/TiB2

Subtotal

Vacuum Pump Shield

• 304SS, structure

• TiB2/TiH2

Subtotal

ECRH and LHH Waveguide Shield

• 304SS, structure

• TiB2/TiH2

Subtotal

TOTAL

(tonnes)

2359

1942

6818

1995

1311

296

1224

1520

53

193

246

14880

($/kg)

33

20

9

2

20

2

14

2

(M$)

77.85

38.84

61.36

3.99

182.04

5.92

2.45

8.37

0.66

0.39

1.05

191.46

pouring tungsten powder around the coolant tubes, vibrating the assembly to

remove voids and then pouring molten lead over the assembly. Although the cost

of tungsten is significant, it is not a dominant factor. Table G-27 illustrates

that the stainless-steel cost dominates the shield cost. The total shielding

cost is C22.01.02 = $191.46M.

G.5.3.3. Magnets (Account 22.01.03). The cost account for the magnets

includes the costs for the TF coils and the ARE coils, both of which are

cryogenic. Table G-28 summarizes all of the component weights and costs. One

Material

304SS

W/Pb

TiH2/TiB2

TABLE G-27

RELATIVE SHIELD

Percent

COSTS

of Shielding Cost

56

40

4
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TABLE G-28

COST OF THE TF/ARE MAGNET COILS

Component Weight

(tonnes)

2052

8942

223

2981

6059

223

961

191

4522

Unit Cost

($/kg)

14

30

12

14

25

12

14

14

10

Total Cost

<M$)

28.73

268.26

2.68

41.73

151.48

2.68

13.45

2.67

45.22

TF-coil case structure

TF-coil Nb3Sn/NbTi/Cu conductor

TF-coil insulation

ARE-coil case structure

ARE-coil NbTi/Cu conductor

ARE-coil insulation

Struts and supports

LN2 Shield

Vacuum vessel

TOTAL 26154 556.90

TF coil and two ARE coils are contained within a common vacuum dewar, forming a

single coil set. Cold structure within the common dewar reacts the magnetic

loads between the ARE and the TF coils. Structural load bearing points on the

vacuum dewar react the net magnetic forces to the building structure. The dewar

also supports the blanket and shield in the coil plane (Sec. 7.4.).

The unit costs shown in Table G-28 are based on the assumption of a mature

superconducting magnet industry. All coils are fabricated at an offsite factory

location. Necessary quality-control verifications are performed at the factory

location, then the coils are mated to the dewars and shipped by barge to the

reactor site. The cost of the TF-coil conductor is shown as a composite cost

for the NbgSn or NbTi superconductors and the copper stabilizer. The cost of

the stainless-steel structure that encloses the superconductor/conductor pack is

very low at $14/kg, reflecting the simple fabrication technique. The G-10CR

insulator is estimated at a unit price of $12/kg.

The EBTR design point uses a relatively high ARE-coil current

^ARE^TF = ~0«22), requiring large conductors and associated support

structures. The cost for the coil system, therefore, may be larger than

promised by other ARE-coil configurations not considered by this study. As the

magnet system is presently designed, the total weight is 26,000 tonnes, and the

total cost is C22 01 03 = $556.90M.
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G.5.3.4. RF Heating (Account 22.01.04). The capital costs in this system

are attributable to two separate systems: the ECRU system for heating the

electron rings and the LHH plasma start-up for heating the bulk plasma. The

total cost for the system is Z^i QI 04 = $32.30M, as is shown in Table G-29.

The ECRH gyrotron required for the EBTR application is simiLar to the

gyrotron that was recently tested6 at 212 kW and 28 GHz. The current cost

estimate for a 60-GHz tube and supporting components is in the range of

$350,0007'8 in a small-lot purchase. If the costs are estimated to have u

learning curve of 90%, the small-lot cost should be reduced to an approximate

$120,000 unit price following the cumulative purchases of prior fusion power

plants (the prior purchases are estimated to be over 2400 units). The cost of

the 216 installed gyrotrons, therefore, will be $25.92M.

The 36 ECRH waveguide assemblies are composed of sets of six

0.06-m-diameter pipes that are routed along with the coolant tubes to the

inboard region of each midplane sector. The length is approximately 10 m from

the gyrotrons to the joint between the blanket and shield. The waveguide cost

is estimated on the basis of 316-stainless-steel, schedule-5 pipe. The

installed cost is estimated to be $135/m (Ref. 9) and includes $5/m for the cost

of copper and beryllium coatings. This unit cost yields an installed waveguide

cost of $292,000. The waveguide and launching structure within the blanket is

TABLE G-29

RF HEATING SYSTEM COSTS

Component

ECRH

• Gyrotrons (216)

• Waveguide launcher (36)

• Waveguides (36)

• Windows (108)

LHH (startup)

• Crossed-field amplifiers (CFAs) (192)

• Waveguides in blanket (4 sets)

• Waveguides to CFA's (4 sets)

• Windows (8 assemblies)

TOTAL 32.30
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Unit Cost ($)

120,000

1,950

8,100

2,000

27,500

9,300

79,500

20,000

Cost

25.92

0.07

0.29

0.22

5.28

0.04

0.32

0.16

(M$)

26.50

5.80



water-cooled PCASS. These components are complex, thin structure estimated at

$7O/kg, yielding a unit cost of $1950 each or $70,000 total. The window

assemblies are estimated to cost $2000 eai1'., -suiting in a cost of $220,000 for

108 assemblies. The total cost for the ECi... •system, excluding power supplies,

is estimated to be $26.50M.

Lower-hybrid heating (LHH) is used as a startup, sustenance, and control

heating source. To achieve the high efficiencies required in the rf system,

cross-field amplifiers (CFAs) are used at an output power of 420 kW. Similar

tubes have been built at 400 kW, 3 GHz with a 10-dB gain. Based upon tubes of

similar size and complexity, it is estimated1" that this CFA tube would cost in

the range of $25,000 ^o $30,000. This value assumes a large quantity purchase

with all R&D and tooling costs credited to prior procurements. A $27,500 cost

is estimated for tne installed cost for each CFA, yielding a capital cost of

$5.28M for 192 active units. The estimated lifetime of this tube would be on

the order of 20,000 hours10 for steady-state operation. Considering the short

time of operation for each startup and the estimated failures during operation,

it is unlikely any scheduled replacement would be required. Eight spare units

will be purchased and installed to replace quickly any failed unit.

The LHH waveguides are installed in four midplane blanket sectors at four

poloidally equidistant locations. These waveguides are an integral part of the

blanket but are costed as a part of the LHH heating system. The waveguides will

be water-cooled PCASS with a beryllium coating. The >init cost for material and

fabrication is estimated at $70/kg because of the complex, thin-walled

construction. The total cost of the waveguide launching structure is $40,000.

The cost of the uncooled waveguides leading from the blanket to the CFA (18 m

each) is estimated to be $320,000. The waveguide window assemblies consist of

12 individual windows and are estimated to cost $2000 (each) based on similar

window assemblies11 presently being made; larger production quantitities are

assumed. The eight window assemblies will total $160,000, and the LHH system

total cost is estimated to be $5.80M.

G.5.3.5. Primary Structure and Support (Account 22.01.05). The Primary

Structure and Support includes all reactor structural elements that support and

react the loads generated by the major reactor components. The reactor

components requiring significant support are the TF/ARE-coil sets and the

blanket/shield sectors. The coil-plane blanket and shield sector is supported

by *he TF/ARE-coil set; the coil set in turn is supported by the Primary
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Structure System. This support arrangement is accomplished by an adjustable

structure positioned at the bottom of each coil and a structural support arm

located at the top. A pinned joint is also located inboard at the equatorial

plane to provide adjustment. The midplane blanket and shield sectors are

supported by an upper tension strut and lower support mount that can be adjusted

to match the coil-plane sectors. All forces are transmitted to the reactor

building walls or foundation.

Table G-30 lists the principal components, materials, weights, and

estimated costs for the Primary Structure and Suppoort System. Most components

require conventional fabrication techniques using Nonmagne 30 steel. The cost

for this type of fabrication and load-carrying requirement is estimated to be

$20/kg. The total system cost is C22#oi.O5
 = $27-84M.

G.5.3.6. Reactor Vacuum System (Account 22.01.06). The components costed

in the Reactor Vacuum System will include 72 compound cryogenic puihps for the

plasma chamber, the associated valving, the regenerative pumping system for the

cryopumps, the magnet vacuum systems, and the gyrotron magnet vacuum systems.

The vacuum delivery system consists of: a large plenum chamber locaced behind

the blanket; 72 poloidal vacuum ducts passing through the blanket and connecting

the plasma chamber and the plenum; and 72 large vacuum ducts connecting the

plenum and the vacuum cryopumps. The delivery components, although performing a

TABLE G-30

PRIMARY STRUCTURE AND SUPPORT SYSTEM COST

Component Mass Cost

TF/ARE-Coil Support

• Upper support structure

• Lower support structure

• Coil locating fixture

Subtotal

Midplane Blanket/Shield Support

• Upper tension strut

• Lower support mount

Subtotal

TOTAL

(tonnes)

437

49

49

535

183

674

857

1392

(M$)

8.74

0.98

0.98

10.70

3.66

13.48

17.14

27.84
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vacuum system function, are considered to b<= an integral part of other systems

(e.g., limiter/vacuum duct is an opening in the blanket sector, the vacuum ducts

and pods are a part of the shielding system).

The cryopumps required for the plasma chamber have a pumping speed of

125,000 A/s (He) and 200,000 l/s (total). It is estimated that in a small-lot

purchase these pumps would cost $100,000 each, exclusive of development costs.

Jacause of the large quantities involved, significant cost reductions would

apply, and the unit price is estimated as $50,000. The large diameter (1.0 m)

gate valve with a metal seal is estimated to cost $20,000, and the similarly

sized right-angle valve is estimated to cost $15,000. Although these items

would have to be specially developed, the cost estimates reflect production

quantity prices. The roughing vacuum pumps and piping needed to regenerate the

cryopanels are estimated to cost $80,000,

Small cryopumps will be required for each ECRH gyrotron magnet dewar.

These 1000 i/s (H2) units are commercially available at $3,000 each. A common

roughing pump ($10,000) will be shared by all gyrotron vacuum systems. The

TF/ARE-coil dewars must be evacuated prior to being cooled. Rough vacuum

pumping is accomplished by the regeneration system for the plasma chamber.

Further pumping is provided by the 4-K .-TF-coil helium vessel. No vacuum

requirements could be identified for the Fuel Handling and Storage System or the

Radioactive Waste system. The total system costs are C2£ QI 05 = $8.30M, and

the cost breakdown is shown in Tatle G-31.

TABLE G-31

REACTOR VACUUM SYSTEM COST (M$)

Component Equipment Installation Total

Plasma chamber cryopump (72)

Right-angle valve (72)

Gate valve (72)

Regeneration system

Gyrotron magnet cryopumps (216)

Gyrotron pipes, valves, etc.

Gyrotron roughing pump

TF-coil rough pump piping

TOTAL 8.30

741

3.60

1.08

1.44

0.08

0.65

0.45

0.01

0.05

0.36

0.06

0.07

0.09

0.15

0.15

0.01

0.05

3.96

1.14

i.51

0.17

0.80

0.60

0.02

0.10



G.5.3.7. Power Supply, Switching, and Energy Storage (Account 22.01.07).

The Power Supply, Switching, and Energy Storage system provides the conditioned

power to the magnets and the rf plasma-heating systems. Because EBTR is assumed

to operate at steady state, most of the reauirements for pulsed electrical

energy storage are eliminated. The system costs are summarized in Table G-32.

The power supply for the TF/ARE coils is a low-voltage and high-current supply

and is estimated to cost $80/kW, including component costs, installation, and

system checkout. This system is estimated to cost $300,000. The T^-coil

protective circuitry is included in the TF-magnet costs (Account 22.01.03).

The conceptual design of the ECRH electron-ring heating system utilizes

sixteen 7.5-MW power supply modules to drive 216 ECRH gyrotrons. This design is

similar to a 5-MW multiple gyrotron application proposed for EKT-P. The

power-supply system would use a 7.5-MVA power supply module along with an

individual series-pass-tube modulator/regulator for each gyrotron. The series

tube will act as an interruptor for each tube. An existing quotation for a 5-MW

system was scaled up to a 7.5-MW size system, and a 90% learning experience

curve was applied to yield a unit power-supply system cost of $1.14M for the 151

through 166 units ($152/kW), resulting in a system cost of $18.24M.

The LHH plasma startup system is also a high power system (142 MW), but

this system is utilized only for short periods during startup and power control.

The output voltage is 20 kV. To assure isolation of signals, individual power

supplies for each gyrotron (192) were used. For these large quantities, the

TABLE G-32

POWER SUPPLY, SWITCHING, AND ENERGY STORAGE

Subsystem Costs (M$)

TF and ARE coils 0.30

• power supply (3.75 MW) 0.30

• protective circuit (Account 22.01.03)

ECR ring heating 18.24

• power supply modules (16 units, 120 MW total) 18.24

LHH plasma startup 7.52

• power supplies (192 units, 94 MW total) 7.52

TOTAL 26.06
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unit cost was estimated to be $80/kW, yielding a LHH power supply cost of

$7.52M. The total cost for the power supply system is C22 Q\ QJ - $26.06M.

G.5.3.8. Impurity Control (Account 22.01.08). The subsystem components of

the Impurity Control system included in this account are the pumped limiter and

related support structure. The limiter is a water-cooled structure in intimate

contact with the outer perimeter of the plasma; consequently its life is taken

to be approximately equal to that of the first wall and blanket. The limiter

will be replaced with the blanket sector on a regularly scheduled basis; 720

individual limiter units with associated structure and coolant tubes will be

required. Five possible material choices have been considered for use in the

limiter: tantalum, vanadium, niobium, copper, and stainless steel. Table G—33

compares the relative costs of these material choices. The cost of the tantalum

alloy (Ta5W) is estimated at $380/kg, with the installed cost being $500/kg.

The price of tantalum is uncertain because of material availability as an

imported strategic material and a growing demand. The other two refractory

alloys, V20T1 and FS-85 (Niobium alloy), are less expensive. The V20Ti alloy

costs $234/kg (installed), and FS-85 costs $147/kg (installed). A copper

structure (AMAX-MZC) is the least expensive ($18/kg). The cost of the PCASS

material is estimated at $35/kg for fabrication of the complex structure.

Because of its higher price, tantalum is a poor choice, unless superior

engineering characteristics are demonstrated. Copper is the lower cost limiter

material but it may not have adequate life and structural properties in the

first-wall environment. Either of the other two refractories may have

acceptable life as a limiter. As discussed in Section 7.5,, PCASS was chosen as

the limiter material based upon acceptable heat loads, low surface temperatures

to control sputtering, and the containment of sputtered impurities in the edge

Material

Ta5W

V20Ti

FS-85 (Nb)

AMAX-MZC (Cu)

PCASS

TABLE G-33

LIMITER MATERIAL OPTIONS

Weight (tonnes)

74.70

27.50

38.60

40.35

36.12

Unit Cost ($/kg)

500

234

147

18

35

Cost (M$)

37.35

6.44

5.67

0.72

1.26
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region. A stainless-steel limiter system cost is estimated to be

C22.01.08 = S 1 - 2 6 ^

G.5.3.9. Main Heat Transfer and Transport (Account 22.02). This account

includes the costs of the primary (light-water) coolant system and the limiter

cooling system, which provides feedwater heating. The primary coolant loop

delivers 3726 MWt on a continuous basis to 4 steam generators. This system is

considered to be similar to PWR coolant and steam generator systems in present

usage; upgrading to high-reliability standards to achieve the necessary

availability goals may be required. Heat from the limiter (302 MWt) is utilized

in the power conversion system to supply the feedwater heaters. The limiter

coolant operates at a lower pressure (4.11 MPa, 600 psi) than the primary

coolant loop (15.2 MPa, 2200 psi).

Table G-34 lists the component costs of the two coolant systems. The

primary coolant is comprised of 4 loops each with a pressurizer, steam

generator, and 2 pumps. The piping and manifolding costs are moderate,

reflecting short pipe lengths and moderate diameters. The valve costs are

significant, because of the quantity required to assure flow path redundancy.

TABLE G-34

MAIN HEAT TRANSFER AND TRANSPORT SYSTEM COSTS

Cost (M$)

Prime
Component

Main piping

Ring manifolds

Small piping

Elbows

Valves

Pumps

Pressurizers

Water makeup and conditioning

Steam generators

Heat exchangers

Subtotal

TOTAL 62.52
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Primary
Coolant

4

5

3

0

5

3

12

4

17

57

.15

.91

.70

.62

.01

.43

.50

.16

.96

—

.44

Limiter
Cooling

0.36

1.00

0.04

0.02

0.18

0.39

0.47

0.98

—

1.64

5.08



The heat exchangers shown in the limiter cooling circuit are applicable

feedwater heat exchangers. The total heat transport system cost is

C22.02 = $62«52M.

G.5.3.10. Cryogenic Cooling System (Account 22,03). The cryogenic

cooling system is a central facility that supplies all liquid helium and

nitrogen needs. The cost estimate is based on vendor quotations of major

components for similar cryogenic systems. This system design is relatively

straightforward, using current technology. The totax installed system cost is

estimated at C22 Q3 = $14.9M.

Helium Liquefier-Refrigerator (Account 22.03.01). This account covers the

cold components of the helium refrigerator-liquefier, including heat exchangers,

expansion engines, helium purifiers, and the helium compressors. The system is

sized to deliver 20 kW of refrigeration at 4.2 to 4.5 K; the design

liquid-helium (LHe) supply rate is 26,500 Jl/h. The cost of this system is

estimated to be C22 Q3 01 = $7-7M.

LHe Transfer and Storage (Account 22.03.02). The LHe storage is

accomplished with a single 100,000-£ dewar to provide a storage capacity of 4

hours in the event of a LHe supply failure. A transfer system is also included

to supply and to recover helium from th'i user systems (coils, cryopumps, and

fuel handling and tritium processing). This system will cost C22 03 02 = $3.6M.

He Gas Storage Account 22.03.03). A gaseous storage of helium is provided

to accommodate 70,000 m3 (STD) at a 20-atm pressure. The cost of this system is

^22.03.03 = $2.8M but is considered cost effective by reuse of the helium, which

is expected to be in short supply.

LN2 System (Account 22.03.04). The liquid-nitrogen (LN2) system supplies

1500 l/h at 80 K. The system is composed of a closed-cycle nitrogen

liquefaction plant, transfer lines, and a 40,000-£ liquid storage dewar. The

nitrogen system cost is C22 03 4 = $0.8M.

G.5.3.11. Radioactive Waste Treatment and Disposal (Account 22.04). This

system processes all radioactive waste products, excluding tritium, for disposal

by storage, transportation offsite or venting. The radioactive waste products

can be liquid, gaseous, or solid. Processing of the waste products will occur

in the Hot Cell Building. The cost for the Radioactive Waste Treatment and

Disposal System is estimated to be C22.04 = $4«8M, based upon the sum of the

individual elements summarized below.
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Liquid Waste Processing and Equipment (Account 22.04.01). This account

considers the costs for processing all liquid wastes generated by the reactor

and BOP systems. The principle source of liquid waste is from the primary

coolant and steam condensate, after the tritium has been removed by the

Tritiated Waste Treatment Unit in the Fuel Handling and Storage System.

Equipment will include storage tanks, pumps, compressors, heaters, heat

exchangers, condensers, gas strippers, evaporator systems, ion-exchange systems,

filters, traps, separators, piping, valves, insulation, and support structure.

This system is sized according to the requirement of a similar PWR. Reference 3

suggests a cost estimate based upon thermal power, which yields a cost of

$650,000 and is probably too low. Estimated costs were based on an estimate of

a PWR liquid-radioactive-waste system, which is scaled up to EBTR power levels

and escalated to present cost levels; a cost of C22 04 QI = $1.7M results.

Gaseous Waste and Off-Gas Processing System (Account 22.04.02). The

Gaseous Wastes and Off-Gas Processing System processes and prepares for disposal

the waste gases from the Fuel Handling and Storage System, the condenser and the

turbine generator units, the ATC, and any off-gas recovery from the liquid and

solid waste process. Equipment would include storage tanks, process columns and

towers, filters, separators, dehumidifiers, heat exchangers, gas coolers,

compressors, blowers, pumps, chemical reactors, piping, and supporting

structure. The vent stack is included in Account 21.17. Because of the

handling of larger volumes of D2 and T£ gases in the reactor systems, a cost

estimate based on a PWR system cost ($0.5M) is considered inadequate. The

Ref. 3 procedure yields a cost of C22.04.02 = $1«8M, which will be adopted here.

Solid Wastes Processing Equipment (Account 22.04.03). This system

processes all the wastes from the Fuel Handling and Storage System, the

particulate from the ATC, radioactive crud from the primary and clobed coolant

systems, and the activated components removed from the reactor. These waste

products are reduced to manageable sizes and placed in processing equipment for

removal of liquid and gaseous products. The remaining solids are then condensed

and placed in drums for storage or removal. The required equipment includes

storage equipment, filters, centrifuges, separators, heaters, pumps,

compressors, incinerators, baler, drummer, piping, and equipment support. The

Ref. 3 procedure yields an adequate cost allowance for this system;

c22.04.03 = $1«3M-
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G.5.3.12. Fuel Handling and Storage System (Account 22.05). The Fuel

Handling and Storage System (tritium and deuterium) for EBTR accomplishes the

extraction, recovery, purification, preparation, storage, and injection of the

fuel elements. This system also is responsible for maintaining safe levels of

tritium in all reactor and heat-transfer coolant streams, as well as in the

atmosphere within the Reactor Building, the Hot Cells, and the tritium facility,

both for normal operation and emergency conditions. This system can be

identical to the system designed for STARFIRE tokamak design.1

Table G-35 summarizes the system component costs based on the recommended

DOE guidelines3 for the Fuel Handling and Storage systems. The costs estimated

for the pumps, piping, valves, and installation are based on preliminary

information a.'d are intended only as guideline allowances. The component costs

are based upon data from TSTA/LOS ALAMOS and the Mound facility.1i Most of the

system elements are commercially available, with only a few elements requiring

development for a fusion power plant application. Consequently, the quoted costs

are representative of the expected costs. The most expensive element in the

Fuel Handling and Storage System is the ATC, reflecting an added cost relater! to

the philosophy of a quick recovery of tritium in the event of an accidental

release in the Reactor Room or the Primary Loop Component Room. The total

system cost is estimated to be C22 05 = S49.0M.

G.5.3.13. Other Reactor Plant Equipment (Account 22.06). This account

encompasses all of the other reactor systems not previously covered. Several

systems of particular interest fall into this category: the maintenance

equipment, the inert atmosphere systems in the Reactor Building, the Closed Loop

Coolant System, and the Standby Cooling System. The major cost item in this

account is the maintenance equipment; the total cost in this account is

C22.06 = $32.75M.

Maintenance Equipment (Account 22.06.01). All the maintenance equipment

necessary to service the React Plant Equipment are included in this account,

including systems such as Fuel hanax^ng and Storage, Radioactive Waste, Main

Heat Transport, and Cryogenic Cooling. The only exceptions are the monorail

maintenance system and the overhead cranes in the Reactor Building and the Hot

Cell; these are included under Transportation and Lifting Equipment (Account

25.01). The equipment needed to inspect and to repair the steam generator is

used so infrequently that it is anticipated a contracted service will be used,
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TABLE G-35

FUEL HANDLING AND STORAGE SYSTEM COSTS

Account Title Costs

(M$)

22.05.01 Fuel Purification 19.5
• Isotope separation units (10) 12.0
• Fuel cleanup units (10) 5.0
• Pumps, piping, valves, and installation 2.5

22.05.02 Liquefaction
(Included in Account 22.05.01)

22.05.03 Fuel Preparation 1.2
• Fuel blending unit (5) 1.0
• Pumps, piping, valves, and installation 0.2

22.05.04 Fuel Injection 2.0
• Fuel pellet injector (4) 0.8
• Pumps, piping, valves, and installation 1.2

22.05.05 Fuel Storage 2.0
• Tritium storage units (40) 1.6
• Deuterium storage 0.1
• Pumps, piping, valves, and installation 0.3

22.05.06 Tritium Extraction and Recovery 8.6
• Tritiated water recovery unit (1) 0.8
• Tritium waste treatment unit (1) 0.5
• Blanket recovery units (10) 5.0
• Ion exchange/filter units 0.3
• Pumps, piping, valves, and installation 2.0

22.05.07 Atmospheric Tritium Cleanup Systems 15.7
• Tritium facility system building 2.2
• Reactor Building 7.0
• Hot Cell Building 2.5
• Pumps, piping, valves, and installation 4.0

TOTAL 49.0

and no capital equipment will be required. A list of maintenance equipment is

shown in Table G-36. The maintenance equipment cost is C9, n<- m = S27.3OM.

Special Heating Systems (Account 22.06.02). Special heating systems are

used for heating or preheating plant components as well as for producing steam

as an emergency or auxiliary power source. No emergency or auxiliary steam is

assumed required, and preheating of the heat transfer system components will be

supplied from the pump work from the coolant and the circulating pumps. No

costs are included in this account; C22.06.02 = $®m
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TABLE G-36

MAINTENANCE EQUIPMENT COSTS

Maintenance Equipment

Reactor Building

Reactor overhead EM manipulator

Process module overhead manipulator

General maintenance machine

Transporters

Cryopump maintenance machine

Welding machines

Sector extractors

Steam generator tube-inspection equipment

Steam generator tube-leak detector

Steam generator tube-plugging equipment

Steam generator replacement equipment

Airlock door seal replacement equipment

Remote viewing equipment

Crane bay maintenance equipment

Holding stands, lift fixtures, and slings

Subtotal 16.80

Hot Cell Building

EM manipulator 3 1.50

Disassembly/reassembly stands, fixtures,

and slings - 5.50

Crane bay maintenance equipment - 2.00

Test fixtures - 1.50

Subtotal 10.50

TOTAL 27.30

Quantity

2

1

2

2

3

8

4

1

1

1

1

-

-

-

-

Total Cost

1.00

0.75

6.00

2.00

3.00

0.80

0.20

(0.75) ( a )

(0.50) ( a )

(6.00)(a>

0.30

0.75

1.00

1.00

Tal
v 'Contracted services, costs not included.

Coolant Receiving, Storage and MakeUp Systems (Account 22.06.03). This

account specifically covers the receiving, storage, and makeup of the heat

transfer coolants. Because all coolants are water, only minor costs are

involved in this account. Two 10-kg/s primary-water makeup pumps are required

with a 680,000-Jt water storage tank and associated piping. This system cost is

estimated at C22.06.03
 = $240,000.
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Gas Systems (Account 22.06.04). The only gas system not included under

other accounts is the CC^ required for the inert atmosphere in the Reactor

Building. Nitrogen and helium are stored in the Cryogenic Cooling system; the

tritium, deuterium, and zenon are stored in the Fuel Handling and Storage

Building. Freon fill gas for the rf ducts will be stored in the basement of the

Reactor Building. The equipment in this account includes the storage tanks,

pumps, piping, valves, and supports and is estimated at C22 Qg Q4 = $80,000.

The CO2 gas is not recycled or reused, but instead is exhausted through the

ventilation stack.

Inert Atmosphere System (Account 22.06.05). The atmosphere in the Reactor

Building is inert CO2 that is supplied from the Gas System on a once-through

basis. Exhaust fans reduce the pressure within the building below the ambient

pressure to assure no leakage outward in the event of a tritium release. Under

normal operation the CO2 atmosphere ir. exhausted to the environment through the

ventilation stack. Because of the low in-leakage, a low flow rate of CO2 is

planned. Tritium monitors within the building will de-activate these fans,

valves will be closed, and the building will be sealed in the event of an

excessive tritium level. All hardware needed to perform these functions are

included in other accounts, and no specific hardware has been identified as

unique to this system. No cost is added to this account; Cyy QA 05 = $0.

Fluid Leak Detection (Account 22.06.06). The remote leak detection system

is designed to detect vacuum leaks in the shield and a portion of the rf

waveguides, to detect coolant leaks in the blanket and coolant piping, as well

as to detect He/T2 leaks in the helium purge system. The system utilizes a

cavity between dual ^eals, which is regularly sampled for pressure buildup. A

tracer gas can be introduced into this cavity, and the leak can be located with

a residual gas analyzer (RGA). It is planned to use one RGA in each vacuum

duct, to order to identify leaks in a single blanket sector. Leak detection

systems will also be incorporated on all joints associated with helium and

coolant lines inside the reactor building. The leak detection system will'

consist of RGAs, seals and sampling cavities, tracer gas systems, tubing and

test lines, and remote detectors on manipulator arms. An allowance of Coo 06 nt

= $2M is allowed for this systea.

Closed Loop Coolant System (Account 22.06.07). The Closed Loop Coolant

System provides cooling for the following systems.
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• All ATC in Reactor, Hot Cell, and Fuel Handling (normal operation)

• Solid Waste Storage (normal operation)

» Fuel Handling and Storage Process Equipment

• RF System

• Reactor Shield

• Power Supplies

• Vacuum Roughing Pumps

o HVAC for Reactor, Hot Cell, and Fuel Handling

The system costs are shown in Table G-37, and the total costs are C99 nfi 0 7 =

$1.97M.

Standby Cooling System (Account 22.06.08). This system is designed to

provide standby cooling for essential systems in the event of the closed loop

failure. The systems provide cooling as required to the control room HVAC and

on a standby basis for the Solid Waste Storage in the Hot Cell and all the ATC

systems. The cooling system is a single loop that is driven by two pumps. This

system utilizes a separate dry cooling tower; the cost is reported in this

account rather than under Turbine Plant Heat Rejection Systems (Account

23.03.) under Cooling Towers. This cooling tower is the largest cost element in

this account. Table G-38 lists the major system elements and their installed

costs. The cost is C2C22.06.08
 = $1

G.5.3.14. Instrumentation and Control (Account 22.07). The reactor

Instrumentation and Control System components are grouped under three main

headings, as is shown in Table G-39. The related costs are based on an

advancement in the start-of-the-art in the I&C technology, especially in tbet

area of controllers, computers, communication, data transmission, and displays.

TABLE G-37

CLOSED LOOP COOLANT SYSTEM COSTS

Component

Water pumps, 1000 H/s

Heat exchangers, 67 MW (3)

Surge tank, 11,400 I

TOTAL $1.97

Cost (M$)
0.

1.

0.

,240

,703

.027
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Component

Pumps, 500 kg/sec

Surge tank, 7600 I

Cooling tower, dry

TOTAL

TABLE

STANDBY COOLING

G-38

SYSTEM COSTS

Cost

0

0

1

(M$)

.095

.025

.040

1.16

TABLE G-39

REACTOR INSTRUMENTATION AND CONTROL SYSTEM COSTS

Account Title

22.07.01 Reactor I&C Equipment

• Local controllers (200)

• Communication concentrators (20)

• Local analysis/control (10)

• Communication control

• Plasma instrumentation

22.07.02 Monitoring Systems

• Data base and network communication

• Displays and controls

• Sequencing system

• Alarm/monitoring

• Remote access with communication link

22.07.03 Instrumentation and Transducers

• Reactor instrumentation

• Remote handling systems

TOTAL

Cost (M$)

7.61

1.514

0.690

0.846

0.234

4.326

0.366

0.916

0.170

0.185

0.123

12.636

1.404

1.76

14.04

23.41

These advancements are expected to increase system capabilities with reduced

costs. The total I&C cost for the reactor plant equipment is C29 07 = $23.41M.

G.5.3.15. Reactor Spare Parts Allowance (Account 22.98). The need to

provide spare parts to allow routine maintenance in a timely manner and to

provide replacement parts in the event of an unscheduled maintenance action

requires a large inventory in the Reactor Plant Equipment. The preponderance of

large and expensive components coupled with a rapid maintenance response

required for high availability causes this account to be a high cost item.

752



TABLE G-40

COST OF REACTOR PLANT EQUIPMENT SPARE PARTS

Quantity in
Major Components (M$) Service

First-wall/blanket/shield/
limiter/r± duct sector

TF/ARE-coil sets

Vacuum cryopump

Rieht-anele vacuum

72

36

72

72

Quantity of
Spare Parts

1 (a)

0

2

36 molecular
sieves

4

Cost of
Spares (M$)

10.17

0

0.60

0.04

0.06

Quantity
Annually
Replaced

2.4 (levelized)

0

refurbish 36

refurbish 36

stem assembly
isolation valve

Vacuum isolation gate
valve

72 0.08

ECRH gyrotrons

RF/CFA

ECRH window assembly

Vacuum pods

ECRH power supply

Primary coolant pump

ATC

Subtotal

TOTAL

216

192

108

23

16

8

-

2% Allowance:

6

8

4

1

1

1

2

0.72

0.22

0.01

0.23

1.14

0.43

0.98

14.68

24.12

38.80

72 (levelized)

0

0

0

0

0

0

^a'Levelized cost of replacement blanket and shield sectors
Annual Scheduled Component Replacement Cost (Account 50).

are included in

Table G-40 delineates the major items and their costs. The items of lesser

costs are covered under a 2% allowance for all the Reactor Plant Equipment

(Account 22).

The philosophy for the required spares shown in Table G-40 requires

explanation. The quantity annually replaced is also shown in this table to

clarify their expected lifetimes and maintenance actions. The 15-year life for

the blanket sectors requires both several spares to be reserved for unscheduled

replacement and a complete replacement set to be purchased near the end of the

blanket life. All of these costs are levelized in the Annual Scheduled
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Replaceable Component costs. One blanket and shield sector of each type,

however, will have to be kept at the reactor as a ready spare. No spares are

planned for the TF and ARE coils. The reliability of cryogenic coils is assumed

to be sufficiently high not to warrant the purchase of spare units. The plasma

chamber vacuum cryopump is a reliable system requiring only two spares, but the

refurbishment of the associated molecular sieves requires an additional 36

sieves. The total cost of the reactor plant equipment spare parts is C 2 2 93

S38.80N.

G.5.4. Turbine Plant Equipment (Account 23). This account defines the

costs associated with the Turbine Plant Equipment, which converts the thermal

energy generated in the reactor to electrical energy, rejecting the remaining

thermal energy to the environment. The cost of this system is C ^ = $249.68M,

which is higher than most published estimates of saturated- or slightly

superheated-steam power conversion systems. A major portion of the estimated

cost for this system are based upon quotations from manufacturers; these costs,

therefore, reflect current prices, including inflationary effects. This system

is not inherently more expensive than a PWR system because it is associated witii

a fusion reactor. Most of the equipment is of a conventional design for central

generating stations.

G.5.4.1. Turbine Generators (Account 23.01). The turbine is a single

1800-rpm tandem-compound unit receiving 4028 MWt in slightly superheated sream.

The generator is a hydrogen-cooled synchronous generator with a power factor or

90%. The turbine generator set is capable of an overall thermal efficiency of

35.5%. The quoted price is based on single-stage moisture rercoval, resulting in

an efficiency of 34%. Little additional cost is assumed required to incorporate

two additional stages of moisture removal in order to achieve the 3 5.5*

efficiency by the time EBTR is constructed. More information on this system can

be found in Sec. 7.14. The cost of the turbine generator includes the unit, the

lube-oil conditioning system, and the labor costs associated with installation.

The total cost is C 2 3 > 0 1 = $77.33M.

G. 5.4.2. Main Steam System (Account 23.02). This account includes all

costs associated with the main steam piping, steam safety valves, steam stop

valves, main steam dump valves, and associated supports and hangers. The design

condition for the piping is 6.3 MPa and 572 K (299°C) at a flow rate of

7.28(10)6 kg/h. The cost of the material and installation labor is CTI ()2 =

S4.37M.
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G.5.4.3. Heat Rejection System (Account 23.03). Table G-41 summarizes the

system elements and costs for the Heat Rejection System. This system rejects

heat from the main condenser, the closed-coolant system, the turbine plant

cooling water system, electrical component loads, the cryogenic systems and the

I&C system. The heat is rejected into the atmosphere through two wet,

natural-draft, hyperbolic cooling towers. A detailed description is given in

Sec. 7.14, and this system cost is C23 03 = $44.34M.

G.5.4.4. Condensing System (Account 23.04). This system receives 2598 MWt

from the exhaust steam and maintains a 8.1-kPa (average) condenser back

pressure. Three centrifugal condensate pumps deliver 525 SL/s (each) at a total

dynamic head of 305 m. The system costs are shown in Table G-42, amounting to

C23.04 = S19.18M.

TABLE G-41

HEAT REJECTION SYSTEM COSTS

Component Toizal Cost (M$)

CirculaMng-water pump1: 3.01

Main cooling towers, natural draft (2) 30.00

Cooling-tower foundations and basins 8.31

Circulating-water valves 0.74

Circulating-water pipe 1.02

Cooling tower, fire protection 1.26

TOTAL 44.34

TABLE G-42

CONDENSING SYSTEM COSTS

Component Total Cost (M$)

Main condenser and tubes 17.60

Condensate pumps 1.14

Steam primary pumps 0.11

Steam air ejectors 0.33

TOTAL 19.18
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TABLE G-43

FEDWATER HEATING SYSTEM COSTS

Component Total Cost (M$)

Auxiliary feedwater pump and turbine drive 0.39

Auxiliary feedwater pump and drive motor (2) 0.33

Feedwater pump and motor drive 0.62

Feedwater pump and turbine drive 1.72

Feedwater pump and turbine exhaust duct 0.23

Feedwater heaters (18) 6.10

TOTAL 9.39

G.5.4.5. Feedwater Heating System (Account 23.05). This system supplies

feedwater to the steam generators at the required flow rate, temperature, and

pressure needed for maximum turbine efficiency. The feedwater heaters are

associated with steam extracted from the high- and low-pressure turbines. The

three #2 feedwater heaters are powered from the pumped-limiter cooling system

and are costed in the Main Heat Transfer and Transport System (Account 22.02).

The total system cost is shown in Table G-43 and totals C23#Q5 = $9.39M.

G.5.4.6. Other Turbine Plant Equipment (Account 23.06). This account

includes gas storage, chemical treatment systems, condensate and steam blowdown

systems, turbine plant cooling water system, and associated process piping. The

major portion of the costs are associated with the piping, valves, supports, and

hangers, as is shown in Table G-44. The total system cost is Cpo gt = $50.84M.

G.5.4.7. Instrumentation and Control (Account 23.07). This system

includes BOP instrumentation and controls as well as the BOP computer and

accessories. The cost of the I&C is estimated to be $5.97M, and the BOP

computer is estimated at $2.73M. The total cost of the Turbine Plant I&C System

is C 2 3 i Q 7 = $8.70M.

G.5.5. Electrical Plant Equipment (Account 24). The Electric Plant

Equipment includes the switchgear for the generator circuits and station

service, station service equipment, switchboards, protective equipment,

electrical structures and wiring container, power and control wiring, and

lighting. The power and control wiring are the largest cost item; the total

cost is C24 = $100.50M.
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TABLE G-44

OTHER TURBINE PLANT EQUIPMENT COSTS

Component Total Cost (M$)

Hydrogen storage and control cabinet 0.04

Nitrogen storage and control pump 0.07

Degasifier package 0.29

Chemical addition package 0.17

Condensate demineralization package 3.64

Condensate drain tank 0.03

Steam generator blowdown drain pump 0.01

Nitrogen booster compressor (2) 0.09

Demineralized water storage tank 0.13

Tank heating coils 0.02

Condensate storage tank 0.43

C02 storage 0.09

Waste condensate collection system 0.42

Steam generator blowdown system 0.77

Turbine plant cooling-water system 0.11

CS-A-106 process piping^) 11.47

CS-A-155 process piping^) 2.50

SS-A-312-TP-304 process piping^) 8.11

Miscellaneous valves 8.73

Miscellaneous pipe supports and hangers 13.72

TOTAL 50.84

^'An ASTM designation.

G.5.5.1. Switchgear (Account 24.01). This account includes the cost of

the switchgear for the generator circuits and the station service. The

generator circuit switchgear includes the generator circuit breaker, grounding

transformer, current-limiting reactor (transformer), disconnect switch, and

outdoor oil circuit breaker. The generator switchgear costs $2.33M. The

station service switchgear includes switchgear line up for busses #1 and #2 and

all the major facility buildings. The station service switchgear is estimated

at $6.97M, and the total switchgear cost is C24_oi " $9.30M.
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G.5.5.2. Station Service Equipment (Account 24.02). The Station Service

Equipment includes the service and lighting transformer, 480-V load center and

motor control centers, .he dc and uninterruptible power system (UPS) battery

system for the Turbine Generator, and the computer system for the Electric Plant

Equipment. The components of this system are shown in Table G-45, which gives a

total cost of C 24 > 0 2 = $12.22M.

G.5.5.3. Switchboards (Account 24.03). Table G-46 lists the system

components and costs for the necessary switchboard system. The cost is labor

intensive, with the physical equipment being a minor portion of the overall

cost. The total cost is C24#03 = $7.80M.

G. 5.5.4. Protective Equipment (Account 24.04). The cost of the grounding

systems is estimated to be $0.56M, which includes cables, connectors and

supports. The cathodic protection system costs $1.55M and includes grounding

TABLE G-45

STATION SERVICE EQUIPMENT

Transformers

Standby gas turbine generators

480-V load centers

480-V motor control centers

Lighting transformers

DC and UPS systems, protection and I&C

Battery system for turbine-generator

Data logger and computer

TABLE G-46

SWITCHBOARD COSTS

Component

Main control boards for electric systems

Auxiliary power and signal boards

Electric heat tracing

Constant-voltage regulating transformer

TOTAL 7.80

Total
2

3

2

0

Cost
. 40

.20

.00

.20

(M$)
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rods, lightning protection, and miscellaneous cable and wire connectors. The

total system cost is Q,^ 04 = $2.11M.

G.5.5.5. Electrical Structures and Wiring Containers (Account 24.05).

The Electrical Structures and Wiring Containers costs are summarized in

Table G-47. The majority of the cost is found in the cable trays, metallic

conduits, and supporting structures. The total system cost is £.-)k 05 = $17.40M.

G.5.5.6. Power and Control Wiring (Account 24.06). This account also

describes a labor intensive activity. Table G-48 lists the major components of

the Power and Control Wiring. The cost is C 2 4 # Q 6
 = $29»79M.

G.5.5.7. Electrical Lighting (Account 24.07). The electrical lighting

for the plant is considered to be subcontracted and is estimated to cost Q,^ gj

= $7.96M.

G.5.6. Miscellaneous Plant Equipment (Account 25). This account includes

the equipment categories that encompass all parts of the facility (i.e.,

transportation and lifting equipment, air and water service systems,

communications, and furnishings and fixtures). This cost may seem higher than

TABLE G-47

ELECTRICAL STRUCTURES AND WIRING CONTAINER COSTS

Component Total Cost (M$)

Duct banks 1.07

Cable trays and supports 8.39

Metal conduit and supports 6.45

Nonmetallic conduit and supports 1.10

Flexible conduit 0.39

TOTAL 17.40

TABLE G-48

POWER AND CONTROL WIRING COMPONENTS

Generator circuits wiring

Station service and control wiring

Instrument wiring and connections

Containment penetrations

Interconnections - dc power supplies and coils
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most published quotations, but this is likely a result of the detail described

in defining the system (e.g., fifteen separate cranes identified). The total

cost of the Miscellaneous Plant Equipment is C 2 5 = $39.60M.

G.5.6.1. Transportation and Lifting Equipment (Account 25.01). The

elements of this account are the freight elevators, bridge cranes, and

maintenance monorails within the Reactor Building and Hot Cell. These items are

discussed in Sec. 7.11. (Maintenance) and in Sec. 7.14 (Balance-of-Plant

TABLE G-49

TRANSPORTATION AND LIFTING COSTS

Component Total Cost (M$)

Freight Elevators 0.3 0

Reactor Building

Electrical Equipment and Power Supply Building

Plant Auxiliary Building

Bridge Cranes 8.88

Reactor Building, 300 tonne, 20-m span (2)

Reactor Building, 60 tonne, 50-m span

Reactor Building, 5 tonne, 8-m span

Hot Cell, 250 tonne, 14-m span

Hot Cell, 150 tonne, 14-m span

Hot Cell, 50 tonne, 14-m span

Turbine Building, 250 tonne, 36-m span

Turbine Building, 60 tonne, 20-m span

Turbine Building, 10 tonne, 20-m span

Fuel Handling and Storage Building, 15 tonne, 2-m span

Fuel Handling and Storage Building, 5 tonne, 20-m span

Pump House, 20 tonne

OniSite AC Power Supply Building, 10 tonne (2)

Monorails 5.50

Reactor Building monorail with two switches 3.00

Hot Cell monorail (no switches or
turntables) 1.00

Hot Cell monorail turntables, 8-m diameter, 300 tonne (3) 1.50

0.

0.

0.

3.

0.

0.

1.

0.

1.

0.

0.

0.

0.

0.

0.

0.

.10

.10

.10

,00

75

05

50

75

20

50

60

08

12

04

12

17

TOTAL 14.68
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Systems). Table G-49 lists the equipment, which includes three elevators, 16

cranes, and a monorail system located within two buildings. The total cost for

the Transportation and Lifting Equipment is C25 QJ = $14.6SM.

G.5.6.2. Air and Water Service System (Account 25.02). This account

includes all the facility air and water service systems as well as the auxiliary

steam boiler system. Table G-50 lists the components of this system; the total

cost is C 2 5 0 2 = §12.35M.

G.5.6.3. Communications Equipment (Account 25.03). The cost of the

facility communication system is compiled in Table G-51. The system is composed

TABLE G-50

AIR AND WATER SERVICE SYSTEM COSTS

Component

Service-water pump (3)

Raw-water pump (2)

Auxiliary steam boiler system

Instrument-air compressor (3)

Instrument-air dryer

Service-air compressor (2)

Makeup-water system

Makeup-water treatment system

Service-water piping and accessories

Raw-water piping

TOTAL 12.35

TABLE G-51

COMMUNICATIONS EQUIPMENT COSTS

Component

Communication system

Evacuation alarm

Plant security system

Communication conduit and supports

Telephone conduit, fittings, and supports

TOTAL
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Total 1
0

0

1

0

Cost (M$)
. 62

.17

.22

. 1 8

0-04

0

4

2

1

1

. 1 2

.09

.82

. 6 8
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of a communication system, an evacuation alarm system, a plant security system,

and conduit for the communication and telephone systems. The total cost is

C225.03 = $

G.5.6.4. Furnishings and Facilities (Account 25.04). The allowance for

facility furnishings and fixtures is taken as C25 Q^ = $O.75M.

G.5.7 Special Materials (Account 26). This account includes the cost of

special (nonfuel and nonstructural) materials and special (ocher than light

water) heat-transfer fluids or gasses. A material is defined as "special" if ir.

is purchased only immediately prior to system startup and is not a part of the

initial system acquisition. Materials included in this account are nitrogen,

carbon dioxide, breathing air, helium, freon, and SF/-. Special material

requirements are poorly defined at the present time, but an allowance of

$250,000 is allocated for this category.

G.5.8. Construction Facilities, Equipment, and Services (Account 91).

This account includes the net cost of facilities that must be removed or

dismantled after completion of the construction, the net cost or rental expense

of equipment used during construction, labor force education, receiving and

storage, testing, site cleanup, and 0&M of facilities and equipment. It is

estimated that 15% of the direct plant cost ($210.88M) will provide adequate

funds to construct the temporary facilities, purchase or rent the construction

equipment, and acquire the necessary construction services. Table G-4 lists the

subelements under each of the above categories. Unique requirements of EBTR

that cause higher and lower cost factors as compared to a PWR system are:

Higher Cost Factors

• Access and lifting equipment for large and heavy components (i.e., TF and
ARE coils, 726 Tonnes)

• Larger aggregate and concrete plant than comparable PWR

© New types of construction equipment

• Higher level of skills required in some areas

Lower Cost Factors

• Higher percentage of reactor and plant equipment pre-assembled and
quality tested at factory, requiring only installation and
pre-operational checkout

• Modular construction techniques
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• Experience curve for tenth-of-a-kind plant.

G.5.9. Engineering and Construction Management Services (Account 92).

The engineering services required for the project are costed under this account.

Because it is assumed that this plant is a tenth-of-a-kind, all general research

and development has been accomplished and costed; similar plants have been

previously designed and are operating at other locations. The costs reported in

Account 92, therefore, represent only the incorporation of requirements that are

specific to the site or utility, new regulatory guidelines, and design

improvements. An allowance equal to eight percent of the total direct costs are

included to give C 9 2 = .08($2108.82M) = $168.71M. This estimate is considered

conservative when the absolute costs are compared to a typical fission plant of

the same size (i.e., $40M to $50M versus $169M).

G.5.10. Other Costs (Account 93). The Other Costs account, includes

property and all risk (non-nuclear liability) insurance, staff training, plant

startup, and owner's G&A. This cost is estimated to require a similar

percentage for EBTR when compared to a typical PWR plant. Five percent of the

total direct cost was allocated for Account 93, giving a cost of

C93 = .05($2108.82M) = $105.44M. This level of cost is compatible with the

current and anticipated costs of insurance, the increased skill level of the

staff training, and the complexity of the plant startup procedures. The owner's

G&A is probably the only item held to levels similar to LWR plant experience;

the five-percent value, therefore, seems credible.

G.5.11. Interest During Construction (Account 94). An allowance for the

cost of interest during construction was calculated assuming the financing

ground rules specified in Sec. G.2.5. along with the estimated expenditure

pattern shown in Fig. G-2 and the anticipated construction schedule of five

years. The factors applied were computed following the techniques outlined in

Ref. 14 and recommended in Ref. 2. Table G-52 lists specific values and

Fig. G-3 presents the data graphically. For the construction period of five

years, the factor of interest-during-construction is 0.1072 (constant-1980

dollars) and 0.2509 (then-current-1985 dollars), yielding a cost for Account 94

of C 9 4 = 0.1072($2593.85M) = $278.06M (constant-1980 dollars) and

C 9 3 = 0.2509($2593.85M) = $650.80M (then-current-1985 dollars).

G.5.12. Escalation During Construction (Account 95). This account

collects all capital costs attributable to escalation into one account. From

Table G-52 the factor for EDC during the six-year construction time period is
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CONSTRUCTION PERIOD (YR)

Fig. G-3. Factors used for Interest During Construction (IDC) and Escalation
During Construction (EDC).

0.1554 for the then-current-1985-dollar mode of analysis. The total escalation

cost for EBTR is C 9 4 = 0.1554 ($2593.85M) = $403.08M (then-current-1985

dollars). Addition of this cost to the previous capital costs converts the

capital costs into the time frame of the completion of construction and plant

startup; the resultant capital cost reflects the "as-spent" costs of the

facility. Escalation of the annual costs is placed in their respective

accounts, taking the present cost estimate times the cumulative escalation rate

through the construction period.

G.6. Bus-Bar Energy Cost Elements

The bus-bar energy cost is defined as the unit cost of generating a

kilowatt-hour for electrical energy available at the generator bus bars. The
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TABLE G-52

FACTORS FOR INTEREST DURING CONSTRUCTION (IDC) AND

ESCALATION DURING CONSTRUCTION (EDC)

Construction Constant-1980 Dollars Then-Current-1985 Dollars

Period (YEARS)

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

9.0

10.0

IDC

0.0847

0.0959

0.1072

0.1187

0.1303

0.1421

0.1540

0.1661

0.1783

0.2032

0.2288

EDC

0

0

0

0

0

0

0

0

0

0

0

IDC

0.1911

0.2203

0.2509

0.2829

0.3163

0.3513

0.3879

0.4261

0.4659

0.5511

0.6440

EDC

0.1223

0.1387

0.1554

0.1724

0.1894

0.2072

0.2250

0.2431

0.2615

0.2992

0.3381

total energy cost for the electricity-producing facilities of the fusion reactor

is computed as a function of the following components.

• Tot-^ capital cost

• Financing assumtions

• Fixed charge rate for annual cost of capital

• Annual operating and maintenance cost

• Annual scheduled component replacement cost

• Annual fuel costs

• Plant availability

• Plant net capacity

Most of the elements necessary to determine the COE have been previously

discussed (capital cost in Sec. G.4., financing assumptions in Sec. G.2.5.,

availability in Sec. 7.11., and plant net capacity in Sec. 7.1.). All annual

cost elements are discussed in this section.

G.6.1. Annual Levelized Capital Cost. The cost of capital is levelized

over the economic life of the facility by utilizing a fixed charge rate.15 This

charge rate, when applied to the total facility capital investment cost, yields

the annual expense resulting from: a) the capital investment cost being divided

equally and charged equally to all annual operating periods and b) the annual
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fixed operating and maintenance expenses, which are costed as a function of the

capital investment costs. Those O&M costs not directly related to capital costs

are reported in Accounts 40 through 47. Shown below are the elements of the

fixed charge rate based on the assumption of an investor-owned utility.

• Cost of capital

• Depreciation

• Interim replacement

• Property insurance

• Federal income taxes

• State and local taxes

The cost of capital component represents the rate of return on investment

allowed by the regulatory agencies. The depreciation factor uses a sinking-fund

method of depreciating the capital cost o\.er the economic life of the plant.

Interim replacement costs are the expenses for replacing plant equipment (less

than $10,000) with shorter service lives than the 30-year economic life of the

plant. These elements greater than $10,000 are accounted in the Scheduled

Component Replacement Cost (Account 50). Property insurance includes both

property damage and third-party liability. The federal income tax component is

based on the capital structure of the utility, sum-of-the-year digits

depreciation, and a 50% federal income tax rate. A typical value is assumed for

the state and local taxes. The Fixed Charge Rates (FCR) used in these analyses

are 10% for the constant dollar analysis and 15% for the then-current-dollar

analysis.2 Hence,

Annualized Capital Cost = 0.10($2872M) = $287.2M (constant-1980 dollars)

= 0.15($3646M) = $547.2M (then-current-1985 dollars).

G.6.2. Annual Operations and Maintenance Cost. Operating and maintenance

costs consist of the routine day-to-day expenditures required to operate the

facility, exclusive of those expenses directly related to the capital costs.

These expenses include the cost of salaries, supplies, maintenance material, and

process chemicals. The O&M cost accounts considered for fusion reactor design

studies are shown in Table G-53.

Annual Salaries of Facility Personnel (Account 40). The salaries required

by the facility operating and maintenance personnel are costed in this account.

A few of the costing assumptions are listed below.

• The plant requires only routine technical assistance.

766



« The plant is operated in a base-loading condition.

• Five complete operating crews are used to provide full facility
operation, an additional day crew, and relief coverage.

• G&A services are provided by the utility central administrative
organization.

• Facility operations, including routine schedule maintenance, are highly
automated and computer controlled from central control room.

• Onsite fuel handling is included in this account.

The plant staffing is planned for normal operation only, and normal scheduled

maintenance activities can be accomplished by the regular staff. An estimate of

the required staffing is shown in Table G-54. This staffing is organized alcng

the guidelines of Ref. 15. Typical staffing levels for LWR plants of similar

sizes are estimated to be in the range of 145. The staffing levels shown in

Table G-54 for fusion power supplements those LWR personnel requirements by

adding control room operators, general equipment and maintenance equipment

operators, instrument maintenance personnel, computer maintenance technicians,

and technical specialists in the areas of fusion-unique systems. With the

advent of more mechanized maintenance and high level diagnostics, this staffing

should be adequate. If extra staffing is required for scheduled component

replacement, it will be reported in Account 50. Unscheduled outage maintenance

TABLE G-53

OPERATIONS AND MAINTENANCE COST ACCOUNTS^)

Account Number Account Title

40 Annual Salaries of Facility Personnel

41 Annual Miscellaneous Supplies and Equipment

42 Annual Outside Support Services

43 Annual General and Administrative Costs

44 Annual Coolant Makeup

45 Annual Process Materials

46 Annual Fuel Handling Costs

47 Annual Miscelleneous Costs

(a'Items or activities not included: nuclear liability insurance, license and
fees, and working capital.
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staffing requirements will be reported under Outside Support Services

(Account 42).

The salary and wage values shown in Table G-54 include the basic

salary/wage costs, fringe benefits, shift premiums, insurance, and overhead

allowances. The general wage level was based on data iound in Appendix F of

Ref• j. The average annual cost per staff member is approximately 547,009. The

annual personnel cost, therefore, is $7.21M. This cost compares well with

recent PWR plant staffing allowances.4 ' *7

The security requirements for a fusion plant are anticipated to be similar

to a new PWR;17 this cost, therefore, is estimated to be approximately $1.5M.

This cost includes a full-time security staff and any equipment rental required.

The total facility personnel requirement will be C^Q = $8.71M.

Annual Miscellaneous (Consumable) Supplies and Equipment (Account 4]).

This account costs the miscellaneous consumable supplies and equipment used in

routine operation. Included in this cost are ion-exchange chemicals, chlorine,

water treatment chemicals, gasses (nonfuel), potable water, waste containers,

toilet paper, oil, and maintenance supplies, parts, and materials. These costs

vary with the size and capacity of the plant. Typical PWR plants allow S5M to

$6.5M1*'17 for this account. The ORNL procedure16 for estimating 0&M costs would

allow 45% of staff costs ($3.2M), which is nrobably toe low in light of the more

advanced technology required of fusion power. This account is estimated to be

C41 = S5.2M.

Annual Outside Support Services (Account 42). Outside support services are

taken to include all services obtained from other than the normal plant

complement during normal working hours. This support includes utility personnel

from other locations, as well as the cost of station personnel working overtime

on special tasks, such as maintenance and repair. Other requirements for

outside support services include film-badge processing, laundry of contaminated

clothing, radiation waste disposal offsite, and consulting services.

Reference 3 suggests the annual cost per person for special maintenance

personnel as $55,000 (1979 dollars) or $60,000 (1980 dollars). Considering that

shift premiums, travel allowance, and remote location will raise the wage base,

a 60% increase was included, which yielded a $46/h rate. The annual unscheduled

outage has been estimated at 54 days/year. Most of these outages will be for a

single small maintenance action requiring only a few people. Major failures can

occur, however, which would require a large contingent of maintenance and
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TABLE G-5A

FUSION POWER PLANT STAFF (1200-MWe POWER PLANT)

STAFF POSITION

SUPERINTENDENT'S OFFICE

SALARY/WAGES^a^ (k$)

PLANT SUPERINTENDENT
ASSISTANT SUPERINTENDENT
SECRETARY

OPERATIONS
OPERATIONS SUPERVISOR
SHIFT SUPERVISOR
SENIOR CONTROL ROOM OPERATOR
CONTROL ROOM OPERATOR
EQUIPMENT OPERATOR
MAINTENANCE EQUIPMENT OPERATOR
EQUIPMENT ATTENDANT

MAINTENANCE
MAINTENANCE SUPERVISOR
MECHANICAL FOREMA.f
ELECTRICAL FOREMAN
INSTRUMENT FOREMAN
MECHANIC
MECHANIC'S HELPER
WELDER
MACHINIST
ELECTRICIAN
ELECTRICIAN'S HELPER
INSTRUMENT MECHANIC
INSTRUMENT HELPER
COMPUTER TECHNICIAN
MAINTENANCE EQUIPMENT MECHANIC

TECHNICAL
TECHNICAL SUPERVISOR
PLANT ENGINEER
ASSISTANT pi.ANT ENGINEER
INSTRUMENT ENGINEER
NUCLEAR ENGINEER
COMPUTER SPECIALIST
SYSTEMS ANALYST
MAINTENANCE SPECIALIST
HEALTH PHYSICIST
CHEMIST
LAB & INSTRUMENT TECHNICIAN

CLERICAL AND SERVICES
CLERICAL AND SERVICES SUPERVISOR
BOOKKEEPER
TYPIST
STOREKEEPER
CLERK
DATA MANAGEMENT SPECIALIST
YARDMAN
JANITOR
HANDYMAN

1
1
1

1
5
5
10
10
10
5

1
1
1
1
5
5
4
4
5
4
10
5
3
6

1
1
1
?.
2
2
1
1
1
1
8

1
3
4
2
5
1
2
7
3

T5T AVERAGE

76

72
65
60
55
55
55
40

70
55
55
55
46
40
46
46
46
40
46
40
50
50

72
65
55
65
70
55
60
60
60
60
40

40
30
24
30
30
35
28
28
28

" 4 7
{a> SALARIES, FRINGE BENLYITS, SHJFT PREMIUMS AND OVERHEAD ALLOWANCES INCLUDED.

769



technical specialists. On the average, five men per shift would be required.

For the special maintenance the cost would be C^ - $O.792M.

Annual General and Administrative Costs (Account 43). Activities such as

payroll administration, purchasing, and division management are included in this

account. The cost is assumed to be 15% of Accounts 40, 41, and 42, resulting in

C A 3 = $2.2O5M.

Annual Coolant Makeup (Account 44). The cost of replenishment of the water

coolants is slight and is included in the cost of the municipal water under

Miscellaneous Supplies and Equipment (Account 41); hence, C^, - $0.

Annual Process Materials (Account 45). The items to be included in this

account are large quantity materials consumed during reactor operation.

Examples include water treatment or tritium processing. Small-quantity process

materials were costed in Miscellaneous Supplies and Equipment (Account 41). The

definition of these for fusion is not well established, but an allowance of

Ĉ c; = $1.0M is made to cover these purchases.

Annual Fuel Handling Costs (Account 46). Reference 2 states that if the

onsite fuel handling activities require less than 20% of the operating staft

work time, the activities will be costed in other 0&M cost accounts, and no cost

should be applied to this account. Fuel handling will largely be automated and

will impose a minimal workload on the operating crew. Hence, the annual cost

for fuel handling will be assumed to be C^ = $0.

Annual Miscellaneous Costs (Account 47). These miscellaneous O&M costs

include:

• Training of replacement staff personnel

• Requalification of licensed reactor operators

• Rent of property, equipment, or facilities

• Travel

• Public relations

» Office supplies

• Fuel and upkeep on station vehicles

If the costs reported in Ref. 16 for this account were scaled to the EI5TR power

level and escalated to present cost, the cost would be approximately $200,000.

This cost seeras to be very low considering the required level of training and

requalification of personnel, travel, and public relations regarding the plant.

To cover these factors, this account was estimated to be C^j = $1.5M.
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Total C&M Costs. Table G-55 lists the individual O&M costs accounts, their

individual costs, and the summary O&M cost. The total O&M cost ($19.4M) is

Lower than the Ref. 2 recommended guideline of 2% of the direct and indirect

costs, excluding the time-related costs (approximately $40M). Most PWR plants,

however, operate with O&M costs less than the EBTR estimate when nuclear

liability insurance, license and inspection fees, and major retrofits are

excluded. This estimate, therefore, seems to provide a reasonable allowance.

G.6.3. Annual Scheduled Component Replacement Cost. The Scheduled

Component Replacement Costs are the expected annual costs of routine scheduled

maintenance or replacement of major (cost greater than $10,000) reactor

components. The first--/all and blanket materials must periodically be replaced

or refurbished. The costs are usually sufficiently high to warrant treatment as

a separate cost account. The cost includes equipment, material, and special

labor and amounts to CgCR = C 5 0 f C 5 1 = $2.90M + $8.64M = $11.54M.

Annual Reactor First-Wall/Blanket Component Replacement (Account 50). The

reactor will be shut down on a scheduled basis to replace a portion of the

first-wall/blanket sectors. The cost will include a portion of the first wall,

neutron multiplier, tritium breeder, reflector, and structure plus the cost of

the limiter. Also included is the snield and any replaceable ECRH and LHH

components, such as the windows and seals. Materials like the Be and LiAlOo can

be recycled after a short period. Following this storage period, these

materials will be refabricated and installed in a replacement sector. It is

TABLE G-55

OPERATIONS AND MAINTENANCE COSTS

Account Number Account Title Cost(M$)

40 Annual Salaries of Facility Personnel 8.710

41 Annual Miscellaneous Suppliers and Equipment 5.200

42 Annual Outside Support Services 0.792

43 Annual General and Administrative Costs 2.205

4 3 Annual Coolant Makeup 0.0

45 Annual Process Materials 1.000

45 Annual Fuel Handling Costs 0.0

47 Annual Miscellaneous Costs 1.500

TOTAL 19.407
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estimated that the extra costs associated with handling, storage, and

preparation for refabrication will offset the credit for the material costs.

All of the items will be assembled by the supplier as a complete integral

replacement sector. The cost of other materials used for

disassembly/reassembly, such as welding materials and seals, will represent a

minor expenditure and is accounted in O&M (Account Al). The labor associated

with the scheduled maintenance is considered to be an integral part of the

operating crews normal duties because of the highly automated maintenance

process. These levelized costs are represented by

C50 = (°- 2 4 c22.01.01 + climiter + CLHH duct + CECRH duct^ 1 5

= [$A2.00M + $1.26M + $0.04M + $0.07M]/15 = $2.90M.

In computing the cost C^Q, the cost of replacing the blanket is taken as 24% of

the total blanket cost, C22.Ol.Ol' according to the discussion given in

Sec. 7.10, wherein 76% refurbishment is assumed. The 11.4-year (full-power)

life tr: ..slates into 15 actual years for a 77% plant factor.

TABLE G-56

OTHER SCHEDULED REACTOR REPLACEABLE COMPONENT COSTS

Componet
Right-angle vacuum isolation
valve

Vacuum cryopump molecular
sieves

ECRH gyrotrons

ATC

Power Supplies

LHe Refrigerators

TOTAL

Unit Price or
Refurbishment

Cost ($)
40,000

120,000

Replacement
Frequency

36/y

36/y

72/y

Not scheduled

Not scheduled

Not scheduled

Annual
Cost (M$)
Repairable

Item

Repairable
Item

8.64

8.64
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Annual ^placement of Other Reactor Components (Account 51). This account

includes all other major replaceable or repairable components to be maintained

on a scheduled basis. Table G-56 lists these major items, unit cost,

replacement frequency, and annual cost. Several items, such as the vacuum

isolation valves, can be refurbished at a low annual cost. The gyrotrons can

reasonably be expected to last 20,000 hours.® Thus, the replacement schedule is

estimated at 3 years with 72 gyrotrons being replaced per year. All other icems

can be refurbished or repaired at low cost or they are not a scheduled

replaceable item. The capital cost for components necessary to allow

refurbishment is shown under Reactor Spare Parts (Account 22.98). The Annual

Replacement Cost of Other Reactor Components is C^j = $8.64M.

G.6.4. Annual Fuel Cost. The annual fuel cost estimate for EBTR considers

the purchase cost of fuel materials. Because tritium is generated within the

reactor by the irradiation of a lithium compound and because the process is

self-sustaining after ~ 1 year of operation tritium is considered a no-cost

item. Cost for tritium processing facilities is included as a capital cost.

Deuterium is purchased as D2 at a price of $2175/kg.3 Fuel burnup is estimated

at 530 g/d for T2 or D2. Considering a small amount of leakage (5%) and the

plant availability of 77%, a prorated daily D2 usage would be 420 g, and the

annual cost would be $333,000. All other "fuel cycle materials," such as

tritium breeding materials, neutron multipliers, and cladding, are considered to

be essential parts of the replaceable reactor sector and as such are costed

under Annual Reactor First Wall/Blanket Component Replacement (Account 50).

Hence, CQ2 = $333,000. No offsite processing and disposal facilities are

considered; no costs, therefore, are reported in Account 03 (CQ2 = $0).

G.6.5. Plant Availability. The plant availability factor is defined as

the ratio of the expected amount of energy generation and the amount of energy

generation that would occur if the plant operated 100% of the time at design

power level. The availability is reduced from 100% because of outage time for

scheduled, tg) and unscheduled, tu, maintenance periods. The plant availability

equals (8760-t -t<,)/8760, where t and t_ are expressed in hours.

Section 7.11. (Maintenance Approach) defines the annual scheduled and un-

scheduled times allowed. The scheduled outage time has been estimated as 28

days per year for reactor and BOP and 120 days every 10 years for

turbine-generator overhaul and TF/ARE-coil anneal. To achieve the target

availability of 77%, as is discussed in Sec. 7.11, the unscheduled outage is set
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at 47 days per year. The availability factor has a strong influence on the cost

of electricity, and much effort has been expended to maintain the goal value.

G.6.6. Plant Capacity. Plant capacity is the net electric energy that

would be produced annually by the fusion power plant if operating continuously

at the design level of power generation. Specifically, plant capacity equals

plant-design net electric power level times 8,760,000, where capacity is

expressed in kWh/yr and power level is expressed in MWe units. The gross

thermal power to the turbines equals 4028 MWt. With a gross cycle efficiency of

35.5%, the gross electric output of the generator is 1430 MWe. The net electric

power level of 1214 MWe is obtained by subtracting the allowance for auxiliary

power requirements (96 MW) and for the ECRH heating needed for the electron

rings (120 MW).

G.7. Bus-Bar Energy Cost Calculations

All the prior analyses are utilized in preparing the necessary data to

calculate the bus-bar cost of energy available from the EBTR fusion power plant.

This energy cost is the most important evaluation tool to compare alternative

energy sources. Both constant-1980 and then-current-1985 dollar analyses are

used to evaluate the economic parameters. The general equation for bus-bar

energy cost is given by

CAC + <c0ftM + CSCR F
COE = : , (G-2)

(PC)(PAF)(10~3)

where

COE = Cost of electricity in constant or then-current dollars (mills/kWeh)

C^. = Annual capital cost charge = total capital cost times fixed charge

rate (0.10 or 0.15)

^O&M = Annual operations and maintenance cost = C^Q + C^j + ... + C^y

Ĉ SCR = Annual scheduled component replacement cost = C^Q and Cc,

Cp = Annual fuel costs = CQ2 and CQ2

E = Escalation rate equals 0 for constant dollars and 0.05 for

then-current dollars

P = Construction period (years)

PC = Plant capacity (kWeh)

PAF = Plant availability factor (%/100)
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Specifically, the cost in constant-year-1980 dollars is

COE = $287,191,000 + ($19,407,000 + $11,540,000 + $333,000) _ _ _ i l l s / k W e h

1214000 x 8760 x 0.77 x 0.001

and in then-current-1985 dollars,

COE = $ 5 4 7' 1 5 9> 5 0 0 + ($19,407,000 + $11,540,000 +$333,000)(1.05)5

1214000 x 8760 * 0.77 x 0.001

= 71.7 mills/kWeh.
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APPENDIX H. BALANCE-OF-PLANT MECHANICAL AND ELECTRICAL SYSTEMS

H.I. Mechanical Systems Design

A description of the design of EBTR mechanical systems is given in this

appendix.

H.I.I. Power Conversion System. The power-conversion cycle is nominally

rated at 4028 MWt and is designed to supply steam to a single turbine generator

for the production of electric power. Figure H-l schematically depicts the PWR

power-conversion system. Steam is produced by thermal energy removed from the

reactor coolant system. Main-turbine exhaust steam is converted from vapor to

condensate in the main condenser. Condensate is returned to each steam

generator by the regenerative feedwater heating system after removal of

dissolved gases and impurities.

Four steam generators are designed to provide 2024 kg/s of slightly

superheated steam at 6.3 MPa and 577 K. The system receives 93% (3276 MWt) of

the total heat input from the reactor coolant system at the steam generators.

The remaining 7% (302 MWt) of the heat comes from the limiter cooling system,

which supplies thermal energy to the feedwater heaters #2. Four main steam

lines are provided between the steam generators and the turbine throttle valves.

The main steam lines are provided with an isolation valve and a check valve in

each line just outside the Reactor Building. The isolation valves automatically

close when high steam flow and either low-temperature or low-pressure conditions

occur simultaneously; the isolation valves also close in the event of a high

Reactor Building ambient pressure. The valves can be operated remotely from

either the main control room or local panels. The swing-type check valves

protect against backflow of steam into the steam generator and the Reactor

Building in the event a main coolant loop is not operating under either

maintenance or emergency conditions.

A turbine bypass is provided to control excess steam during startup,

shutdown, or power operation when steam generation temporarily exceeds turbine

requirements. The automatic steam dump valves are capable of bypassing up to

45% of design flow to the turbine bypass system and directing it to the main

condenser. In connection with the steam dump valves and turbine bypass system,

auxiliary feedwater pumps are provided to shut down the reactor safely in the

event of a concurrent loss of offsite power and a turbine trip. One of the

auxiliary feedwater pumps is driven with a steam turbine, while the other two

are driven by an electrical motor, using the standby power source. Turbine
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plant equipment is selected for high operating efficiency to provide maximum

generating capability and reliability. All equipment is designed for continuous

operation at 105% of the rated steam flow. The subsystems and/or components

that compose the power conversion system are:

• Main steam supply system

• Turbine generator unit

• Moisture separators/reheaters

• Main condenser

• Condensate system

• Feedwater system

The main steam supply system transports the slightly superheated steam from

the four steam generators to the high-pressure stage of the throttle/stop valves

on the main steam turbine. Pipelines interconnect the four steam generators and

supply the steam with the minimum economical pressure losses, ensuring uniform

heat removal from each steam generator and maintaining the system balance. In

additions the piping arrangement provides for mixing to ensure uniform steam

conditions at the inlet to the high-pressure turbine. Branches from the main

steam system headers are used to provide heat to the reheaters. The

high-pressure turbine exhaust is dried and reheated before entering the

low-pressure turbines.

The turbine consists of one double-flow, high-pressure stage in tandem with

three double-flow, low-pressure stages. The turbine is a four-casing, 1800-rpm

unit with tandem-compound, six-flow exhaust. The unit is provided with two

steam chest assemblies, one located on each side of the high-pressure turbines.

Each assembly consists of two throttle/stop valves and two governing valves-

Each valve is controlled by an electrohydraulic governing system through an

individually operated valve actuator. The generator includes a hydrogen-cooled,

synchronous generator, with a water-cooled starter and a shaft-driven,

air-cooled, brushless or static exciter. The unit has a power factor of 90%;

the rated output is 26,000 V, three-phase, and 60 Hz.

Two 50%-capacity moisture separators/reheaters are provided to remove the

moisture of the wet steam exhausted by the high-pressure turbine and to reheat

the steam; approximately 40-K superheat is provided. The wet steam emerges at

about 8% moisture content and enters the moisture removal section, where 100% of
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Fig. H-l. Schematic diagram showing the essential elements of the PWR
power-conversion system.
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the moisture is removed mechanically and drained to the feedwater system to be

used for heating. The dried steam then passes through the two-element reheater

section, where it is first heated with extraction steam from the high-pressure

turbine and then heated by the main steam. The condensed steam and the moisture

removed are used in the feedwater system for heating. The supejheated steam

from the reheater enters the three low-pressure turbines and the two feedwater

pump turbines.

A series multipressure condenser with an approximately 4.5-K temperature

rise for each section is provided, for a total temperature rise of about 13.5 K.

The steam exhausted from each low-pressure turbine is dedicated to one of the

condenser stages, allowing parallel operation between turbine and condenser.

Each condenser section is located directly below one of the low-pressure turbine

stages, taking the exhausted steam from that particular turbine stage. The

circulating water is connected in series to each condenser stage (i.e., the

water passes from one stage to the next). The average back-pressure on the

condensing steam is 8.1 kPa, corresponding to a saturation temperature of

315.4 K.

Three pairs of condensate pumps are provided with each pump sized for 33%

of rated flow. Three pumps are normally operating with the three redundant

pumps in a standby condition. Each pair of pumps takes suction from one of the

three condenser sections, transferring the condensate to the feedwater system.

This pump arrangement provides operational and control flexibility. The main

function of the system is to condition the condensate by de-aeration, polishing,

chemical addition, and condensate makeup to provide feedwater at the purity

required for the steam generators and to ensure turbine optimum performance and

reliability. Gases and air are removed by steam air ejectors and priming

ejectors. A demineralizer system is provided for condensate polishing and is

capable of removing suspended material such as corrosion products and ionized

solids. Chemical addition is provided for ph control and for oxygen scavenging.

Condensate makeup is supplied to the condenser hot well from the condensate

storage tank. Makeup requirements are controlled by the hot-well level.

The feedwater system supplies feedwater to the steam generators at the

required flow rate, temperature, and pressure for optimum turbine output and

cycle efficiency. The system consists of three trains of low-pressure heaters

and two trains of high-pressure heaters. Three feedwater pumps are provided,

each designed for 50% of the 105% rated capacity. The two pumps normally
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running are driven by steam turbines, running off steam from the reheater

outlets and exhausting it to the main condenser. The standby feedvater pump is

motor driven. The motor-driven pump is used for startup ui.til an adequate steam

supply has been established to the turbine-driven pump.

Feedwater heating is accomplished by extracting steam from the high- and

low-pressure turbines. In addition, feedwater heaters 42 are heated by the 302

MWt available from the limiter cooling system. A total of eight sets of heaters

are required: five low-pressure heater sets (three per set) and three

high-pressure heater sets (two per set). In addition, two tlash tanks aie

provided to collect the high-pressure heater- and moisture-separator Jruin

liquid for return to the system. The flashed steam is used for heating. Twi

feedwater pumps deliver pressurized feedwater at 8 MPa to provide rhe required

6.3-MPa steam at the turbine throttle valves.

The overall power-conversion cycle efficiency depends not only on tlit

ther.nodynamic cycle, but also on the turbine machinery efficiency. A l~).b"'

overall efficiency has been calculated based on turbines available today which

are widely used for operation with low superheat steam conditions. Tht_so

turbines are provided with one stage of moisture removal between the casings and

limited internal moisture removal. If it were possible to remove 100% .if the

moisture available after expansion through every stage, an additional heat r^te

improvement of about 6% would result.

The 35.5% overall cycle efficiency projected by this study for EBTR is

based oi, three stages of moisture removal rather than removal at every stage.

This more reasonable approach to moisture removal results in the approximately

2% improvement (33.6% to 35.5%) in the cycle efficiency cited herein.

The addition of moisture removal stages would require a complete redesign

of the low-pressure turbine stage, which until today has not been economically

attractive for turbine manufactures. With increasing fuel costs, however, the

need for higher efficiencies will warrant redesign of low-superheat steam

turbines. Another factor influencing the redesign of this turbine will be the

demand for power plants of the 4000-MWt size.

H.I.2. Heat Rejection System. The raajn function of the heat rejection

system is to maintain the most economical condenser back pressure, which is a

function of cooling-water temperature and flow rate. This critical economic-

impact on the power plant must take into account the ecological considerations

of rejecting large quantities of heat to the atmosphere.
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The cooling method selected by this study is based on economic

considerations and the assumption that once-r.hrough cooling (i.e., river, iake,

or sea water) is not available at the majority of potential sites; cooling

towers are generally adaptable to m y site. Furthermore, natural-draft cooling

towers are assumed most acceptable to environmental and regulating agencies and

result in lower operating costs than the mechanical-dr^ft type. The economic

evaluation performed takes into consideration capital costs (cooling tower,

condenser), operating costs (pumping, tower fans), and cycle efficiency. Table

H-l lists the components and heat sources cooled by th<" circulating water

system.

Economic and technical analyses result in the selection of a 1338-MWe

turbine generator, rated at 8.1-kPA average condenser back pressure. The

raultipressure condenser is cooled with 300.7-K inLet water with a 1J.4-K range.

The natural-draft hyperbolic cooling towers selected use a 4,6-K approach at

296.1-K wet-bulb temperature. The wet-bulb temperature is determined at the 95%

duration design point (i.e., 95% of the time the wet bulb is at 296.1 K or

below). At higher wet-bulb temperatures, the cycle efficiency and turbine

output decrease.

The overall system consists of two hyperbolic natural-draft cooling towers;

six wet-pit, vertical-type centrifugal pumps; a t.hlorinat ion package; an

evaporation pond; and a raw-water reservoir for makeup. The cooling towers are

aesthetic, massive structures of reinforced concrete; these structures are

approximately 150 m in diameter at the basin, 100 rr. in diameter at the top, and

165 m in height. The pump house provided for the pumps and chloriuation package

contains a well with individual compartments for each pump and filter.

TABLE H-l

CIRCULATING WATER SYSTEM HEAT LOADS

Source Location Load (MWt)

Main condenser Turbine Building 2500

Closed-loop cooling water system Plant Auxiliary Build'ig 157

Turbine plant cooling water system Turbine Building 50

Electrical component loads Reactor Building i5

Instrumentation and controls Various Negligible

Total 2722
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Makeup water is supplied to the pump well at a rate controlled by the well

level. Makeup is provided on a continuous basis to replenish the water lost by

evaporation and drift and by tower blowdown. Blowdown liquid is routed to the

onsite evaporation pond to maintain the proper concentration of minerals in the

circulating water. The makeup and blowdown systems have not been optimized, but

a continuous makeup rate of 3% to 5% of the total flow rate has been assumed;

this makeup rate is typical of power-plant design.

Makeup water is supplied from the raw-water reservoir by the service-water

pumps. The six circulating-water pumps are each designed to accept 16.7% of the

load (approximately 8400 kg/s per pump). The pumps take suction from the

circulating-water pump house well, which is connected to the two tower basins by

underground piping. The pump discharge is connected to a common header, which

is then routed to an underground concrete pipe to the condenser and back to the

cooling towers. If a single pump fails, the increase in the flow rate through

the operating pumps results in a minimal reduction in overall system flow rate.

The circulating-water system pump arrangement selected has no standby

capacity at 100% load, which is standard practice for most utilities.

Additional installed capacity could be provided at the discretion of the utility

purchasing and/or operating a fusion power plant of this type.

H.I.3. Closed-Loop Cooling Water System. The purpose of the closed-loop

cooling water system is to provide high-quality, demineralized, and deionized

cooling water to reactor auxiliary components and Reactor Building cooling

systems during normal plant operation. The components served by the system and

the corresponding heat loads are indicated in Table H-2.

The design pressure of the system is 860 kPa with a design pressure drop of

345 kPa. A 16.7-K temperature difference is used across the components cooled,

from an inlet temperature of 316.3 K to an outlet temperature of 333 K. The

heat is released from the system to the circulating-water system discussed in

subsection H.I.2. The system is designed on the premise that there will be no

tritium release to its components during normal operation.

The closed-loop cooling water system consists of three half-capacity pumps,

three one-third-capacity heat exchangers, a surge tank and the necessary piping,

and controls and instrumentation. The surge tank is sized to accommodate any

volumetric changes due to temperature and load changes. A nitrogen blanket is

supplied to the surge tank to maintain system pressure. Nitrogen rather than
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Location

Reactor Hall

Reactor Building

Hot Cell

Tritium Reprocessing Building

Reactor Building

Cryogenic Equipment Yard

Reactor Building

Reactor Building

Reactor Building

Tritium Reprocessing Building

Tritium Reprocessing Building

Tritium Reprocessing Building

Hot Cell

Hot Cell

Total

Load (MWt)

78.0

0.2

0.1

0.1

51.0

7.0

5.5

5.5

0.2

2.0

2.0

0.9

4.5

0.1

157.1

TABLE H-2

CLOSED LOOP COOLING WATER SYSTEM HEAT LOADS

So u r c e

ECKH syste.n

ATC system

ATC system

ATC syste.i

Shield

Cryogenic system

HVAC

Vacuum pumps

Storage heaters

Pumps

Electrolysis units

Waste storage

wastt- processing

air is used to minimize oxidation and, therefore, to reduce potential corrosion

products that are incompatible with maintenance of the water quality required.

Heat is removed from the system at the three heat exchangers by the

i -.ircul.it. ing-water system and ultimately rejected to the main cooling towers.

Two of the closed-loop cooling water system pumps are normally operating while

the third pump is on standby.

Vatur is continuously bled from the system to maintain the desired water

quality and is continuously made up from the demineralized water system. Water

quality is monitored to control the bleed rate, and the surge-tank level

controls the makeup rate. The system is connected to the standby cooling water

system to provide cooling water to the atmospheric tritium cleanup systems and

the solid-waste pools during normal operation. The connections include

isolation valves that close automatically when the standby cooling water system

goes into operation or when the closed-loop cooling water system is shut down

for any reason.
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H.I.A. Standby Cooling Water System. The purpose of the standby cooling

water system is to provide high-quality, demineralized and deionized cooling

water to the atmospheric tritium cleanup systems, solid-waste pools, and Control

Building chillers during abnormal operating conditions. The components that

this system serves and the corresponding heat loads are indicated in Table H-3.

The standby cooling water system consists of a dry cooling tower, two

full-capacity pumps, a surge tank and the necessary piping, and instrumentation

and controls. When the system is operating from a normal power source, control

of the liquid in the surge tank is similar to that for the surge tank in the

closed-loop cooling water system. When the system is operating on standby power

from the onsite gas turbines, no makeup water is introduced into the system.

The surge tank is designed with sufficient capacity to supply the water

requirements for 30 days of emergency operation.

The dry cooling tower is provided to complete the closed system; it. is

desirable for maintenance of water quality and to prevent the release of sir.al 1

quantities of tritium or activated corrosion products that may migrate to tru-

systerp.

H.I.5. Support Systems. This subsection describes the support .-.ysterr.s

required to sustain reactor and turbine plant operations.

H.I. 5.1. Carbon Dioxide Supply System. The carbon dioxide supply syste-i

provides the carbon dioxide makeup gas required for the Reactor Building

atmosphere. The system consists of high-pressure gas bottles, pressure

regulators, piping, valves, and instrumentation and controls. It has be^n

assumed that the user will periodically purchase carbon dioxide gas from 3

supplier, who will also provide the gas bottles.

ATC,

ATC,

ATC ,

Waste

HVAC

Source

full capacity

normal

normal

storage

systems

TABLE H-3

STANDBY COOLING WATER SYSTEM HEAT LOADS

Location

Reactor Hall

Hot Cell

Tritium Reprocessing Building

Hot Cell

Control Building

Load (MWt)

2.1

0.1

0.1

4.5

0.1

Total 6.9



H.I.5.2. FREON Gas Supply System. FREON is used in the lower hybrid

heating (LHH) and electron cyclotron resonance heating (ECRH) systems. The

system consists of high-pressure gas bottles, pressure regulators, piping,

valves, and instrumentation and controls. The gas and high—pressure bottles are

provided in the same manner as the carbon dioxide supply system.

H.1.5.3. Demineralized Water System. The demineralized water system

includes packaged demineralizer trains, a demineralized-water storage tank, and

demineralized-water pumps. Service water is drawn from the raw-water reservoir

and is delivered to the demineralizer trains for processing. Two demineralizer

trains are provided, with one train in a standby, shutdown, or regeneration

node. Each train is sized for 100% design requirements and includes a pressure

filter, two-bed cation, and strong base anion primary demineralizer that is

followed by a secondary demineralizer. The demineralized water produced is

stored in the demineralized-water storage tank for subsequent use in the heat

transport system, the closed-loop cooling water system, and the standby cooling

water system. Two full-capacity demineralized-water pumps are provided for the

initial system fill and normal makeup to the following subsystems:

• Heat transport system

• Closed-loop cooling water system

o Standby cooling water system

• Turbine plant cooling water system

• Steam and condensate system

H.I.5.A. Turbine Plant Cooling Water System. The turbine plant cooling

water system is designed to provide relatively constant temperature water for

cooling the turbine cycle equipment. The cooling water serves the following

equipment.

o Generator hydrogen coolers

• Air compressors

• Turbine electrohydraulic controls and lube-oil coolers

o Seal-water coolers

o Plant HVAC

• Miscellaneous coolers
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The system circulates deraineralized water that is cooled by the

circulating-water system. The system consists of two full-capacity pumps, two

half-capacity heat exchangers, one surge tank and necessary piping, valves, and

instrumentation and controls.

H.I. 5.5. Turbine Generator Oil Conditioner and Storage System. The tur-

bine generator oil conditioner and storage system, provided for the storage and

processing of turbine lube oil, consists of clean- and dirty-oil storage tanks

of approximately 18.9 m^ each, and lube-oil transfer pumps. A self-contained

lube-oil conditioning system is capable of continuous conditioning and

recirculation of turbine reservoir lube oil, and batch conditioning and transfer

of dirty lube oil. A waste-oil sump pump and 0.95 m storage tank are provide

for the accumulation and disposal of sediment from the dirty-oil storage tank.

H.I. 5.6. Turbine Generator Lube Oil System. The turbine generator

lube-oil, system consists of an independent lube-oil reservoir equipped with lub*'

oil pumps to provide bearing lubrication and lube-oil cooling for the turbine

generator togethur with backup supply for the hydrogen seal-oil system.

Lube-oil cooling is accomplished by a heat exchanger supplied with cooling water

from the Lurbine plant cooling-water system.

JT_.J_.J*_. 7. V;iectrohydraul ic Control System. The e • ectrohydraul ic control

system is an independent system consisting of an oil-storage reservoir,

motor-operated control oil pumps, and integral oil coolers. The system is

designed to provide the motive power required by the servomechanisms to maintain

desired speed/load characteristics through the turbine steam throttle valves.

H.I.5.8. Hydrogen Seal Oil System. The hydrogen seal-oil system provides

an independent source of seal oil to the generator shafting to maintain a

hydrogen pressure within the casing, with minimal leakage loss. The system has

a backup source from the bearing-oil supply system and a dc motor-operated

seal-oil pump for emergency service.

H.I.5.9. Turbine Steam-Sealing System. To prevent the escape of steam

and/or loss of condenser vacuum along the turbine shaft, steam-sealed glands are

provided. The turbine steam-sealing system consists of steam-sealing

regulators, steam-packing ejectors, and gland-seal condensers. During startup

or shutdown, sealing steam is provided from the main steam line and during

operation, it is provided from the excess steam available from the high-pressure

packing. Excess steam is vented to the main condenser, while sealing steam is

condensed in the gland-seal condenser.
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H.I.5.10. Turbine Bypass System. The plant steam cycle is equipped with a

45% reactor-rated turbine steam bypass system that directs excess main steam

directly to the main condenser after a pressure-reducing and desuperheating

station. This system is used during startup and shutdown and for those periods

during transients when steam generator output exceeds turbine steam flow

requirements. Sequentially operating, pressure-reducing, desuperheating bypass

valves are mounted between main steara lines and the main condenser.

H.I.5.11. Condensate Storage and Transfer System. The condensate storage

tank provides sufficient water to the suction of the auxiliary feedwater pumps

to remove first wall/blanket decay heat and to cool down the components under

normal maintenance and service operations. During normal plant operation, the

condensate storage tank provides makeup to the system as required.

1-1.2 . El e ctrical Systems Design

The functions of the electrical power system are to provide reliable power

fur the plant equipment, to generate electrical power, and LO transmit the net

eltctru-.jl power to the offsite transmission network. Tru- pla-r is designed

with adequate auxiliary electrical equipment, standby power, and protection to

provide maximum continuity of service, thereby ensuring operation of the

essential station auxiliary equipment during noniul operation and all emergency

condit ions.

The electrical systems design is based or. the following considerations.

• A commitment to personnel safety and the preservation of property

• Reliability and continuity of service

• Simplicity of operation

• Voltage regulation and short-circuit rating of equipment

• Maintenance

• Flexibility

• Environmental constraints

• First cost

Codes and standards for a fusion reactor power plant have not yet been

developed. It is anticipated, however, that the electrical system design will

have to meet the applicable and relevant criteria of a PWR plant. The

electrical systems for EBTR have been designed with this assumption. In

addition, all electrical equipment, such as the main generator, motors,

transformers, switchgear, and control equipment, is selected, rated, and

791



specified in accordance with the National Electrical Code (NEC) and with the

latest applicable standards of the following institutions.

© American National Standards Institute (ANSI)

• Institute of Electrical and Electronics Engineers (IEEE)

• Insulated Power Cable Engineers Association (IPCEA)

• National Electrical Manufacturer's Association (NEMA)

• Occupational Safety and Health Administration (OSHA)

• Underwriters Laboratories, Inc. (UL)

• National Association of Corrosion Engineers (NACE)

When it is available, offsite power is used for startup and shutdown (i.e..

the plant is not designed with "black starting" capability). During continuous

operation of the generator an intermediate mechanical energy storage sybtem is

not required. Major electrical equipment associated with power generation,

auxiliary electrical power supply and distribution, onsite standby power

generation, and extra-high voltage (EHV) switchyard systems are based on state-

of-the-art technology or technology currently being developed.

A double bus system is used as - minimum to supply power to equipment

required for continuous operation and/or safe shutdown. The distribution of

power ?o two or more identical items of equipment is such that a failure of a

power supply bus does not result in a complete loss of a particular mechanical

or electrical function. All vital control and protection systems and equipment

are powered from uninterruptible power supply (UPS) systems to ensure maximum

service continuity. Electrical equipment and systems required for an orderly

and safe shutdown are redundant and are designed to withstand and function

during and after a design basis earthquake (DBE).

H.2.1. Main Generator and Connections. The function of the main generator

and its connections is to produce 1430-MWe (gross) power for delivery to the

plant unit auxiliary transformers and to deliver the net electrical power

through the main step-up transformer and switchyard to the EHV transmission

system network. The generator connections are made with a forced-cooled

indoor/outdoor isolated phase bus system. The isolated phase bus system is

fully rated at 40 kA between the main generator and the main step-up

transformers, with reduced-capacity taps to the unit auxiliary transformers

being used. The generator surge protection equipment and potential transformers

are part of the isolated phase bus system.
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The main electrical generator is provided with a generator breaker to allow

isolation of the generator during startup, shutdown, and maintenance, while the

main step-up transformers and the unit auxiliary transformers supply offsite

power for the auxiliary system. The generator is provided with primary and

backup protective relaying functions. Disconnecting links are provided in the

isolated phase buses to allow isolation of the generator breaker and/or the main

generator during maintenance. The generatot neutral is grounded through a

distribution-type transformer and a loading resistor. The generator breaker is

controlled remotely from the plant control room and used for synchronization of

rhe rnit with the power grid.

Electrical power is generated at 26 kV and transmitted via an isolated

phase bus system to the main step-up and unit auxiliary transformers. The main

electrical generator is provided with a generator breaker rated at 48 kA

(continuous) and 36 kV. The momentary ratings of 12U0-kA peak and the

interrupting rating ol 250 kA (RMS, symmetrical) are adequate for the maximum

available short-circuit currents. During normal operation, the generator

breaker is closed. During startup and shutdown, the generator breaker is open

and offsite power is fed through the main step-up and unit auxiliary

transformers. The neutral point of the generator is connected to a

single-phase, grounding transformer by a bus connection.

The main step-i'p transformer bank consists of three single-phase units,

each rated .it 425-MVA, FOA class at a 65-K temperature rise. The units are

connected in a delta (low-voltage side)/grounded wye (high-voltage side)

configuration having standard impedances. The low-voltage terminals are

connected to the isolated phase buses; the high-voltage terminals are connected

via gas-insulated F.HV buses through a motor-operated disconnect switch to the

switchyard. The main transformer is energized continuously, and it normally

delivers power through the unit auxiliary transformers for startup and shutdown.

However, during normal operation the main transformer is used to transmit the

generator net power output to the EHV switchyard. The main transformer bank is

provided with redundant 480-V, 3-phase supplies for the cooling equipment to

ensure continuity of service.

H.2.2. Extra-High Voltage Switchyard. It is anticipated that a minimum of

two full-capacity EHV transmission lines will be connected to the switchyard of

the plant. The primary function of the switchyard is to provide an onslte EHV

switching facility that can provide a reliable power outlet for the unit and
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that can receive and provide r.he offsite power required for startup and shutdown

when the main generator is off the line. The arrangement of the switchyard is

based on a double-bus, breaker-and-a-half scheme that provides the utmost

flexibility and reliability required for a base-load plant of tins size and

complexity. Outdoor-type gas-insulated equipmert is used. This type of

equipment offers better protection from the environment and economicaJ use of

space. Operation of the switchyard power circuit breakers and motor-operated

disconnect switches is accomplished from the supervisory console in the control

room or from the control panels in the switchyard control house.

All three transmission lines, the main step-up transformer, and the three

reserve station transformer circuits are connected to the two main buses through

two EHV breakers, with the middle breaker shared between two circuits. Kac-li

circuit breaker and the three transmission lines have sectionalizing switches

installed. All circuit breakers are normally closed arid, therefore, the two HHV

buses operate in parallel. Any circuit may be isolated (.by operating the two

adjacent breakers) without loss or interruption of power to any other circuit.

In case of a bus fault, the entire bus may be isolated, again without

interruption of any other circuit. The transmission-line arid transformer

protective relays, as well as power-cirtuit-breaker and motor-operated

disconnect-switch control equipment, are located in the switchyard control

house.

H.2.3. Auxiliary Electrical Power Supply and AC Distribution. The Junction

of the auxiliary electrical power supply and ac distribution system is to

provide continuous and reliable power to the plant auxiliary equipment for

startup, normal operation, and shutdown. During startup, normal operation, and

shutdown, power is supplied to the 13.8-kV and 4.16-kV auxiliary system buses

from the unit auxiliary transformers connected to the generator lead isolated

phase buses. Each auxiliary electrical power supply bus has two sources of

power, one from the unit auxiliary transformers and the other from the reserve

station service transformers. An automatic power transfer to the reserve

station service transformer is implemented when the unit auxiliary power supply

fails.

Electrical loads that are vital for an orderly shutdown of the plant are

grouped separately (Sec. H.2.5.) and are not mixed with normal plant auxiliary

loads. The selection of transformer impedances and the grouping of loads on a

particular switchgear bus are consistent with commercially available switcligear
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ratings and ANSI voltage regulation limits. The short-circuit current at the

primary of each unit auxiliary transformer is limited to allow the use of

breakers with standard ratings. Double-ended load-center transformers rated at

480 V are designed so that a failure of any one of them does not cause loss of

the associated 480-V bus. The bus tie-breaker automatically connects the "dead

bus" to the other operating bus. In general, circuit protection equipment is

located on the switchgear cubicles, and control devices and functions are

located in the plant control room, resulting in a minimum of local controls.

The auxiliary electrical power supply and distribution system consists of

13.8-kV, 4.16-kV, double-ended 480-V load-center buses and a number of 480-V

motor-control center buses, as required. Normal power to the switchgear buses

during operation is supplied from the unit auxiliary transformers. Three 60-MVA

transformers with double 13.8-kV secondary windings are used. These

transformers each feed a 13.8-kV switchgear bus servicing general motor and unit

substation loads. Tn addition, two 60-MVA transformers are provided with double

13.8-kV secondary windings, and each feeds 13.8-kV switchgear buses dedicated to

the rf and ECRH power supplies. The two 4160-V main switchgear buses are fed

from a 40-MVA, double secondary-winding transformer. The switchgear bus

assemblies are rated at 4150 V, serve different process building loads, and are

subfed from the main 4160-V switchgear. Each unit auxiliary transformer is

protected by a 26-kV primary circuit breaker preceded by a disconnecting link,

reactor, and motor-operated disconnect switch for short-circuit current

limitation and isolation. Backup power to the switchgear buses is provided from

the three reserve station service transformers. Two of these transformers are

rated at 60 MVA with double 13.8-kV secondary windings and one is rated at

40 MVA with double 4160-V secondary windings.

Power at 480 V is provided by double-ended load-center type substations

located throughout the plant approximately in the center of their respective

loads. Each transformer of a double-ended unit is fed from a different 13.8-kV

bus for better flexibility and service continuity. Loads above 75 kW (100 hp)

but below 185 kW (250 hp) are connected to these load center switchgear buses as

well as 480-V motor-control center feeders. Loads of up to and including 75 kW

(100 hp) are fed from 480-V motor-control centers located throughout the plant

near the center of their respective loads.
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H.2.4. DC Systems and AC Uninterruptible Power Supply Systems. Reliable

and continuous dc battery power is required for a variety of uses, such as

"trip" and "close" of electrically operated circuit breakers, solenoid-operated

valves, control systems, vital lighting, the station annunciators, communication

equipment, and devices used during turbine coast-down. Through dc/ac inverters,

the batteries are ,ilso used to provide power to the turbine/generator and

reactor protective system and to instrumentation required for an orderly

shutdown. The following separate subsystems are provided.

« Turbine/generator dc system

• Instrumentation and control do and UPS ;.ysi_ems

• Computer/data logger dc .ind UPS systt'ms

• Switchyard dc system

UPS systems are provided with fast transfer switches to transfer the load

from the output of the inverter to a regulated ac backup supply in case of

inverter failure, feeder short circuit, or maintenance.

The turbine/generator dc system provides supply for the turbine/generator

and its accessories as required and for emergency lighting. This battery is

rated at 250 V and is adequately sized to supply the total connected load for

two hours without the support of a charger. Two chargers are provided for this

battery.

The instrumentation and control dc and UPS system provides dc supply for

the plant instrumentation, control and protection systems, including switchgear

dc control supplies and dc/ac inverter supplies. The system consists of four

separate battery subsystems, each rated at 125-V dc and adequately sized to

supply the total connected load for 4 hours without the support of a charger.

One charger is provided for each battery and one dc/ac inverter is fed from each

battery. This system is designed to withstand DBE seismic forces.

The computer/data logger dc and UPS system provides dc/ac supply for the

plant computer/data logger. This system consists of two dc batteries, three

chargers, and two dc/ac inverters. These batteries are sized for a two-hour

capacity without the support of a charger.

The switchyard dc system provides dc supply for the control and protection

of the switchyard circuit breakers and for the switchyard emergency lighting.

This systems consists of two separate battery systems, each complete with a
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plus a spare charger. Each of these oatteries is sized for a two-hour

iaf/iicity without the support of a charger.

The aforementioned battery and UPS systems consist of a storage battery,

::irfrjer(sl, inverter, fast transfer switch, manual bypass switch, dc switchgear

>r distribution panelboard, ac panelboard, and regulated backup ac supply. The

•~';i;:r̂t;r ,ic input power Is normally supplied at 480 V and is connected to a bus

rhat ronlJ also be energized from the onsite standby electrical power system

*-ht*r: a] I off site ac power is lost. During normal operation, the charger

•. ..;;p! i ̂ s d' power to the connected loads with the battery fully charged and

" ! .-••;t i np, on the dc system bus. When the charger is lost, because of its own

:.ii !IIIT or because of a loss of ac input to the charger, the battery powers the

•! systen for the design period, as required.

H.2.5. Onsite Standby AC Power System. The onsite standby ac power sysLem

.•I'ncr , res .:nd distributes a reliable onsite ac source of auxiliary power if the

preferred ofisite source is lost. This system consists of two 100Z redundant,

i.::H..'pi.'ndi.-nt and separate onsite gas turbine/generators. Each generator is

ennecujd to a redundant 4160-V switchgear bus system. rhese two 4160-V buses

.ire ;il':.o connected to the plant main 4 ] 60-V buses 1 and 2, respectively. Sub-

h.:-; assemblies rated at 4160 V are located in the Reactor Building, Hot Ceil,

nmi '"•-actor supporting buildings for the supply of onsite standby power to

..•c.ii pment in these buildings. The system is designed to meet the following

rug;!)' rements.

• Capability to fu z ton duri.-,; and after a design basis earthquake

• Loss of one redundant group does not prevent an orderly shutdown

© Each 4,.6-kV bus system can be connected to the preferred off site power

source or to the onsite standby gas turbine/generator

• No paralleling of the two redundant generators or 4.16-kV bus system is

possible

• Loads cannot be transferred from one bus system to the others

The gas turbine/generators are designed ior starting and loading within

about 60 seconds. They are required to start automatically upon loss of the ac

bus voltage and to maintain rated voltage and frequency during loading and

operation. Provisions are made for testing the gas turbiae/generators at

required time intervals.
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During normal conditions, these systems are powered from the preferred

offsite source or from the unit auxiliary transformer. Upon loss of the plant

main ac generator and upon loss of the offsite ac power source, however, the gas

turbine/generators feed the onsite standby ac power system to permit an orderly

shutdown to be conducted. Onsite standby ac power is rated at 480 V and is

provided by 480-V load centers connected to the 4160-V standby ac power-system

buses. Onsite standby ac power is further distributed to small motor loads by

480-V motor-control centers connected to the 480-V load centers.

H.2.6. Facilities Electrical Services. The functions of the facilities

electrical services are as follows.

• To provide adequate lighting, including emergency lighting, in accordance
with the recommendations of the Illuminating Engineering Society (IES)

• To provide the necessary grounding for systems and equipment, including a
separate grounding system for "low"-signal-level instrumentation and
controls, in accordance with the requirements of IEEE standards and the
National Electrical Code

• To provide necessary systems for communication, including telephone, public
address (PA and PAX), and sound-powered telephone systems for testing and
maintenance where required

o To provide adequate lightning protection, in accordance with ANSI C5-1

• To provide necessary cathodic protection

• To provide necessary heat tracing and freeze protection

H.2.6.1. Lighting. Lighting and low-energy auxiliary loads are supplied

from the 120/208-V or 277/480-V solidly grounded lighting system. Lighting for

efir-.h plant operating area is supplied from at least two circuits, possibly fed

f̂ ore separate power sources to prevent complete loss of lighting on failure of

equipment or wiring. For exits and critical areas, emergency lighting circuits

are transferred automatically to the 125-V dc system upon loss of the normal

source. Outdoor lighting is provided for operating areas, with parking lot

lighting and road lighting included. Aircraft obstruction lighting for the

cooling towers and stack is furnished in accordance with Federal Aviation Agency

(FAA) regulations. Lighting systems provide maintained lux levels at least

equal to the minimum recommendations of the IES. Lighting fixtures using

fluorescent or sodiuji or mercury '/apor lamps are installed where feasible.
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Emergency lighting is incandescent so that it may be supplied by

alternating current during normal operation and f ro..i direct current during

emergencies. Emergency lip' cing is provided in the plant at stairways, exits,

the turbine room oper-.ing floor, the main control room, and the motor-control

and switchgear areas. Electric convenience outlets, including welding outlets,

are provided throughout the plant a' i where feasible are located so that a 7.6-m

extension cord can reach any area. Lighting-fixture mounting hpight and spacing

do not exceed the manufacturer recommendations except where physical constraints

require some deviation.

H.2.6.2. Grounding System. The ground grid consists of buried bare copper

cable meshes and copperclad ground rods driven below the water table low level.

Switchgear, load centers, motor-control centers, power transformers, powar

supplies, exciter, generator, neutral cubicle, generator potential transformer

cubicles, and alternate building and corner columns are connected by csble to

the ground grid. All power utilization equipment is connected either to the

ground grid directly or to the nearest building steel. Piping systems are

grounded through connections to tanks and vessels. Each cable tray or stack .jf

trays is provided with a ground cable running full length. Metallic ccnduits

are grounded at equipment enclosures and where entering cable trays, are

connected to the tray ground cable. All embedded or buried ground connections

are Thermit brazed. Equipment connections are exposed and bolted. Fences are

connected to a buried ground cable running the full length or the fences.

Switchyard grounding systems are also provided.

H.2.6.3. Communication Systems. Telephone sets, public address systems,

and all wiring and raceways are provided for intraplant communications. All

locations, including the switchyard and outlying areas as dictated by the

overall plant operation requirements, are covered. A sounu-powered telephone

system is provided for testing and maintenance purposes. It is installed in the

main control room, cable spreading room, switchyard, switchgear area, reactor

area, and at local panels.

H.2.6.4. Lightning Protection. Lightning protection for the power plant

is provided by lightning rods located on tall buildings and/or structures with

cable connections to ground rods.

H.2.6.5. Cathodic Protection Systems. Provisions are made for cathodic

protection of all buried steel piping. Cathodic protection of building steel or

reinforcing steil is provided, if necessary. The cathodic protection system is
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designed in accordance with NACE Standard No. RP-01-69, "Control of External

Corrosion on Underground or Submerged Metallic Piping Systems," and KACK

Standard No. RP-05-72, "Design, Installation, Operation and Maintenance- of

Impressed Current Deep Groundbeds." A cathodic protection system is provided for

tVie traveling-water screens in the intake structure and for the condenser water

boxes, as required.

H.2.6.6. Electrical Heating. Electrical trace heating is provided for

equipment and in areas where temperature maintenance is required. Electrical

space heaters are provided in equipment enclosures to protect against

condensation.

H.2.7. Electrical Equipment Arrangements, Raceway, and Cable Systems.

Electrical equipment is arranged and located logically to minimize the length of

runs for interconnections and to facilitate maintenance and testing. Major

electrical equipment is located in separate electrical rooms with adequate space

provided for possible future extensions and cable and raceway connections and

v.'lth adequate mechanical and environmental protection. Raceways ace grouped

where practical for ease of installation and common mechanical protection.

During the allocation of space for major raceway systems, adequate consideration

was given to the problem of electrical interference between the different types

of cables and high voltage and/or heavy current equipment. Raceways are

dedicated to the particular type of cable system, and those containing different

types of cable are separated. Raceways and cables serving the onsite standby ar

power systems and associated with redundant equipment required for an orderly

shutdown are physically separated and isolated from their redundant

counterparts. Also, they are designed to withstand DBE seismic forces.

In addition to transmitting electric power from the proper source to the

designated load device, these facilities must be of a type and be properly

installed and segregated to function during all modes of operation and shutdown.

The electrical loadings of conductors do not exceed, and are generally less than

the ampacities recommended by AIEE-IPCEA, "Power Cable Ampacities." The

percentage cross-section fill of wireways is governed by the allowable cable

ampacities. The physical support of wireways meets the recommendations of the

National Electrical Code. All cables have a sufficient degree of flame

resistance to obviate the need for flame-retardant coating or special fire

extinguishing systems.
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H.2.7.1. Electrical Equipment Arrangements. The main electrical system

13.8-kV and 4160-V switchgear equipment is located in a switchgear room next to

the turbine-generator building at the northeast end. The unit auxiliary and

reserve station transformers are located in close proximity to the main

electrical switchgear room to minimize the lengths of the main incoming feeders.

In addition, load centers and 480-V motor control centers are placed in this

room to serve the turbine-generator building load. The onsite standby

electrical gas-turbine generators are located east of the main electrical

equipment room, also within close proximity. Other electrical equipment rooms

that contain electrical switchgear, load centers, and motor-control centers are

located in the Reactor Building, Hot Cell, and reactor support buildings to

serve loads within these respective buildings. The unit auxiliary transformers

and the main step-up transformers are located eastward from the main generator

and as close as possible to it, to minimize the length of the isolated phase bus

ducts.

H.2.7.2. Raceway Systems. To the extent possible and practical,

continuous rigid galvanized steel or aluminum cable supports (cable trays) are

used. The use of underground or trenched raceways is minimized except where

practicality and economy are in favor of these two types of raceway systems.

The raceway system is made up of cable trays, conduits, and underground ducts,

with the electrical cables contained therein. Cable trays are of galvanized

steel, ladder type or solid bottom, with solid covers where required. Hangers

for trays carrying vital circuits are designed to withstand DBE seismic

disturbances. Conduits are galvanized rigid steel where embedded in reinforced

concrete in building slabs. The duct banks are heavily reinforced and will

withstand a DBE seismic disturbance. In the switchyard, cable trays and/or

trenches are used as raceways for control, instrumentation, monitoring, and

protection cables. In general, cables for power, control, and instrumentation

are run in cable trays with connections from the tray to equipment and devices

made with exposed rigid-steel conduits.

H.2.7.3. Cable Systems. Power cables for 13.8-kV and 4160-V service are

single or triple conductors, rated at 15 kV and 5 kV, respectively, and suitable

for ungrounded neutral service. The conductors are stranded copper,

ethylene-propylene rubber (EPR) or cross-linked polyethylene (XLP) insulated,

rated 363-K temperature, shielded, and provided with a hypalon or neoprene outer

jacket. The minimum sizes are determined on the basis of thermal and/or
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snort-circuit rating required for a particular service. Power cables for 480-V

service are single or triple conductors, rated at 600 V. The conductors are

stranded copper, EPR or XLP insulated, rated at 363-K copper temperature, with a

hypalon or neoprene outer jacket. The conductor size is No. 12 AWG minimum.

Control cables are single or multiconductor, rated at 600 V, EPR or XLP

insulated, rated for 363-K copper temperature, with an overall hypalon or

neoprene jacket. The control cable conductor size is No. 14 AWG, except for

potential and current transformer circuits used for metering and protection, for

which the conductor size is No. 10 AWG. Cables for service voltages over 50 V

are type "TC", approved for installation in ladder-type cable trays.

Thermocouple extension wires are single and multipair with 300-V class

insulation and shielded overall with a neoprene or hypalon jacket. Lighting

wires are single conductor, 600 V, type THW. Other types of insulated cables,

such as for abnormally hot locations and intercommunications, are supplied to

serve the particular applications. Instrumentation cables are EPR or

cross-linked 300-V-class polyethylene insulated, single-shielded-twisted-pair,

multiple-twisted pairs with shielding overall, shielded-twisted-triple, or

multiconductor with shielding overall. Cables have nonflammable (hypalon or

neop.ene) jacket overall. All multiconductor control wiring is color-coded, and

the color of each control wire is shown on the connection diagrams.
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APPENDIX 1. COMPARISON OP ALTERNATE REACTOR BUILDING LAYOUTS

inie of the key discriminators between the various fusion approaches in a

.'ommercial application is the design approach to the Reactor Building. The

design of the Reactor Building highlights some of the unique reactor features,

such as physical size, geometric arrangement, principal load paths, maintenance

capabilities, and location of adjacent ancillary systems. The high aspect ratio

of the riirk offers the reactor building designer some interesting advantages and

opportunities. The large major radius with the open center allows the inboard

Reactor Building wall to closely approach the reactor, thereby minimizing the

reactor structural components. Also, ancillary systems can effectively utilize

the interior spac? and minimize required line lengths. The small minor radius

of the reactor allows a minimal building height. The symmetry of the reactor

allows distributed spacing of support systems and optimal placement of system

components. The general disadvantages include a large floor area (although the

reactor room volume is small), possible overpressure concerns (due to the small

reactor room volume), and potentially long pipe runs to the steam generators

and/or the steam turbine.

In order to examine these advantages and disadvantages in more detail, a

small study of five alternate Reactor Building layouts was conducted to quantify

these factors. The most attractive configuration was developed in more detail

and is presented in Sec. 7.13. Figure 1-1 illustrates the Reactor Building

selected for the reference design. Most of the following description applies to

all Reactor Building plans. The interior wall of the reactor room closely

approaches the inner radius of the reactor. Immediately inboard of this wall,

there are several rooms on different levels housing lower hybrid heating (LHH)

cros -d-field amplifiers (CFAs), electron cyclotron resonance heating (ECRH)

gy ons, and the primary coolant loop pipe chase. Immediately outside the

realtor is a maintenance area, as is shown by one or two manipulator/transporter

monorails. The illustration of one or two monorails on a plan is not pertinent

to its evaluation. Rather, the monorail configurations were used only for

evaluation of different maintenance concepts. The reactor room is connected to

the Hot Cell via an airlock. Maintenance on the reactor is accomplished by both

a monorail-mcunted manipulator and the overhead bridge cranes (Sec. 7.11.).

The unique aspects of the plan shown on Fig. 1-1 involve the placement of

the steam generators and primary loop components to minimize the coolant line

lengths from the reactor to the steam generators. The line length to the
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Fig. 1-1. Reference Reactor Building configuration.



Turbine Building is large but this can be remedied by moving the Reactor

Building laterally with respect to th3 Hot Cell and Turbine Building. This

reconfiguration makes the distance from the Reactor Building to the Hot Cell

greater, but this presents no problem. To minimize the overpressure

requirements, the reactor room volume is connected with the primary loop

component room. Setting the steam generators below grade reduces the overall

building height to the same Level as required for the Reactor Building.

Maintenance access to the primary loop room is gained through an underground

tunnel from the Hot Cell. The building HVAC, electrical equipment, and coil and

rf power supplies are housed in a nonpressure-rated enclosure on top of the

Reactor Building.

Figure 1-2 uses the same building configuration as Fig. 1-1 for the reactor

room and ancillary equipment rooms. However, the central room contains the HVAC

and electrical equipment on the ground level. Access to this room is through an

overhead passageway over the reactor room, which is somewhat inconvenient. The

primary loop component and steam generators are located in an adjacent but

interconnected building requiring long primary coolant li.ie lengths. This

building is also adjacent to the Turbine Building, which yields short steam line

lengths. The additional building is an extra cost item.

Figure 1-3 is a modification of 1-1 with the primary loop components in the

Reactor Building central room. However, the central floor is at ground level,

requiring the Reactor Building to be 46 m high as opposed to 30 m for the

configuration shown in Fig. 1-1. Also, there is a potential polar crane

interference in regard to remote maintenance. The access to the primary loop

room is through an overhead passageway over the reactor room, which is

inconvenient and requires several transfers between lifting and transporting

equipment.

Figure 1-4 shows a different design approach ti;.at features an enlarged

reactor room to accommodate the primary loop equipment, including steam

generators, reactor room HVAC, and Atmospheric Tritium Cleanup (ATC) modules on

the outside of the maintenance monorails. This configuration causes the volume

and, hence, the cost of the Reactor Building to increase considerably (~ 66%).

The placement of the steam generators in the reactor room may require more,

smaller-sized units to be used. The total primary coolant line length will

probably be longer and more difficult to arrange than with the primary loop

components located in the central room. The reactor room crane span nearly
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Fig. 1-2. Variation of reference Reactor Building configuration (Fig. 1-1) with
steam generators in a separate building.
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Fig. 1-3. Variation of reference Reactor Building configuration (Fig. 1-1) with

steam generators at ground level.
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Fig. 1-4. Variation of Reactor Building configuration with enlarged reactor
room.

doubles for this configuration, although the polar crane in the central room can

be eliminated.

Figure 1-5 shows a variation of 1-2 with a modified rectangular building to

house the steam generator and primary loop components. The advantage of the

rectangular building is complete access by its overhead bridge crane. However,

the advantages and disadvantages of this plan remain the same as those

associated with the configuration shown in Fig. 1-2.

Table 1-1 compares the major advantages and disadvantages of each plan on

which the layout selection was based. The plan shown in Fig. 1-1 has several

advantages, and the only disadvantage (long steam and feedwater lines) can be

negated by moving the Reactor Building closer to the Turbine Building. The
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Fig. 1-5. Variation of Reactor Building configuration with steam generators in
a separate rectangular building.

plans shown in Fig. 1-2 and 1-5 have the disadvantages of an additional building

and long primary loop runs, with the advantages of short steam and feedwater

line lengths and better access to the primary loop components. The

disadvantages outweighed the advantages on these two plans. The plan

illustrated in Fig. 1-3 has the advantage of minimum-length primary loop pipe

runs (like the plan shown in Fig. 1-1), but has a more expensive, building (extra

height) and more difficult access to the central primary coolant components
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room. Therefore, the plan shown in Fig. 1-1 was judged superior to that shown

in Fig. 1-3. The plan shown in Fig. 1-4 was judged unsuitable because of the

more expensive building and crane, difficult primary loop routing, and more

inconvenient primary loop maintenance. The plan illustrated in Fig. 1-1 was,

therefore, adopted as the concept for the more detailed design process described

in Sec. 7.13.

Plan
(Figure)
1-1

1-2

TABLE 1-1
COMPARISON OF EBTR REACTOR BUILDING PLANS

Advantages
• Small and low-cost

Reactor Building

• Minimum primary loop

piping runs

• Compact arrangement

• Low building height

• Smallest Reactor Building

Disadvantages
• Long runs for steam and

feedwater lines (90 m to
Turbine Building)(a)

Long primary loop runs (120 m)

1-3

1-4

• Separate access to primary
loop components

• Short steam and feedwater
lines (adjacent to Turbine
Building)

• Minimum primary loop pipe
runs

Good geometry for primary
loop components

Eliminates crane in center
of building

(cost item)

Vent area required between
buildings

Inconvenient access to HVAC
anci electrical equipment
room

More expensive building than
for 1-1 (extra height)

Difficult transfer operations
with polar crane during primary
loop maintenance

Long feedwater and steam line

Large and expensive Reactor
Building

Awkward and inconvenient
maintenance of primary loop
components

May need more and smaller steam
generators

Excessive bridge crane span on
concentric primary rails

Steam and feedwater lines are

Difficult routing of primary
loop lines to steam generators
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Table 1-1 (contd)

Plan
(Figure) Advantages Disadvantages

1-5 • Separate primary loop • Long primary loop lines
components (good for
maintenance) • Vent area between buildings

required

• Short steam pnd feedwater • Extra building (cost item)
lines

(a)Line lengths can be reduced by moving Reactor Building closer to Turbine
Building.
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APPFN'DIX J. MAGNET COIL-SET ANALYSES

This Appendix describes, analytically, the rationale for selecting the

•? >i. i-set design described in Sec. 7.4. This begins with a discussion of the

selection of the magnet operating point. Discussions and data relating to the

'j lench, thermal, fields, forces, and structural analyses follow. Finally, the

stabilizer resistivity under the effects of field, radiation, and a^nea1ing are

addressed.

J.i. Selection of Operating Point

Prior to the conceptual design of the EBTR magnet set, a means was sought

Lo define the range of possible magnet current densities for use on EBTR. As

with any cryostable magnet, the achievable current density and operating current

are limited by considerations of both cryostability and emergency discharge. In

order to facilitate initial sizing, the constraints are algebraically combined

to give a single design equation. For an externally discharged magnet, the

stored energy, U, is related to current density as follows.

il>- , (J-l)

where V is the voltage, I is the operating current, J^u is the current density

in the copper, evaluated for 35 K < X < 200 K, and C (T) and p(T) are the

volumetric, temperature-dependent heat capacity and resistivity of the

conductor, respectively. The lower limit of 35 K was chosen as the temperature

at which quench detection and switching is assured. The operating current, I,

can be established from unconditional cryostability considerations by the

following relationship.

q w

I = " , (J-2)
J

where P is the wetted perimeter of the conductor with area Ac, q is the
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resistive dissipation per unit of conductor, and p is the composite resistivity.

If the conductor is square and cooled on all four sides,

Pw = 4(A C)
1/ 2 . (J-3)

For comparison with conductors of other shapes and partially covered with the

coolant, the following generalized expression is used.

Pw = 4K(A C)
1 / 2 , (J-4)

where K is a dimensionless factor relating an actual conductor and the ideal

(square) conductor.

The winding and conductor current densities, JQ and Jc, respectively, are

geometrically related by

where f is the packing factor relating total conductor area to overall winding

pack area. In the above expression JCu is the current density in the copper,

JgC is the current density in the superconductor, and Jc is the conductor

current density, as defined in Eq. (J-5) (i.e., a reduced current density).

The above equations can be combined to yield the following relationship

between the respective current densities and magnet stored energy.

_ 16q2 V F(T) K2 (JCu + Jgc)

JCu JSCP2

Choosing the values of parameters that appropriately reflect a conservative

design as given below,
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V = 800 (emergency discharge voltage)

F(T) = 9.3(10)16 J/an4 (T m a x = 200 K for quench)

q = 2.5(10)3 W/m2 (average heat transfer)

K = 1.69 (based on typical conductor designs)

p = 8(10)~10 S2m (end-of-life)

JSC = 4.27(10)8 A/m2,

the following design relationship results.

u =
7.77(10)37 [JCu + 4.27(10)

8]

JCu
(J-7)

A plot of this expression is shown in Fig. J-l. After several iterations

on the reactor design point, the total stored energy was determined to lie in

the range 100 - 150 GJ. Choosing the midpoint, approximately 3.5 GJ per magnet

set results. This corresponds to 25 MA/m in the copper. Using Eq. (J-5) and

initially assuming a packing factor, f = 0.68, the overall current density was

established at 16 MA/m . Equation (J-l) is used to calculate the optimum

charging current, I ~ 30 k.A. This current was lowered to 25 kA to give maximum

10V

10 15
CURRENT DENSITY, Jc u(MA/m2)

Fig. J-l. Plot of Eq. (J-7) showing the relationship between stored energy and
current density in the copper, J ^
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margin for cryostability, resulting in a peak, temperature rise during emergency

discharge of 210 K. After completing a detailed conductor design, the packing

factor was increased to the optimum value of 0-732. No further iterations in

current density could be performed during the time frame of this study.

J.2. Quench Analysis

The data in Table J-l were used as input into the computer program SUPERQ,1

which determines volt 'ge, temperature, and current as a function of time during

a quench. SUPERQ is an iterative time-step program that includes the enthalpy

of both copper and superconductor, but does not include helium cooling effects.

This situation represents a realistic case for a quench that is initiated by a

low helium level. According to the results given in Fig. J-2, for an operating

current of 25 kA, the maximum temperature will reach 210 K approximately 900 s

TABLE J-l

INPUT FOR THE SUPERQ1 CODE USED TO MODEL A QUENCH CONDITION

Parameter Value

Operating current (kA)

Maximum discharge voltage (V)

Overall current density (MA)

Magnetic energy (GJ)

Critical temperature (K)

Normal zone length (m)

Normal zone trigger voltage (V)

Delay(s)

Self field (T)

Background field (T)

Field angle (degrees)

Cu/SC ratio

Packing fraction, f

Residual resistivity ratio, RRR

Area of unit cell 4 2

Area of conductor

Area of copper

Dump resistance

Inductance (H)
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Fig. J-2. Results of a superconductor quench modeled by the code SUPERQ1 for
the conditions listed in Table J-l.

from the start of the quench. The 200-K upper limit was established by the

maximum allowable compressive stress in the copper.

J.3. TF/ARE-Coil Stray Fields and Forces

Magnetic field strengths and forces were calculated using the computer

program EBTFLD3.2 This program sums the individual field contributions from an

array of filamental circular loops distributed through each coil pack. Each

toroidal-field (TF) coil was modeled with 72 loops and the aspect-ratio-

enhancement (ARE) coils were each modeled with 36 current loops. The field from

each loop is calculated using elliptic integrals.

Values of the magnetic field strengths associated with the TF and ARE coils

are shown at various locations in Figs. J-3 and J-4. As expected, a peak field

of 9.7 T was found to be located at the center of the TF coil along the inner

radius. The peak field in the ARE coil was found to be 6.6 T and, as expected,

is located along the edge of the ARE coil closest to the TF coil, near the inner

radius of the ARE coil.

The fringe field strengths (inside, outside, above, and below the torus)

are shown in Fig. J-5. At 47.08 m from the center of the torus (on the outboard

side), the total field decreases to 2.5 mT. At 23.08 m from the center of the

torus (on the inboard side), the total field decreases to 1.7 mT.
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Fig. J-3. Magnetic field strengths at various locations in TF coil.

ORIENTATION VIEW

NOTE: THE 0° CROSS SECTION
IS LOCATED IN THE MIDPLANE
ON INBOARD SIDE OF TORUS,
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IS IN THE MIDPLANE ON THE
OUTBOARD SIDE OF TORUS. FIELD
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ARE-COIL SIDE CLOSEST TO TF COIL.

MAGNETIC FIELD (T) AT VARIOUS POINTS ON THE ARE COIL SURFACE

POLOIDAL
ANGLE. 6

0°
30°
60°
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120°

150°

180°

A

6.094

5.814

5.093

4.396

3.926

3.634

3.527
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6.1BB
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4.877

4.701

4.682
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E
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5.604
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5.650

5.647

5.684

5.719

G
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5.551
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5.682

Fig. J-4. Magnetic field strengths at various locations in ARE coil.
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Fig. J-5. Spatial variation of fringe field around EBTR torus.
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The TF- and ARE-coil radial and out-of-plane loads are given in Fig. J-6.

The poloidal angle, 0, represents circumferential position around the winding,

with 0 = 0 ° referenced to the horizontal midplane nearest the center of the

torus and 0 = 180° locating the horizontal midplane on the outside of the torus.

A summary of the coil forces is listed in Table J-2.

TABLE J-2

EBTR MAGNETIC FORCE SUMMARY

Parameter Value

TF-coil centering force (MN) -160.28

ARE-coil centering force (MN) 79.32

ARE-coil out-of-plane force (MN) ±139.8

Resultant force

• centering (MN)(a^ -1.63

• out of plane (MN) 0

^'Subsequent Los Alamos force calculations indicate the coil forces
presented here are accurate to within 5%, a tolerance level greater
than the resultant centering force. A more accurate value for the
resultant centering force is 4.72 ±0.005 MN. This more accurate
result, however, will not perturb either the design or the costing of
EBTR, because it is still a relatively small force.

J.4. Structural Analy?.is

A structural analysis of the cold mass and vacuum vessel was performed to

establish a preliminary sizing of these principle structural elements. These

analyses were performed using the MSC NASTRAN finite element modeling code, the

STANSOL-II1 code for solenoid-wound coil analysis, as well as other analytic

methods.

J.4.1. Design and Material Requirements. The criteria for design and

material requirements selected for this analysis are obtained from the ASME

Boiler and Pressure Vessel Code.3 Section III of the ASME code pertains to

Nuclear Power Plant components. A Class 1 criterion was selected for the helium

vessel, and a Class 2 criterion was selected for the vacuum vessel. These

choices were made in order to permit reduced analysis and inspection

requirements on the less-critical, lower-loaded vacuum vessel. The factors of

safety applied in the analysis are given in Table J-3. Material properties used

in the analysis of the helium and vacuum vessels are given in Tab3.e J-4.
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TABLE J-3

FACTORS OF SAFETY USED TO DESIGN 1SS EBTR COIL SET

Component

Helium Vessel (Class 1)

Failure Mode Factor of Safety

• yield 1.5

• ultimate 3.0

• buckling 4.0

Vacuum Vessel (Class 2)

Failure Mode Factor of Safety

• ultimate 4.0

• buckling 4.0

J.4.2. Conductor Analysis. The TF-coil stack was analyzed using the

STANSOL-II computer program. Using this program, the internal stresses within a

coil pack can be analyzed on the basis of winding preload, thermal effects, and

magnetic loads. The analysis was performed on the more highly stressed TF coil,

this unit having a smaller diameter and higher magnetic field. The analysis was

performed only at a point remote from the side plates of the TF-coil vessel.

The results indicate that the TF coil is self-supporting when a winding preload

of 34.47 MPa is applied to the conductor. At this level of preload, the

windings would not lift off the bobbin, and the maximum strain in the

superconductor was found to be 0.08%. Table J-5 summarizes the results of the

STANSOL analysis of the TF coil. The maximum combined stress on the conductor

occurs at approximately the midlayer winding and is given by the lower insert in

Table J-5. This peak stress condition provides an effective factor of safety of

1.6 on yield conditions.

J.4.3. Finite-Element Model for Coil Structural Analysis. A finite-

element model of the EBTR cold mass was constructed using FEMALE1 (Finite

Element Modeling and Analysis Language for Engineers). The output from FEMALE

served as a NASTRAN input consisting of 357 nodes, 33 plates, 86 bars, 2 beams,

and 1900 degrees-of-freedom.

The finite-element model was used to evaluate the overall stiffness of the

cold structure, the ability to properly carry the ARE-coil normal loads, and to

determine approximate sizing of the coil supports. The finite-element model is

shown in Fig. J-7. The cold-mass support structure consists of bars that tie
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TABLE J-4

METALLIC MATERIALS MECHANICAL PROPERTIES USED TO DESIGN THE
HELIUM AND VACUUM VESSELS FOR THE EBTR COIL SET

Material/Property

304L CRES (Annealed)

Tensile ultimate strength (MPa)

Tensile yield strength (MPa)

Shear ultimate strength (MPa)

Elastic modulus (GPa)

Thermal expansion (m/m)

6061-T6 Aluminum

Tensile ultimate strength (MPa)

Tensile yield strength (MPa)

Shear ultimate strength (MPa)

Elastic modulus (GPa)

Thermal contraction (m/m)

101 OFHC Copper 1/8 Hardworked

Tensile ultimate strength (MPa)

Tensile yield strength (MPa)

Shear ultimate strength (MPa)

Elastic modulus (GPa)

Thermal contraction (m/m)

316L CRES (Annealed)

Tensile ultimate strength (MPa)

Tensile yield strength (MPa)

Shear ultimate strength (MPa)

Elastic modulus (GPa)

Thermal expansion (m/m)

300 K 4 K

482.6

172.3

276.

193.

0.0

289.5

241.3

186.1

68.25

0.0

213.7

165.5

131.0

117.2

0.0

517.0

206.8

275.8

193.0

0.0

1170.

448.1

689.4

200.0

3.K10)- 3

434.3

310.2

275.8

74.5

4.18(10)~3

413.6

206.8

248.2

137.9

3.25(10)"3

1310.

482.6

717.0

200.0

3.1(10r3

the ARE coils together. The entire structure is supported by two beams that are

rigidly connected to the top and bottom of the TF coil directly in line with the

center-of-gravity of the cold mass. The bottom beam is mounted at its warm end

in a spherical bearing, and the top beam is restrained in all directions at its

warm end except for motion along the vertical axis. This arrangement permits a

stress-free cool-down of the cold-mass structure. The resulting translation of
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Load Source
Farameter

TABLE J-5

SUMMARY OF RESULTS FROM STANSOL ANALYSIS OF TF-COIL

Winding,
Winding Thermal

plus plus Maximum
Winding Thermal Magnetic Combination Allowable

Conductor tensile
stress (MPa) 34.87 36.14 88.05 88.05 129.3

Bobbin crush
pressure (MPa) 4.15 4.93 0.48 4.93 9.03

Maximum Stresses
• radial stress (MPa) - 20.124
• hoop stress (MPa) 86.961
• transverse stress (MPa) - 53.704
• mean effective stress (MPa) 127.24

the TF -coil center upon cool-down is -12.8 mm in the verticle direction and

-7.2 mm in the radial direction.

The results of the finite-element analysis also indicate that the defined

structure is generally adequate to withstand the anticipated gravitational,

thermal, and magnetic loading. Specifically, the plate thickness of the helium

vessels are sufficient, as are the bean;'.' between the ARE coils. The truss

structure supporting the ARE coils off ttu. TF coil are sufficient for

gravitational loads, but need to be strengthened to handle the magnetic loads.

This will require a cross-sectional area of approximately 0.026 m for these

members. The peak stress in plate elements is on the order of 300 MPa, which

provides a margin of safety of 1.07 on yield conditions.

Further analysis should increase the size of the truss elements, update the

magnetic pressure loads based on the latest STANSOL II analysis, and modify the

support point attachments to eliminate the localized effects of a single-point

attachment, as is presently provided in the model.

The weight of the structure was modeled by adding additional mass to the

helium vessel plates to account for the weight of copper conductor. Table J-6

gives an approximate weight of an EBTR coil segment.
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Fig. J-7. Finite-element model of EBTR cold structure used to perform
structural analyses of TF/ARE-coil set,
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TABLE

TF/ARE-COIL

Item

TF coil (1)

• case structure

• conductor

© insulation

Subtotal

ARE Coil (2)

• case structure

• conductor

• insulation

Subtotal (2)

Struts and supports

Liquid-nitrogen shield

Vacuum vessel

J-6

SET WEIGHTS

Weight

57.0

248.4

6.2

82.8

168.3

6.2

(tonnes)

311.6

257.3

26.7

5.3

125.0

Total weight of TF/ARE-coil set 726.5

J.5. Steady-State Refrigeration Requirements

The steady-state thermal loading of the 4.5-K helium vessel and the 77-K

liquid-nitrogen thermal intercepts has been computed in supp.rt of the

definition of the refrigeration system requirements. Table J-7 summarizes the

heat load estimates.

J.6. Conductor Stability Analysis

A stability analysis performed for the Nb^Sn and NbTi grades of the EBTR

conductor shows that both grades are unconditionally stable at the respective

peak fields of 9.7 T and 8.0 T. Joule-heat generation for both grades and the

expected steady-state boiling heat-transfer curve are depicted as a function of

conductor-to-bath temperature differential in Fig. J-8.

A joule-heat flux of 2.5 kVI/nr is computed based on an operating current of

25 kA, a conductor A C uP w product (Cu cross-sectional area, A C u, times wetted

perimeter, Pw) equal to 1.98(10)~V3, and an electrical resistivity of

8(10) 8m. The relatively large resistivity includes an assumed radation

degradation that is further assumed to apply equally to the NboSn and Nbl*.

peak-field locations.
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TABLE J-7

ESTIMATED STEADY-STATE CRYOGENIC HEAT LOADS (W)

Heat Load to Liquid-Helium Vessel at A.5 K (per coil set)

• Radiation from liquid-nitrogen shield through 20 layers MLI

• Conduction through G-10 support struts

• Conductor splices

• Stack losses

• Neutron and gamma-ray radiation

Total to liquid helium (per coil set)

Boiloff from vapor-cooled leads (£/h)

Heat Load to Liquid-Nitrogen Thermal Intercepts (per coil set)

• Radiation to liquid-nitrogen shield through 20 layers MLI

• Conduction intercepts in support struts

• Stack losses

Total to liquid-nitrogen (per coil set)

(a)

7

54

75

72

160

368

65.5

800

85

75

960

(a)Multilayer insulation.

X
3

<
Id 2-

1

7
B=

/>"
AC

L

N

YlbTi

25KA
9.7T
8(IO lo)fl-m

uPCu*l.98(IO*'

1 1

' 'L^EXPECTED BOILING
'HEAT TRANSFER

JOULE HEAT GENERATION^

n

i i i i i

2 4 6 8
TEMPERATURE DIFFERENTIAL (K)

10

Fig. J-8. Heat flux versus conductor-to-bath thermal differential used to
estimate cryostability of Nb^Sn and NbTI conductors.
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The expected curve for boiling heat transfer has been constructed from

various sources of data,1* The recovery flux is a critical parameter that

determines unconditional cryostability. This parameter is based on a

correlation of recovery flux and interconductor gap thickness measured on

several magnets, all with a similar ratio of conductor to insulation. The wide

turn-to-turn spacing of the EBTR winding is expected to give the higher boiling

heat transfer that is typical of open pool boiling, rather than the degraded

cooling observed in small channels. With the boiling curve shown in Fig. J-8,

the NbTi conductor is shown to be cryostable with a lh% margin of safety, and

the NboSn conductor is cryostable with an ~ 40% margin of safety.

J.7. Stabilizer Resistivity Increases

The copper stabilizer is subject to resistivity degradation related to

radiation damage. With the radiation shield in place, the inner turns of the

coil will be subjected to 9.198(10)~6 dpa/yr, (Sec. 7.3.1.).

The following data5 were used to predict the degradation in copper

resistivity an the end of plant life.

Po = l.O(lO)"
10, flm (zero field)

PB = 4.55(10)~
U'B, am [at field B(T)]

PR = 3(10)~
9 [1 - e ~ 5 6 3 ( d p a ) ] , ftn (irradiated)

The total resistivity equals the sum of pQ, pg, and p^. By warming the magnet

to room temperature, approximately 83% of the radiation damage can be annealed.

In contrast, if the magnets were warmed to 80 K, only 49% of the resistivity

will be recovered.

Assuming that a room-temperature warmup can occur every ten years in

conjunction with a major turbine service, the following resistivity can be

expected for a dpa rate of 9.2(10)~^dpa/s.

Resistivity (10~10fim) Resistivity (10~loftm)
Year
10
20
30
40

The worst case value is seen to be 7.24(10)~^ ftm. Slight additional increases

in resistivity may occur as a result of mechanical coldwork which will increase

the resistivity to approximately 8(10)~10 ftm.

(Pre-Anneal)
6.62
6.83
7.04
7.24

(Post-Anneal )
5.61
5.82
6.02
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APPENDIX K. NUCLEONIC TRADEOFF STUDIES

K.I. Study Approach

All nucleonic analyses were integrated iteratively into the overall systems

design effort as that design evolved. The technical considerations leading to

design choices and changes for the first wall, blanket, and shield are discussed

briefly in Sec. K.2., insofar as they directly involve nucleonic considerations.

Several of the parametric studies are also of generic interest, independent of

this particular reactor concept. For example, the energy multiplication and

tritium breeding of a water-cooled LiA102 blanket were characterized as a

function of Be multiplier thickness. Tradeoff studies were also performed

between possibly expensive W-Pb shields and less costly 304 stainless-steel

shields. Other generic studies are presented, all of which illuminate some

aspect of the blanket/shield optimization process. The overall systems

optimization process employs these tradeoff studies as input.

The preliminary blanket/shield design first considered for EBTR1 was

subjected to a complete redesign during the course of the study reported herein.

This latter design effort resulted in the reference set of

first-wall/blanket/shield (FWBS) design options discussed in Sec. 7.3.3. First,

a reference inboard FWBS configuration in the coil plane was determined to

satisfy radiation effects criteria for the inboard region of the toroidal-field

(TF) coil. Because of the outward offset of the TF coil relative to the plasma

chamber, this inboard FWBS thickness is a critical parameter in reactor systems

analysis. Results from the inboard coil-plane calculations are presented in

Sec. K.3.

Restrictions on the inboard FWBS thickness in the coil plane mitigate

against a tritium breeding ratio greater than unity at that blanket location.

The present reference design has a local breeding ratio along an inboard,

coil-plane traverse of ~ 0.84. It was necessary, therefore, to perform a

two-dimensional calculation of tritium breeding for the entire coil-plane

blanket module, because the blanket thickness varies continuously in the

poloidal direction. These calculations are presented in Sec. K.4.

The final set of calculations focused on the midplane FWBS module, which is

poloidally symmetric and not seriously limited in thickness by design

constraints. These computations were performed in one dimension, as reported in

Sec. K.5.
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K..2. Blanket and Shield Design Criteria

An essential criterion for the blanket is that it enable the reactor to be

self-sufficient in tritium. In particular, it will be necessary to account for

an area of the first wall and blanket that is lost to plasma heating and vacuum

ducts and, therefore, not available for breeding. That area has been estimated

as less than 3% of the total first-wall area, and, allowing for clearance gaps,

3% has been adopted as a conservative value for nonproductive first-wall area.

Differing coil-plane and midplane blanket designs and, hence, different local

breeding ratios have led to the following composite criterion for the calculated

(total) tritium breeding ratio, T.

where, as is indicated in Fig. K-l, the subscripts CP and MP refer to coil-plane

and midplane quantities, respectively, and i^ is the toroidal sector length of

the respective blanket region. Section 7.3.3.1. gives a more detailed

discussion of the rationale leading to the choice of T > 1.06.

Shield criteria selected for the coil plane were Jetermined on the basis of

radiation effects in the TF coil; specifically, displacements in the coil Cu

matrix and radiation dose to the coil organic insulation drove this design

choice. Local and total nuclear heating in the coil were also considerations,

but were found not to be dominant factors. Because the outboard ''.oil-plane and

midplane FWBS configurations presently are identical, the midplane shield

criteria are effectively not yet defined. In fact, the midplane shield criteria

will most likely be determined ultimately by considerations of activation and

biological exposure dose.

Design limits on the maximum local displacements per atom (dpa) in the

TF-coil copper were derived based upon 50% maximum increase in electrical

resistivity. Specifically, radiation-induced resistivity at all times is held

to less than 50% of the intrinsic resistivity plus the magnetoresistivity. For

an intrinsic resistivity of 1.0(10)~10 3m and a magnetoresistivity at 8 T of

3.64(10)~10 fim, the allowable radiation-induced resistivity is 2.32(10)~10 >2m.

Corresponding to this value is a total dpa value in Cu of 1.42(10)"'*. It was

then assumed that six magnet anneals would occur over the 40-year plant life,
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Fig. K-l. Schematic diagram of a sector used in a conceptual EBTR design
showing orientation of TF and aspect-ratio-enhancement (ARE) coils as
well as blanket/shield geometry.

each providing an 82% recovery of the radiation-induced resistivity, which for a

plant availability of 75% leads to the following nucleonic design criterion for

maximum dpa in the TF coils.

Maxima* dpa/yr
(0.75X40)

1 (0.82)1 (K-2)

i=0

1.97(10)-5

This value is an equivalent dpa rate at a chosen wall loading, assuming

839



continual operation throughout the year (i.e., the 75% availability is implicit

in the criterion).

A paucity of experimental data exists on radiation effects in organic

insulators for neutron and gamma-ray spectra representative of those expected at

the TF coil. Based upon limited data for an E-glass-epoxy laminate, designated

as G-10CR by Spaulding Fibre Company,2 and for a similar laminate of E-glass and

KERIMID 601 resin,3 the following criteria were selected for the maximum

(lifetime) absorbed dose to the organic insulator: l.l(10)8 Gy (neutron dose)

and 2.7(10)7 Gy (gamma-ray dose). For the assumed plant operating life (40 yr)

and availability (75%), these criteria reduce to equivalent continuous operation

rates of 3.67(10)6 Gy/yr (neutron dose rate) end 9.00(10)5 Gy/yr (gamma-ray dose

rate).

K.3. Coil-Plane Inboard Blanket/Shield Nucleonic Studies

K.3.1. One-Dimensional Nucleonic Results. Initia FWBS design

calculations of the inboard region of the coil pli-̂ ie used a simplified

one-dimensional model that proved to be ineffective in meeting the

aforementioned design criteria. However, useful results for tritium breeding

and blanket energy multiplication as a function of Be multiplier thickness were

obtained from this model, which is described in Table K-l. Beginning with the

first wall, the blanket uses a Primary Candidate Alloy Stainless Steel (PCASS),

proposed for the STARFIRE tokamak reactor design,4 with 50 v/o H20 cooling.

Following the first wall is a solid Be-metal neutron multiplier of thickness up

to 70 mm; a tritium breeder region follows. Resulting breeding and energy

multiplication values approximate the general behavior of more realistic Be

multipliers of equal areal density, but with void fractions of 10-30% and with

edge cooling applied on both sides, conditions that were used in later studies

as discussed below. Throughout the EBTR design studies, the chosen breeding

material was natural ct-LiA102 encased in a PCASS structure that was cooled with

pressurized water and purged with helium gas.

By altering the model described in Table K-l, variations in tritium

breeding and blanket energy multiplication were determined as the multiplier

thickness varied from 0 to 70 mm, and the total multiplier and breeder thickness

was held constant at 210 mm. Figure K-2 shows the results of this study, along

with data for 70-mm-thick Be and a 460-mm-thick breeding region. These latter

points demonstrate that an effectively infinitely-thick breeding region would

give a breeding ratio of 1.23, but very little change in blanket energy
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TABLE K-l

PRELIMINARY COIL-PLANE INBOARD BLANKET/SHIELD

Outer
Radius

O.9O

0.91

0.98

1.12

1.24

1.26

1.49

1.61

1.79

1.86

1.93

1.95

2.10

2.80

2.95

(m) Region

Plasma chamber

First wall

Multiplier

Breeder

Refl., Manifold

Gap

Shield 1

Shield 2

Shield 3

Shield 4

Shield 5

Gap

Dewar

Coil

Dewar

Material Composition

Void

50 v/o P C A S S ^ , 50 v/o H20

100 v/o Be

87 v/o LiA102, 6 v/o PCASS, 4 v/o H20, 3 v/o He

50 v/o PCASS, 50 v/o H20

/oid

100 v/o W

100 v/o H20

100 v/o B4C

100 v/o Pb

100 v/o Ti4381 alloy(b)

Void

67 v/o Al, 33 v/o void

100 v/o Cu

67 v/o Al, 33 v/o void

consists of Fe/Ni/Cr/Mn/Mo in these percentages by weight:
66/16/14/2/2; p = 7.86 Mg/m3.

^b'Ti4381 consists of Ti/Sn/Al/V/Si in these percentages by weight:
85/8/4/2.5/0.5; p = 4.52 Mg/m3.

multiplication would result. For the constant 210 mm multiplier-plus-breeder

thicknesses, the breeding ratio rapidly becomes asymptotic near a 70 mm

Be-multiplier thickness. All nucleonic results reported below are based on the

use of the Los Alamos Be cross-section evaluations, denoted here as "Be-9A" in

the ONEDANT library XSLIB on the NMFECC, L S derived from the MATXS1 library.

Compared to the ENDF/B-V beryllium data, the Be-9A data are considered to be

more realistic for secondary neutron energy distributions, which generally

appear to be "softer" in energy than for the ENDF/B-V data. Energy

multiplication does not appear to be leveling off significantly, a result that

initially might appear as anomalous. Figure K-2 also shows that Be is not only

a neutron multiplier, but can also be considered a fuel material of considerable

value for blanket power production; its relatively low 1.7-MeV neutron binding

energy is a significant source of potential energy.
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Fig. K-2. Tritium breeding and energy multiplication for the preliminary
blanket configuration shown (Table K-l) as a function of Be thickness
for a constant Be/LiAlC>2 thickness of 210 mm.

In retrospect, the results of the parametric design studies for the shield

performed on this FWBS configuration are only of interest in that they

demonstrated the low effectiveness of the T14381 alloy as a shield material,

whether the design criterion is Cu dpa, insulator dose, or nuclear heating in

the TF coil. The shield also fails to meet the dpa criterion in the TF coil by

an order of magnitude. Figure K-3 shows a FWBS traverse at the inboard

coil-plane location. Given in Table K-2 are selected parametric results that

were obtained prior to abandonment of this shield concept. A comparison of

Cases 1-4 in Table K-2 shows that the T14381 alloy has an e-folding length for

Cu displacement in the TF coil of 148 mm, as opposed to 48.6 mm for the
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REFLECTOR

BREEDER

MULTIPLIER

Al (67 vol%)

VOID

Ti4381

Pb

B4C

H2O (0.96 g/cm3)

W

VOID

PCASS (50 vol%)
H2O (50 vol%. 0.71 g/cm3)

LiAIO2 (87vol%)
PCASS (6 vol%)
H2O (4 vol%)

Be (100vol%)

AR (m)

0.7

0.15

0.02

0.07

0.07

0.18

0.12

0.23

0.02

0.12

0.14

0.07

'FIRST WALL PCASS 450 vol%)

Fig. K-3. Schematic traverse of cylindrical FWBS at inboard region in coil
plane.

W shield. Similar results are found for nuclear heating in the TF coil. The

tritium breeding ratios show a minor decrease as the tungsten thickness is

reduced, an effect caused by reduced neutron reflection into the breeding

region.

Based upon a review of this preliminary FWBS design, an alternative

configuration was devised. Because the inboard shield in the coil plane is most

critical to a minimized total FWBS thickness, this region was optimized first.

A one-dimensional nucleonic model was first used for the shield optimization. A

schematic diagram of the FWBS design is shown in Fig. K-4 under the abscissa of

the curves showing neutron and gamma-ray kerma. Shown is a design that uses

95 v/o W powder in a 5 v/o Fb matrix (W-Pb) as a shield material, although an

alternative design that substituted type 304 stainless steel (SS304) for part of

the W-Fb region was ultimately selected for economic reasons.5 Subsidiary

parametric studies of shield effectiveness were performed for varying tungsten

weight percents in the Pb matrix and are reported elsewhare.5 Figure K-5 gives
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TABLE K-2

PRELIMINARY CONCEPTUAL DESIGN PARAMETER STUDY

(ALL DATA FOR 1^ = 1.0 MW/m2)

Max. Nucl. Max.Nucl. Total Nucl. Maximum Total
Heating in Heating in Heating in TF-coil Tritium

Dewar(a) TF coil Dewar and TF Cu dpa Rate Breeding
(W/m3) (W/m3) Coil (W/m) (10~6 dpa/yr) Ratio

Blanket/Shield
Case Description

1 Reference case 22.2 45.8 78.6

(cf. Fig. K-3)

2 Reference case 29.6 56c6 96.8
less 35-mm of T14381
shield

3 Reference case 36.8 69.4 118.0
less 70-mtn of Ti4381
shield

4 Reference case 75.6 167.0 300.0
less 70-mm of W
shield

29.8

37.8

47.8

126.0

0.887

0.887

0.887

0.886

(a)Values are given for fully dense Al, uot for the homogenized 67 v/o Al
mixture.

two shield designs that are near optimum in satisfying the shield criteria; in

this case the Cu dpa criterion dominates. The W-Pb material allows a

significant savings in shield thickness (80 mm), which in turn allows a

reduction in TF-coil diameter. However, the W powder in a Pb matrix, although

less costly than tungsten billets, is still more costly than SS304.

In order to meet the stated criteria at neutron first-wall loadings in the

range 1.0 to 4.0 MW/m2, tradeoff studies were also performed to determine the

relative proportions of W-Pb and SS304 required in a shield of constant total

thickness. Table K-3 presents the base design compositions for this study,

along with the radial dimensions of one case. Results of the tradeoff study for

this design configuration are shown in Fig. K-6, where the required thicknesses

of the two shield regions are given as a function of neutron first-wall loading

for a fixed total shield thickness. These data can be incorporated into the

reactor system code (Sec. 5. and Appendix F) for determination of shield cost

versus neutron first-wall loading.
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W/Pb SHIELD DESIGN (0.71 m)

0.02

a -

0.30 0.18 0.14 0.05 0.02 (m)

SS304/B-H2O SHIELD DESIGN (0.79 ml

0.02 0.46 0.10 0.14 0.05 0.02 AR (m)

Fig. K-5. Two coil-plane inboard shield designs with approximately equivalent
dpa rates in the TF-coil Cu; one using W-Pb and one using SS304
shielding are shown.

The choice for the above tradeoff study of 30 v/o borated water (B-IUO) in

the SS304 resulted from an earlier parametric analysis made to optimize the

fraction of borated water. The borated H20 consists of 12 w/o H3BO3, resulting

in a 1.23 a/o B solution. Figure K-7 shows the results of the latter analysis,

which was performed for a 100-mm-thick SS304/B-H20 shield following a fixed

380-tmn-thick SS304 shield containing only 2 v/o B-HjO for cooling purposes. In

all cases the shield array contained a 140-mm-thick TiH2/TiB2 (50 v/o each)

shield following the SS304/B-H20 arrays. The TiH2/TiB2 was in turn followed by

a 50-mm-thick SS304 structure and a 150-mm-thick dewar composed of 67 v/o Al.

The curve in Fig. K-7 showing Cu dpa/yr exhibits a broad minimum in the 30-50

v/o B-H20 range and is of primary interest because this response drives the

shield design. All curves in Fig. K-7 are for responses immediately outside the

dewar in the TF coil. A 30 v/o B-H20 value from the lower end of the broad
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TABLE K-3

REGION COMPOSITIONS FOR COIL-PLANE INBOARD SHIELD USED IN TRADEOFF STUDIES

Material Composition
Outer
Radius (m)

0.

0.

0.

0.

1.

.90

.91

.98

.985

,125

Region

Plasma chamber

First wall

Multiplier

Second wall

Breeder

1.245

1.265

1.525

1.745

1.885

1.935

1.955

2.095

2.795

2.935

Reflector

Gap

W-Pb shield

SS304 shield

TIH2B2 shield

SS304 structure

Gap

Devar

TF coil

Dewar

Void

50 v/o PCASS and 50 v/o H20 (p = 0.726 Mg/m
3)

70 v/o Be and 30 v/o void

same as first wall

83 v/o LiA102 (p = 2.04 Mg/m
3),

10 v/o PCASS, 4 v/o H20 (p = 0.726 Mg/m
3), and

3 v/o He

75 v/o PCASS and 25 v/o H20 (p = 0.726 Mg/m
3)

Void

88.35 v/o W, 4.65 v/o Pb, 5 v/o SS304,

2 v/o H20 (p » 0.96 Mg/m
3), and H3BO3

70 v/o SS304, 30 v/o H20 (p = 0.96 Mg/m
3) and

H3B03

50 v/o TiH2 and TiB2 (70% dense)

100 v/o SS304

Void

59 v/o SS304 and 41 v/o void

100 v/o Cu

59 v/o SS304 and 41 v/o void

minimum was chosen for the tradeoff study of Fig. K-6 because of the

significantly larger SS304/B-H20 thicknesses in that case than for the 100-nm

case used to generate Fig. K-7.

A complete optimization of the shield array (Table K-3) was beyond the

scope of this design study. However, generally accepted shield engineering

principles were employed. For example, high-atomic-number materials (W-Pb or

SS304) are employed in the Inboard regions in order to take advantage of

nonelastic nuclear interactions with the penetrating component of the neutron

flux and for effective gamma-ray attenuation. Minimal H20 is used (for cooling

purposes only) in this region. Toward the outer regions of the shield more H20

was employed to moderate neutrons that are nonelastleally scattered to

intermediate energies by the metal shields, and B Is introduced to absorb these
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Fig. K-6. Two coil-plane inboard shield designs with approximately equivalent
dpa rates in the TF-coil Cu: alternative W-Pb and SS304 shielding are
used (Fig. K-5). Total thickness is held constant at 0.48 m.

moderated neutrons. The final TiH2/TiB2 region provides an inexpensive

moderating and absorbing shield component that has low residual activation

levels. Both the SS304/B-H20 and TiH2/TiB2 shields effectively suppress the

production of penetrating gamma rays, keeping the gamma-ray component of the

absorbed dose in the TF-coil insulator to less than 38% of the neutron dose

(Table 7.3-1). This shield design is, therefore, reasonably well balanced with

respect to the dose criteria given in Table 7.3-1, where the gamma-ray component

is ~ 25% of the neutron dose component.

The final reference blanket/shield design shown in Fig. 7.3-3 differs from

that described in Table K-3 in only two respects. Namely, the final design has

90 v/o vice 70 v/o Be in the multiplier, as well as 87 v/o LiA102 and 6 v/o
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Fig. K-7. Results of parametric neutroni'cs study in which the borated-water
shield thickness is varied.

PCASS vice 83 v/o and 10 v/o, respectively, in the breeder region. These

changes were made (after completion of the shield design) in the later stages of

the system optimization, in order to refine the breeding characteristics.

All one-dimensional (cylindrical) transport calculations were performed

with the diffusion-accelerated dlscrete-ordinates code ONEDANT,6 which is in

general use on the NMFECC CDC 7600. Cross sections were all P3 in the standard

42-group energy structure used for previous fusion reactor analyses and were

derived from the multigroup ENDF-B/V library MATXS, which is also on the NMFECC.

As noted previously, Be cross-section data were an exception, and they differ
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significantly between the ENDF/B-V and Los Alamos libraries. For example,

tritium breeding ratios ~ 4% higher than those reported here are obtained using

the ENDF/B-V Be data. This difference is probably attributable to the

inadequate representatior of secondary neutron spectra by ENDF/B-V. Kerma

factors were derived from this same Los Alamos library, using the TRANSX code.

All final design studies were performed in Sg quadrature, with 377 spatial mesh

points in the FWBS regions. A composite kerma factor was computed for the

G-10CR electrical insulator. The composition of the G-10CR, which is very

similar to other potential insulator materials such as KERIMID 601, was taken

as:

34 w/o ^18H36^3 (bisphenol epoxy)

54.5 w/o SiO2

14.5 w/o A12O3

66 w/o E-glass 22.0 w/o CaO

8.5 w/o B2O3

0.5 w/o Na20

Kerma factors for the above composition were significantly different from those

determined for CH2, resulting in insulator doses that differ by a factor of ~ 2.

Additional spatially dependent responses computed for the inboard

coil-plane FWBS included displacement rates in the PCASS, which was determined

to have a maximum 17.4 dpa/yr in the first wall for I w = 1.4 MW/m
2. Spatial

distributions from ONEDANT of neutron flux, neutron and gamma—ray heating,

tritium breeding, Cu displacement, and absorbed dose in G-10 CR are given in

Figs. K-8 through K-12. All values are normal^-eii to a neutron first-wall

loading of 1.4 MW/m^. Shown in Fig. K-13 is the spatial dependence of the He

and H production rates.

K.3.2. Two-Dimensional Nucleonic Results. Calculations for the

one-dimensional traverse of the inboard coil-plane FWBS are of primary interest

for determining the shielding effectiveness, as it impacts the TF-coil response.

Realistic tritium breeding calculations, however, require a two-dimensional

model of the offset cylindrical (i.e., eccentric) blanket design depicted in

Fig. K-14. The two-dimensional model includes the reflector (coolant manifold)

region and the first two shield regions in order to compute correctly the

reflection of neutrons to the breeding blanket, as is required for both tritium

breeding and nuclear heating calculations. Figure K-14 depicts the geometric

model used for the Monte Carlo calculations, which were performed with the MCNP
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code7 on the NMFECC CDC-7600 computer. Reflecting boundary conditions were used

in the direction of the cylindrical axis, making the calculations effectively

two-dimensional vice three-dimensional. Because of information-tallying

limitations inherent in Monte Carlo methods, no detailed spatial distributions

were determined for either tritium breeding or nuclear heating, as were

determined from one-dimensionaJ d iscrete-ordinates calculations for inboard and

outboard traverses of the coil-plane FWBS. Total nuclear heating by region is

given in Table K-4 along with the calculation of the energy multiplication in

the coil-plane blanket. The radioactive-decay afterheat component is not

included in the plots of energy multiplication, region nuclear heating, or

spatial distribution of nuclear heating. Thi. contribution to the afterheat is

a time-varying function of power history and blanket component age; its

computation is straightforward but beyond the scope of this study.
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The tritium-breeding ratio was ascertained within a relative standard

deviation (r.s.d.) of < 1%, as was the nuclear heating in the blanket region.

Splitting and Russian roulette were the only variance reduction techniques

employed. The r.s.d. values decreased monotonically, providing confidence that

the variance of the r.s.d. estimator is small. After a total of 37,610

starting plasma neutrons, for a total of 206,676 neutron tracks in the FWBS

regions, 6Li, 7Li, and total tritium breeding ratios were determined to be

0.8997 ± 0.0054, 0.0529 ± 0.00035, and 0.9526 ± 0.00541, respectively. The

standard error for the total tritium breeding ratio was estimated by the

quadratic average of '-he individual component errors.

K.4. Midplane Blanket/Shield Calculations

The midplane FWBS module is poloidally symmetric and, hence, was modeled in

one dimension by ONEDANT discrete-ordinates calculations^ that are similar to

those used for the coil-plane inboard FWBS. Also, the midplane FWBS is

identical in composition to the coil-plane outboard FWBS, and the
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one-dimensional computations are equally applicable. Because these FWBS regions

are not limited severely in thickness, the use of more costly shield materials,

such as W, and extensive optimization studies are not required. The criteria

used for the shield design are the same as these used for the coil-plane inboard

shield.

Starting with the coil-plane inboard FWBS as a point of departure, the

breeder region was increased in thickness until a breeding ratio of ~ 1.1 was

achieved at a thickness of 0.46 n, where the Be and LiAlC^ were maintained at 70

v/o and 83 v/o, respectively. Because the composite breeding ratio for the

reactor [Eq. (K-l)] was marginal, the reference densities of Be and LiAlO^ were

modified to those shown in Fig. 7.3-3. Referring to Fig. 7.3-3 and Table K-5,

the breeding enchancement was affected by both density changes. Increasing the

Be from 70 to 90 v/o causes only a 2.8% increase in total tritium breeding, as

is expected from an examination of Fig. K-2. However, the simultaneous increase

of the LiA102 from 83 to 87 v/o results in an additional 2.5% increase in

breeding ratio, the result in this case of less competition from parasitic
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absorbers (i.e., PCASS). The softer neutron spectra observed in the breeder

region as the Be density increases leads to higher parasitic absorption versus

6Li(n,t)'*He reaction rates at a fixed LiA102 density (Case 2 versus Case 3 of

Table K-5), thereby partially countering the desirable increased neutron

multiplication in the Be. In consonance with Fig. K-2, the energy

multiplication is observed to increase almost proportionally to the increase in

neutron multiplication. Figure K-15 shows the variation of the total tritium

breeding ratio and the component parts as the LiAlC^ density is increased over

the range of 75 to 89 v/o for the reference design Be density of 90 v/o.
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TABLE K-4

TOTAL NUCLEAR POWER GENERATED IN THE COIL-PLANE BLANKET REGIONS

AT ly = 1.4 MW/m2 USING MONTE CARLO TECHNIQUES

Region
First wall

Multiplier

Second wall

Breeder

Reflector

Total

Total Neutron
Power(a)
(MW/m)
0.520

2.430

0.122

3.937

0.190

7.199

Total Nuclear
Power(a)
(MW/m)
0.921

2.911

0.252

5.485

2.360

u. 9 3(b)

Fraction
of Total

Sector Power
0.0772

0.244

0.0211

0.460

0.198

1.00

(a)

(b)
Relative standard deviations (i.e., 68% confidence levels) are all < 0.01.

Total neutron kinetic energy per meter is given by Pn = (1.4 MW/m
2)

(1.8 7T m2/m) = 7.917 MW/m. The energy multiplication is MN = 11.93/7.917
1.51.

TABLE K-5
TRITIUM BREEDING RATI0<a) IN THE MIDPLANE BLANKET FOR COMBINATIONS OF

Case
Be AND LiA102 DENSITIES

Reference design (Fig. 7.3-3) 1.0951
Ref. design except 83 v/o HA102 1.0717
Ref. design except 83 v/o LlA102 1.0338
and 70 v/o Be

T7
0.0546
0.0497
0.0574

1.1497
1.1214
1.0912

(a)Breeding values are given to more significant figures than the computational
accuracy warrants only for the purpose of comparing differences that
reflect the effect of design modifications.
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APPENDIX L. DESIGN BASIS OF PUMPED-LIMITER IMPURITY CONTROL

L«l« General Principles of the Pumped Limiter

Recent work on impurity control and exhaust in tokamaks1'2 has identified

the pumped limiter as a potentially attractive alternative to magnetic divertor

systems. The general characteristics of a pumped limiter are shown

schematically in Fig. L-l. The pumped limiter consists of a front face, a

leading edge, and a slot region formed between the limiter and the first wall.

Figure L-l also shows the scrape-off layer, defined as the region enclosed by

the first wall and the innermost tip of the iimiter. The limiter slot leads to

a vacuum duct that penetrates uhe blanket and opens into a larger vacuum duct or

plenum that in turn connects to the (cryogenic) vacuum pumps. The limiter

intercepts charged particles diffusing from the plasma. The resulting neutral

atoms are concentrated in the vicinity of the vacuum ports, where a fraction of

the helium ash is subsequently pumped. It is not necessary to remove all of the

particles from the scrape-off region immediately upon diffusing from the plasma.

Particles that are not removed will simply recycle between the plasma edge and

SCRAPE-OFF

FRONT FACE

LEADING EDGE

LIMITER SLOT

//^S

13-4- \
LIMITER VACUUM DUCT

Fig. L-l. Schematic diagram of a pumped Umiter.

861



the first wall, building up a density in the plasma-edge region that is

sufficient for the net removal rate to equal to the core—plasma refueling rate.

Impurities also recycle between the plasma and the limiter; hence, the fraction

of the leaking particles that is removed by the limiter must be sufficiently

large to assure that the impurity concentration at the plasma edge is held to an

acceptably low level.

The effectiveness of any pumped limiter as an impurity-control system

depends upon the plasma either expelling or alternately shielding itself from

impurities. This behavior is required because only a fraction of the sputtered

first-wall atoms are ionized in the scrape-off region; the remainder are not

ionized until reaching the plasma edge. If these impurities accumulate in the

core plasma, a rapid quench of the the burn would occur. In order for a

pumped-limiter impurity-control system to be viable, therefore, it is imperative

that the impurity confinement time be of the same order or less than that for

DT, or that a mechanism exists (i.e., a potential barrier is formed) to prevent

impurities from penetrating the plasma core.

The design analysis given here focuses on four major aspects of the

pumped-limiter system:

• Identification of both the edge-plasirfa parameters and the neutral-atom
pressure at the plasma edge.

• Verification that the particle pumping is sufficient to maintain acceptable
impurity levels in the plasma, under the assumption that the potential
barrier at the electron rings prevents most impurities from entering or
re-entering the core plasma.

• Calculation of the heat loading on the limiter and the development of an
appropriate thermomechanical design.

• Calculation of limiter erosion rates and estimating limiter lifetimes.

Whenever possible this analysis has relied on the data base developed in

conjunction with the conceptual design of the pumped-limiter system for

STARFIRE.1 The suggested use of a low-Z material (beryllium) as a coating on all

surfaces exposed to the plasma has been retained by this study along with the

four limiter structural materials that were identified: tantalum, niobium,

vanadium, and copper. Stainless steel has been added to the list of candidate

materials for the EBTR design because of the lower edge temperature and reduced

heat loading. A more thorough discussion of the structural aspects of this

impurity control system can be found in Ref. 1. The thermal analysis of the EBT
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limiter design is presented in Sec. 7.3.4.4., and the design of the related

vacuum system is given in Sec. 7.8.

L.2. Physics Model for Pumped Limiter.

Estimates of the edge-plasma parameters have relied upon the coupling of

global particle and energy balances with a detailed analysis of neutral-atom

recycle in the edge-plasma region. The description of the neutral-atom

transport has been made through the conversion and use of a standard,

one-dimensional, discrete-ordinates, neutron-transport code3 (ONEDANT), wherein

the charge-exchange cross section has replaced that for neutron scattering and

the ionization cross section has been substituted for neutron absorption cross

sections. A shortcoming of this approach is the failure to account directly for

the effect that refluxing neutrals have on the background density and

temperature profiles. On the basis of a study that iteratively determines

profile corrections, as discussed in the following section, however,

representative temperature and density profiles have been identified.

The description of the pumped-limiter action is, therefore, based on the

iterative coupling of two physics models: a) a phenomenological edge-physics

model and b) a neutral-particle transport model. As denoted on Fig. L-l, the

phenomenological edge-physics models divides the plasma into an "edge" plasma

and a "core" plasma. The edge plasma is defined by the radii r and rpc, where

a majority of the neutral-gas recycle occurs. The edge-physics model is based

on the definition of three phenomenological parameters:

• Rfvp limiter recycle fraction, defined as the fraction of leaking plasma
particles that are neutralized by the limiter and return as neutral atoms
to the plasma scrape-off region.

• fg, edge penetration fraction, defined as the fraction of neutral atoms
returning from the limiter that are not ionized while traversing the plasma
scrape-off layer.

• f^, core penetration fraction, defined as the fraction of neutral particles
returning from the limiter that reach the core-plasma region before being
ionized.

From these definitions, it follows that fc < f£. The phenomenological constant

RpT is determined from a separate model of the gas dynamics within the limiter

slot1'2 as is discussed in Sec. L.4. The phenomenological constants fg and f Q,

on the other hand, are determined from the aforementioned neutral-atom transport

model. Both the edge-physics model and the neutral-atom transport model are

coupled by the mutual assumptions of density and temperature (radial) profiles
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and the value of edge aansity, n(rp). Both models are used iteratively to

determine a mutually consistent value for r and the associated value of f^.

This "self-consistency" occurs when the particle fluxes predicted by both models

are equal. Each model and the coupling thereof are described in the following

subsections.

L.2.1. Edge-Plasma Model. In accordance with experimental observation of

plasma density and temperature distributions in the shadow of a limiter,1*'5 a

flat temperature profile and an exponentially decaying density profile have been

assumed in the scrape-off region. The density is then postulated to vary as

exp(-x/6n), where the value of the scale length, 6n, is determined by balancing

cross-field diffusion in the scrape-off region against parallel flow to the

limiter. Cross-field diffusion is observed experimentally to occur at the Bohm

rate whereas parallel flow to the limiter occurs at approximately the ion sound

speed in the plasma-edge region. This model leads to a general picture of the

plasma-edge region that is similar to one proposed by Ogden^ and is shown

schematically in Fig. L-2. The volume of the edge plasma is assumed to be small

Particle Balance

TO
VACUUM
PUMP

Energy Balance

/3<"T>

TT

.TO FIRST WALL

Fig. L-2. Model of particle and energy balance for the plasma-edge region.
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when compared to the core-plasma volume, and diffusion in the scrape-off region,

and, hence, at the plasma edge, is assumed to occur at Bohm rates. The particle

flux incident on the limiter, * L, is determined by the following particle

balance, as applied to the scrape-off region.

which results in the following expression for * •

V «n>/x )
* L = 1 1 . (L-2)

[1 - RLT(1 - fE)]

The plasma volume is V , <n> is the average plasma density, xp is the particle

confinement time corrected for recycle, RpT is the limiter recycle fraction, and

(1 - fE) is the fraction of the recycled particles that are reionized in the

scrape-off layer and consequently do not re-enter the plasma. The latter

particles immediately return to the limiter and have no effect on the plasma

confinement time, x . These particles can, however, cause a substantial

increase in the net flow to the limiter, especially as Rjyj. approaches unity and

fg approaches zero.

The exponential form for particle behavior in the scrape-off layer can now

be coupled with the Bohm diffusion approximation to yield the following particle

balance in the scrape-off layer.

V h m i¥& ~ ̂  + nedgeno<*v>i . (L-3)

In this equation ne(jge is the plasma density at the edge (i.e., at the boundary

defined by the limiter), D̂ j,,,, is the Bohm diffusion coefficient, T M - vs/L is

the parallel flight time to the limiter (which is approximated by the ion sound

speed, vs, divided by the sector length, L • 6 m), nQ is the neutral-atom
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density in the scrape-off layer, and <av>1 is the ionlzation rate coefficient.

The density e-folding distance in the scrape-off layer is then

«„-[""-' y y / * - [DBoh^.,]
i/2 . (i-*)

where T^ = l/nQ<av>^. This equation typically assumes the latter form for

T|| << x^, but also indicates that when ionization in the scrape-off layer is

large (i.e., T^ ->• T|| and fg + 0) the density profile becomes flat (i.e.,

6n * - ) .

It is now possible to formulate the particle balance in the plasma-edge

region.

Vc t-F1") + (fE - fc) RDT *L " VP & . (L-5)
c lp

where ^ c<
n
c> is the number of ions contained in the core plasma, T C is the

core-plasma confinement time (i.e., that provided by the zero-dimensional model

of Appendix B), (fg - fc) is the fraction of reflected particles that are

reionized in the plasma edge region, 4>L is given by Eq. (L-2), V <n> is the

total number of ions contained in the plasma, and T is the plasma particle

confinement time corrected for particle recycle. Substituting Eq. (L-2) into

Eq. (L-5) yields the following expression f,or T .

xp = [ ^i_^] ^ . (L-6)

In this expression fN = Vc<nc>/V <n> is the fraction of the plasma ions

contained in the core plasma. The confinement time corrected for recycle,

therefore, is equal to the core-plasma confinement time, xc, if all recycling

particles penetrate the core (i.e., f^ •* fg; fjj + 1), but T can be much less

than xc if a majority of the recycling particles are reionized in the

866



plasma-edge region , •> 1; fc + 0; fN •> 1; RpT
 + 1). It should also be

noted that this development assumes that the diffusion rate in the edge region

is enhanced by the recycling particles to an extent that the reflux source in

the plasma-edge region does not significantly change the plasma density profile

from that used for the zero-dimensional calculations.

The total particle flow across the plasma boundary can now be written in

terms of the diffusion rate at the plasma edge to yield the following expression

for the plasma-edge density.

Equation (L-4) has been used to eliminate the explicit dependence on Dgojjm, and

Vp/Ap = rp/2 is the plasma volume/surface ratio. This equation indicates that

the edge density will typically be small, because T ([ / T _ << A y v .

The energy balance for the plasma-edge region [Fig. (L-2)] can be written

as

- v (*5I>) + PR + PCX , (L-8)
P l T

Ec E

where 3Vc<ncTc> is the core-plasma energy content, t E c is the core-plasma

conduction/convection time (also provided by the zero-dimensional model of

Appendix B), 3V <nT> is the total plasma energy content, T E is the total plasma

conduction/convection cime, and the charge-exchange and radiation losses, P

and P^, respectively, are assumed to originate primarily from the edge region.

Because both the density and temperature decrease with the plasma minor radius,

the difference between the core-plasma energy content and the total plasma

energy content is small (i.e., 3Vc<ncTc> = 3V <nT>). Equation (L-8), therefore,

yields the following expression for the energy confinement time.
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3V
P

Equation (L-9) indicates that the overall conduction/convection time, Tg, can be

much longer than that for the core plasma, Tgc, if the edge losses, Pcx and Pp,

are large. These processes directly affect the edge temperature, as is shown in

the following discussion.

The total energy loss rate from the plasma via conduction/convection can

now be equated to the energy loss at the plasma edge, associated with the

plasma-edge diffusion rate (Bohm), to develop an expression for the edge-plasma

temperature, T e d g e.

E p

Subsitituing the expression for the plasma-edge density [Eq. (L-7)] results in

T - fTpl <nT> a
Tedge " l^J "<KT ' (L"

where the ion-electron equilibration time is assumed to be short compared to the

conduction/convection time in the edge region. Equation (L-ll) illustrates an

important principle of the pumped-limiter system. The limiter creates a region

of low plasma density near the first wall that thermally insulates the plasma.

For example, in the absence of a strong loss mechanism from the plasma edge,

that is when the change-exchange and radiation losses, Pcx and PR, are small,

the average ion leaving the plasma carries the average plasma energy (i.e.,

TE ~ Tp)» a n d t h e P l a s m a temperature is fairly uniform (i.e., t e d g e~ <T>).

Conversely, if the edge losses are large, the average ion leaving the plasma

carries much less than the average energy (i.e., T £ » T ), and the edge

temperature is low (i.e., T e d g e « <T>).
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L.2.2. Neutral-Atom Transport: Recycle Calculations and Core-Plasma

Penetration. In order to address the question of penetration of the core plasma

by the refluxing neutral atoms, a one-dimensional transport calculation was made

using the diffusion-accelerated neutron-transport code ONEDANT.3 The modeling

proceeds by generating macroscopic scattering and absorption cross sections

using well-known microscopic cross sections7 for charge exchange, electron

ionization, and proton ionization. The background plasma particles are assumed

to have Maxwellian energy distributions, and the following spatial profiles are

used.

n(r)

edge

r < r p

r > r (L-12)

T(r) =

T o [1 - (l-£T)(r
2/rp

2

edge P ' (L-13)

where nQ and TQ are the canterline plasma density and temperature; £n and e^ are

edge density and temperature factors, e.g., en = [ned /no]^
1'°'n^; <*n and Op are

the respective profile shaping factors; and 6n is the scale length for density

in the scrape-off region. Using the above representation for the "background"

(i.e., density of scattering centers used by ONEDANT) plasma, a series of

radially zone-averaged, energy-dependent scattering and absorption cross

sections can be generated for use by the neutral-atom transport code. The

refluxing neutrals are introduced as a 3-eV (Franck-Condon) volumetric source in

the scrape-off region; the outer boundary (i.e., the first wall) is treated as

perfectly reflecting but totally energy absorbing (i.e., all particles are

returned from the first wall in the lowest energy group).

In order to decouple the numerical reflux calculation from the unknown

parameters introduced in the phenomenological edge-plasma model (i.e., fjj, f^,

fE, and Rp T), it is convenient to normalize the reflux source to the "net"
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volume-averaged reflux rate, [R^T/(1- R £ T + fER£T)][<np>/Tp]. All calculations

of particle reflux discussed in this section, therefore, have been normalized to

a total source strength of T (i.e., the reflux source per unit plasma length

divided by the volume-averaged reflux rate).

Using the density profile given by Eq. (L-12), the equilibrium cross-field

particle flux is given approximately by

which arises when the steady-state electric field is set equal to

Approximating the diffusion coefficient, D^, by a constant over the core plasma,

the cross-field particle flux can be written as

r(r) = ro(r/r ) [l - (l-en)(r
2/r ^ j " 1 1 " 1 , (L-16)

where the surface flux at the core-plasma boundary, A T(r ), is set equal to the

total core leakage, Vc<nc>, in order to determine the normalization constant,

To; the following expression for Fo results.

= f£ [1 - (l-en)(rc
2/rp

2)] ̂ K n ^ / ^ ) .

Dividing VQ by the volume-averaged reflux rate, [RQ T/(1~ RpT+ fERQf)l(<n>/
T
p),

and making use of Eq. (L-6) results in
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r^vni-(i-e°Kt^2)i'°" •
rpc /rp >

The core-plasma leakage profile, V*r, normalized to the average total leakage

rate, therefore, can be written as

_>. j. 1 _ B^1 a. f i>L
n r r Ul u Uli

ia-2
[l-a(r/r ) 2 + «en(r/r

ihers a = a n has been introduced for convenience.

Equation (L-19) is a direct result of the phenomenological edge—plasma

model and the assumed density profile. By comparing the volumetric leakage
•+ -y

rate, V*r, with the source rate predicted numerically by the neutral-particle

transport code- a unique value for f,-. and r_c emerges for given values of the

profile parameter, «, the limiter recycle fraction, Rpf, and the plasma radius,

r . Results from this iterative calculation are discussed in Sec. L.3.1.

L.2.3. Limiter-Slot Model. The key to the operation of the pumped-limiter

is the effectiveness by which incoming plasma particles and the system geometry

can restrict the return of neutral particles from the limiter slot, thereby

allowing the buildup of significantly higher neutral-atom pressure in the slot

than is found elsewhere in the scrape-off region. This effect has been observed

experimentally8'9 where neutral pressures in the millitorr range have been

measured for slot geometries that are similar to the one proposed here. The

spatial variation of the neutral-atom density in the limiter slot can be

described by a simple diffusion model. Using the geometry depicted in Fig. L-3,

dn2
Do (—o) - " nenn <ov>i

871



where nenn<ov>^ is the ionization rate in the slot region, n^ is the neutral

density at some distance 2 along the length of the slot, and DQ is the

neutral-particle diffusion coefficient. For molecular flow, D is related to

the conductance, C, by

iCu =
O A

As

Asvth
(L-21)

As is indicated in Fig. L-3, I is the length of the slot, Ag = itr (t-tL) is the

slot flow area, t^ is the thickness of the limiter blade, t is the width of the

scrape-off layer, P = Airr is the perimeter encompassing the flow area, and

is the thermal velocity of the neutral atoms.

Fig. L-3. Geometry used to develop limiter-slot model.
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The solution to Eq. (L-20) is of the form

nn(z) = n n Q exp(-zM) , (L-22)

where A is the characteristic length for the buildup of neutral-atom density in

the slot and is given by

X " (Do/ne<av>i)
1/2 . (L-23)

The normalization constant, n n o, is determined by equating the neutral-atom

outflow at the slot opening to the portion of the plasma influx that is not

pumped. Because the plasma density decays exponentially across the scrape-off

layer, the probability of a leaking ion actually entering the Hmiter slot, and

hence that of possibly being pumped, is Pp. = fexp(-tj_/6)-exp(-t/6) J. In terms

of the overall limiter reflection probability, Rp-p the probability of a leaking

ion entering the slot and subsequently returning to the scrape-off layer (i.e.,

not being pumped) is Rp̂ . - (1 - Pg). Equating the neutral-atom outflux at the

slot opening, N^AsDonn(£)A> where N^ = 72 is the number of limiters, to the

unpumped portion of the slot influx, (Rpj + P£ ~ 1)* • results in the following

expression for n n Q.

(RDT + PE " D*L

"no = N ^ * expU/A) . (L-24)

This relation can be combined with Eqs. (L-2) and (L-21), along with the

slot wall temperature, TQ = 673 X, to develop the following equation for the

peak neutral-atom pressure in the slot, PQ = nnokgTQ.

Cjjfp, exp(-tL/6) - exp(-t/6) -
Po " [ T ^ 1 t ~Po [ T 1 t ~ 5

1 R^(1 f) ( ) 2
1 t

- fc) (t - tL)
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The constant C £ is equal to 2.47( lO)"^ Pa m for hydrogen and 1.96(10) 5 Pa u for

helium, and R ^ is the appropriate limiter reflection coefficient. Evaluating

<av>i at the scrape-off temperature of 0.1 keV, X for both helium and hydrogen

becomes

1 -
(n 611/2 Lexp(tj/6)-exP(-t/5)
edge '

where the electron density at the plasma edge, n ej , is given approximately by

Eq. (L-7), modified slightly for the presence of impurities in the edge region.

L.3. Punped-Limiter System Design

L.3.1. Evaluation of Particle Removal and Recycle Pararaet_ers. Equat ions

(L-7), (L-19), (L-2.5), and (L-26) allow the systeir parameters r fc, fN, fE,

and Rjyj, along with the buildup of neutral hydrogen and helium pressure in the

slot region, to be evaluated for given density/temperature profiles for the

background plasma. As is indicated by the computational procedure shown in

Fig. L-4, the known vacuum conductances (Sec. 7.ft.) are first used to determine

consistent values for the recycle fraction, RQ-J.. Subs jquently, Eq. (L-19) is

used to determine values for the core penetration parameters: r c , fc, f^f and

fc. The results of the first portion of this procedure are summarized in

Table L-l. The helium recycle fraction has been cilcuL.ited to assure that the

helium pumping rate is equal to the core-plas:na helium production rate of

9.7(10)20 s~^, which is consistent with the helium-ash production rate used for

the design point reported in Sec. 6.2. Similarly, the hydrogen recycle fraction

is specified to assure that the pumping rate is equal t>> the external refueling

rate, or, equivalently, equal to the integrated difference between the leakage

and reflux source curves given in Fig. L-5. The vacuum system has been sized in

this case assuming that the refluxed helium does not penetrate the core plasma.

This assumption is justified on the basis that helium does not undergo charge-

exchange diffusion and would, therefore, have to overcome an electrostatic

potential barrier in order to pentrate the core. The vacuum system

conductances, therefore, could (ideally) decrease somewhat relative to the

values used in the present design without affecting the system performance. The

density profiles would simply flatten, and a larger fraction of the core-plasma

refueling would be supplied by neutral-atom recycle, as is indicated by the
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SPECIFY rp. DENSITY. AND
TEMPERATURE PROFILES AND
CALCULATE THE BACKGROUND
PLASMA CROSS SECTION5 AND
THE lONIZATtON SOURCE PROFILE

CALCULATE THE PUMPING
SPEED ISPI AND THE VACUUM
SYSTEM CONCUCTANCE

COMPARE TO THE PJMPING
SPEED DEFINED BY II-R|- | £L

r DETERMINE A CONSISTENT

SPECIFY AN INITIAL GUESS FOR
rpc AND F IND THE CORRESPONDING
VALUE FOR fc FROM THE
IONIZATION SOURCE CALCULATION

PLOT THE LEAKAGE PROFILE
IC • I) AND DETERMINE
CORRECTED VALUES FOR

•pc A N D 'c

i'ig. L-4. Logic flow diagram for evaluating pumped-limiter design parameters.

a = 0.5 case given in Table L-2; in addition, the helium recycle in the edge

region would increase until the helium removal rate again equals the core

production rate.

The determination of the parameters fc and fN = 1 - (l--(rpc/rp)
2)a"l

proceeds, as Indicated in Fig. L-4, by comparing the ionization source profile,

as determined from the neutral-particle transport model, to the leakage profile
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TABLE L-l

CALCULATION OF SLOT NEUTRAL-ATOM PRESSURES AND REFLECTION COEFFICIENTS

j

DT

He

R

0.

0.

L
j

824

858

3.

3.

nedge

(m3)

0(10)17

0(10)17

IN

0

0

THE
A

(m)

.26

.26

LIMITER SLO1
Po
(Pa)

0.0383

0.0081

(Pa

1

0

Spo
m3/s)

.072

.252

S

(m3/s)

28

31

(a)Calculations made with 6 = 0.024 m, tL = 0.02 m, Ted = 0.1 keV, I = 0.3 ,
other values are taken from Table L-2, a = 1 case.

predicted by Eq. (L-19) for the design values of R^j and a. Changing {Q and rpc

causes the leakage curve to shift until the values of f^ and TpC are consistent

with those determined from the point where the leakage and source are equal.

The corresponding edge density [Eq. (L-7)] is subsequently checked against that

used to construct the cross-section set used by the neutral-particle transport

code. If the profiles are not consistent, the procedure indicated in Fig. L-4

is repeated, using a revised cross-section set in the neutral-particle transport

code, based on the new value for the edge density. The result of two such

iterations is shown in Fig. L-5 for a = 1.0 and a = 0.5, respectively- These

results indicated that the a = 0.5 profile is more representative of a plasma

sustained primarily by DT recyle (RjĴ  = 0.97) than for the present a = 1 design

point, which requires RJyj. = 0.824. Both cases, however, seem feasible provided

unpumped helium simply recycles in the edge region and does not re-enter the

core plasma.

The parameters for both cases shown in Fig. L-5 are summarized in

Table L-2. Both cases satisfy the requirement that the core plasma contains a

major fraction, ffj> of the plasma, and both cases predict a relatively small

core-plasma penetration fraction, fg < 0.13. The edge recycling is reduced for

the a = 1.0 case, but the recycle rate is still considerable because only 18% of

the particle outflux is actually pumped. Finally, while the effective particle

confinement time, T , is shorter for the a - 0.5 case, the DT throughput is

actually smaller because the pumping fraction is reduced to 0.03, as compared to

0.17 required for the a = 1 case. The He throughput will, of course, be equal

in both cases, since He must be removed at the rate it is produced by fusion

reactions.
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TABLE L-2

GLOBAL PARAMETERS FOR TWO RECYCLE CALCULATIONS SHOWN IN FIGURE L-5

a RDT fE rpc fC fN Tp/Tc

1.0" 0.824 0.912 0.78 0.128 0.852 0.356

0.5 0.97 0.930 0.89 0.124 0.908 0.177

L.3.2. Energy Removal. Calculation of the actual energy transport into

and loss from the plasma-edge region is a complex multidimensional problem that

proved to be beyond the scope of the present study. For this reason the

plasma-edge temperature has been specified, and the edge losses required to

achieve this temperature are calculated. For the design-point conditions

presented in Sec. 6.2., a total edge loss of ~ 500 MW for the assumed 0.1-keV

edge temperature results. This loss is expected to occur in the present design

from a combination of charge exchange, impurity radiation, and thermal

conduction to the front face of the limiter. The charge-exchange losses are

calculated from the energy distribution of the neutral-at-im first-wall flux

shown in Fig. L-6. The large, low-energy peak, shown on Fig. L-6 corresponds to

limiter reflux and re-emission from the wall, both of which introduce 3-eV

neutral particles into the scrape-off layer. The -irea under the high-energy

portion of the spectrum corresponds to outgoing charge-exchange neutrals. The

power loss associated with these particles is determined by integrating the flux

distribution over the higher energy groups, multiplying by the first-wall area,

and normalizing to the actual reflux source. A reflux power of ~ 100 MW results

for the recycle parameters given in Table L-2.

The bulk of the edge loss, therefore, must occur through impurity

radiation. In the present design radiative edge loss results from the

controlled puffing of a small amount of high-Z impurity into the edge region;

alternately it may be possible to eliminate the low-Z coating from the first

wall and the limiter, thereby allowing sputtering to supply the required level

of high-Z impurity. The latter approach is self-regulating but will be feasible

only if the steady-state edge temperature resulting from the sputtered impurity

radiation is sufficiently low to maintain the energy of the incoming limiter

flux below the unity self-sputtering threshold for the coating material. The

higher-Z particles will also increase the electron-ring drag losses by

increasing the effective edge electron density (Appendix E). An estimate of the
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Fig. L-6. Energy distribution of charge-exchange neutral-atom first-wall flux
for the reference (a = 1) density profile and 0.1-keV edge
temperature.

required impurity density (and the associated increase in the edge electron

density) can be developed by considering the radiation losses predicted by the

coronal equilibrium model of Ref. 10. If the impurity is assumed to be xenon

that is concentrated primarily in the outer 0.1 m of the plasma (average

temperature ~ 0.3 keV), a density of 2.5(10)17 m~3 is required to radiate at the

required rate (~ 360 MW). The associated doubling of the effective edge

electron density gives a corresponding two-fold increase in the total loss

resulting from electron-ring drag.
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On the basis of these results, the heat load on the limiter is composed of

conduction/radiation/charge-exchange components that are deposited primarily on

the front face of the limiter and of a convection component along the field

lines to the limiter "nose" and slot. Although radiation and charge-exchange

losses are distributed uniformly over the first-wall area, the conduction power

will be concentrated on the limiter face. Assuming that radiation removes ~ 90%

and conduction ~ 10% of the remaining 400 MW from the plasma edge, the total

power incident on various regions of the limiter can be specified; these powers

are summarized in Table L-3. Partitioning these powers over the 72 individual

limiters (two per each of 36 reactor sectors) gives the following expression for

the limiter heat flux for use :tn the thermomechanical analysis of Sec. 7.3.4.4.

Q(MW/m2) = 0.64 cosG + 2.8 sin© exp(-x/0.024) . (L-27)

Referring to Fig. L-3, 0 is the local angle between the field lines and the

limiter surface, and x is the radial distance into the scrape-off layer measured

relative to the plasma edge. The heat loads estimated from Eq. (L-27) appear to

be manageable, reaching a steady-state maximum of 2.3 MW/m at a distance of

5.6 mm into the scrape-off layer.

L.3.3. Impurity Buildup and Surface Erosion. During steady-state opera-

tion, the first wall will be exposed to a steady flux of DT neutrals generated

by charge-exchange interactions in the plasma-edge and scrape-off regions.

TABLE L-3

LIMITER SURFACE HEAT LOADS<a>

Power (MW)

Region Charge-Exchange Radiation Conduction Convection

Front Face 12 51 40

Nose, Slot and
Neck — — — 61

'An additional 138 MW is deposited in the limiter structure by nuclear
(neutron/gamma-ray) heating.
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These neutrals will erode the first wall through physical sputtering. The rate

of erosion can be calculated from the equation

I = Y£ T <j,
w/p , (L-28)

where YpT is the first-wall sputtering coefficient, and p is the first-wall atom

density. The charge-exchange particle flux to the first-wall, <f>W, is given by

1.51 [ ^Jl ] <B> , (L-29)
1 - RjfrU - fc)

 Tc

where <n>/xc = 2.26(10)^ m ^s"
1 for the design point reported in Sec. 6.2. The

energy distribution of this neutral-atom flux (Fig. L-6) and the

energy-dependent sputtering coefficients of Smith11'12 are used to evaluate

flux-averaged sputtering coefficients for a Be-coated first-wall, as well as for

three other (candidate) high-2 materials. The first-wall erosion rates that

result from this computation are summarized in Table L-4. Only a Be- or a

W-coated first wall would achieve the desired blanket-module lifetime of 12

years; the required thicknesses for Fe and Nb appear too large unless an in situ

coating process can be developed. Although such J[n situ coating processes may

prove to be feasible, a first-wall coating that lasts for the module life was

judged a more realistic choice for the present study. The low-Z, Be coating

used in conjunction with active edge-plasma temperature control through impurity

TABLE L-4

SUMMARY OF EROSION CALCULATION FOR FOUR CANDIDATE

FIRST-WALL SURFACE MATERIALS

(mm/yr) (mm)
0.0103 0.22 2.6
0.0176 0.56 6.4
0.0101 0.49 5.6
0.0062 0.26 3.0

Material

Be
Fe
Nb
W

P
(1028/n-3)
12,40
8.49
5.55
6.29

'a^Coating thickness required for 15-yr lifetime at 77% plant availability.
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gas puffing was, therefore, selected as the reference material, with the W

coating considered an alternative, pending a more detailed analysis of its

potential for establishing a self-regulated edge temperature. It was recognized

that erosion of the Be coating will result from destruction through neutron

absorption; loss of Be by neutron reactions, however, results in a burnup of

~ 0.2% over the life of a blanket module (12 operating years).

When compared to the Be-coated first wall, the erosion of the limiter is

more complicated because of multiple ion species and redeposltion of previously

sputtered material. In addition, the sputtering rate varies over the limiter

because the particle flux is not uniform in the scrape-off layer. The general

expression for the limiter erosion rate at a distance x into the scrape-off

layer is given by

(L-30)

where YWj=D,T,a,Be) designate sputtering coefficients. The particle fluxes, ifj

(j=D,T,oc,Be), to the limiter can be expressed as

•J = <t>̂ 0 sinO exp(-x/6) , (L-31)

where the constants <J>V0 are given as

2 .17(10) 2 1 m-2 s - l , (L-32A)

* _ ^ ^ - V = 3.16(10)20 m - V 1 , (L-32B)
P T c ( l - RaJ

V" A A "
1 - exp(-0.02/(> j YDTAW* + Sext L L L L

7 - Y 7 ^ 7 l 2 8 8 6 [ l ( 0 0 2 / 6 ) ] DT*DT ^
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^•565 rn n 0 1 o , n-)/lri^22

1-0.565
{0.081 S e x t + 1.03(10)

22 Y^T+ 2.17(10)
21 YJj-j, + 3.16(10)20 Y^}

(L-32C)

The quantity S g x t is the rate at which Be atoms are externally introduced into

the edge-plasma region. The sputtering coefficients, Y^, depend on the energy

of the ions at the limiter surface. Assuming that the sheath potential at the

limiter is on the order of the edge electron temperature, Tg, the average

incoming ion energy is (3/2 + Z.*)Te. For a 0.1-keV scrape-off temperature,

incident energies of 0.25 keV for DT, 0.35 'teV for He, and 0.55 keV for Be

result. Because of the sheath potential, the energy distributions of impinging

ions are expected to peak at the above values. Therefore, monoenergetic

sputtering coefficients, which are summarized in Table L-5, are used to estimate

sputtering rates for particles incident on the limiter.

TABLE L-5

LIMITER SPUTTERING COEFFICIENTS

0.0103 0.0323 0.104 0.454

If Be is not introduced externally (Sext = 0), the Be sputtered from the

first wall is insufficient to replace that sputtered from the limiter, and a net

erosion rate results. The net erosion rate (per operating year) as a function

of the distance x into the scrape-off layer is approximated by

£(mm/yr) = 4.10 sinG exp(-x/24) . (L-33)

For the present design, the maximum erosion occurs at x « 6.4 mm and equals

3.0 mrn/yr. This sputtering rate would require an annual recoating process as

part of the routine maintenance, an operation that presently is not considered

feasible. An alternative approach would inject Be continuously into the

edge-plasma region; redeposition of Be on the limiter would ideally balance the

erosion rate. The amount of Be required to accomplish this jLn situ deposition
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is estimated by equating I in Eq. (L-30) to zero and solving for S e x t. A Be

injection rate of S e x t = 4.77(10)
20s~1 (224 kg/yr) results. If this injected Be

deposits uniformly over the 36 sectors, an additional 72 kg is deposited in each

sector over its 12-yr operational life. The assumption that this 72 kg of

injected Be, as well as the internally sputtered Be, deposits unformily on the

surface of the vacuum duct between the midplane and coil plane leads to a 4.4-mm

Be thickness on these surfaces at the end of the module life. The Be migration,

therefore, should have little effect on the reactor operation as long as it does

not concentrate on a small area or on critical components (e.g., waveguide

vacuum windows).

The buildup of Be in the plasma-edge region also increases the

electron-ring drag losses. This buildup can be estimated from the total source

rate associated with both external injection and first-wall erosion and the

average particle confinement time in the plasma-edge region. The steady-state

rate at which Be is introduced into the edge region must equal the flow of Be to

the limiter. For the present case this flow is given by 288rcr 6<|>ge =
O l _1 O

3.46(10)iiI s . An estimate of the plasma-edge confinement time is obtained by
iq o

dividing the average edge-plasma density (1.8(10)i5 m~J) by the average

volumetric source in the edge region, which for the outer 0.1 m (Fig. L-5) is

approximately 1.1(10)2° m-3s-l. a n a v e r a g e confinement time of ~ 0.17 s results

for the plasma-edge region. The average Be edge density is then found by

multiplying the Be source rate by this confinement time and dividing by the

edge-plasma volume (131 m^ ) , leading to a Be edge density of 4.5(10)1^ m~^ or

~ 25% of the average edge-region ion density. The Be, is, therefore, expected

to increase the electron-ring drag losses by approximately the same amount

(i.e., 25%). These drag losses also increase because of the high-Z impurity gas

(Xe), as previsouly noted.

The contribution of the xenon gas to the limiter erosion rate has been

neglected because the xenon concentration is small. The limiter sheath

potential, which can accelerate high-Z ions to energies where the sputtering

coefficients can be considerably greater than unity may, however, make this

assumption invalid. Unfortunately, present sheath models contain many

uncertainties that can make significant differences in the analysis of high-Z

sputtering yields. A more thorough analysis of the limiter erosion by high-Z

impurities, therefore, must await the development of improved models of the

limiter sheath region.
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L.4. Pumped-Limiter Design Summary. The design considerations discussed

in the previous sections are embodied in the limiter configuration shown in

Figs. L-7, L-8, and L-9. The system consists of two single-bladed limiters

completely encircling rhe plasma poloidally at each of 36 midplane locations.

The limiters ate composed of ten polodial segments similar to the one shown in

Fig. L-7. The segments are 'J.58 m in poloidal length. Located at the juncture

OUTLET MANIFOLD

Fig. L-7. Isometric view of a typical limiter segment.
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Fig. L-8. Cross-sectional view through the limiter.

of the midplane and the coil-plane blanket modules, the blades face the

midplane, as is indicated in Fig. L-8. The limiter blade and the first wall

form a 0.06-m-wide slot that extends 0.3 m along the field lines to the neck of

the limiter. The slot then widens to 0.10 m as it penetrates the blanket at the

coil-plane/midplane juncture, opening into a 0.37-m average-width plenum region

between the blanket and the shield, as is shown in Fig. L-9. The limiter is

structurally mounted to the shield but can be moved radially in order to

maintain the proper alignment and positioning of the individual segments with

respect to the plasma. The limiter assembly is fabricated from stainless steel

and is covered with a 1.0-mm-thick Be coating to control erosion.

Particle removal through the pumped limiter is facilitated by the buildup

of neutral-atom pressure in the limiter slot. For the present design the He

pressure in the slot is 8.1 mPa, and the DT pressure is 38.3 mPa. These

pressures result from the removal of 14.2% of the He flow and 17.6% of the DT

flow to the limiter. Particles that are not pumped simply cycle between the

plasma and the limiter, causing the slot pressure to increase until the source

and removal rates achieve an equilibrium. The He pressure increases until the
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Fig. L-9. Overall view of the limiter/vacuum system.

net pumping rate is equal to the He production rate in the cors plasma, whereas

the DT pressure increases until the net pumping rate equals the external

refueling rate. These conditions correspond to a He removal of 9.0 Pa m /s and

the DT removal of 38.6 Pa m3/s s.t the limiter slot.

The low plasma-edge temperature (~ 0.1 keV) that is required to reduce the

limiter heat flux and to enhance the limiter pumping probability (i.e., 1 - Rjfa)

is provided through a combination of puffing small amounts of high-Z gas (Xe)

into the plasma-edge region and the charge-exchange losses associated with

neutral-atom recycle. The required Xe concentration (nXe^nDT ~ 0.014) is

sufficiently low to have a negligible effect on the electron-ring drag/radiation

losses, yet simultaneously causing a significant amount of the core-plasma power

(~ 360 MW) to be radiated to the wall. This effect, together with the

charge-exchange loss (~ 100 MW) and the conduction to the front face of the
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limiter (~ 61 MW), reduces the edge-plasraa teraperatur.- lo t iit .:«.-sired value of

~ 0.1 keV, thereby lowering the maximum heat load on r r,v ii-::er in - 2.3 MW/m .

These conditions are crucial to the successful thennaJ .'siccli

the pumped-limiter concept (Sec. 7.3.4.A.).

Including the nuclear heating, the total !ir:>;<r

This power is removed by low-pressure cooling w.iter <i \ • <n

The inlet temperature and pressure are 388 K one! 2.) •'.}'.-. \

values at the outlet are 443 K and 1.7 MPa (2 50 ps,.<). ". .

loads and reduced thermal stress allow tt>- • ..-,*• :,: •,

reference tructural material. The materials su^i-5 i'-d . ;

been retained as alternatives in the even! r-, , • ! :.-'

encountered.

It is proposed to ameliorate the problem <," 'init- r

continuous injection of Be (~ 244 k.g/yr) I -i r < Lin. .. :,.•.

injected Be, together with Be continually sputters' !r<-- r--

to a Be deposition rate on the limiter that h.ilanrcs : ,n

However, a net accumulation of ~ 72 kg of Be i o o.u-f. b: •: --••

the 12-yr operating lifetime results. A si^il.i: 1 •;y

leads to a net erosion rate of 0.22 mm/yr. Ttu- ::>-UC:-MI. •

first wall, therefore, should be sufficient :<< :'•• ••: t'->-

12-yr operating lifetime for the blanket module.
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