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THE MODULAR STELLARATOR REACTOR: A FUSION POWER PLANT
by

The Stellarator Reactor Design Team

ABSTRACT

A comparative analysis of the modular stellarator
and the torsatron concepts is made based upon a steady-
state ignited, DT-fueled, reactor embodiment of each
concept for wuse as a central electric-power station.
Parametric tradeoff calculations lead to the selection
of four design points for a ~4-GWt plant based upon
Alcator transport scaling in £ = 2 systems of moderate
aspect ratio. The four design points represent high-
(0.08) and low- (0.04) beta versions of the modular
stellarator and torsatron concepts. The physics basis
of each design point is described together with
supporting engineering and economic analyses. The
primary intent of this study is the elucidation of key
physics and engineering tradeoffs, constraints, and
uncertainties with respect to the ultimate power
reactor embodiment.

1. EXECUTIVE SUMMARY

l.1. Introduction

As a generic class, the stellarator/torsatron/heliotron (S/T/H)
represents one of the earliest approaches to magnetic confinement! and the
first approach to be subjected to a serious conceptual reactor study.2 Unlike
the tokamak, S/T/H achieves the rotational transform, +, required for
equilibrium/stability by means of external windings alone, rather than by
means of internal plasma currents, resulting in disruption-free, steady-state
operation with a reduced recirculating-power fraction. Recently renewed
interest in the reactor potential of the S/T/H (Sec. 2.) results from
encouraging theoretical and experimental progress3 and the application of

innovative coil configurations.”’5 The present effort is the culmination of an

1



initial assessment® of the reactor potential of the Modular Stellarator
Reactor (MSR). Configurations with £ = 2 poloidal field periods are '
emphasized to reduce coil mass, facilitate the blanket/shield design, and pro-
vide significant transform on-axis. Potentially attractive reactor design
points were identified (Sec. 3.) by means of a parametric survey7’8 that
characterized global reactor performance subject to comservatively applied
engineering constraints and target performance values (e.g., thermal power
output, PTH)' Parameters for the MSR-IIB and the analogous continuous-

helical-coil (ultimate torsatron) TR-B3 are summarized in Table 1-1. With

TABLE 1-1

COMPARISON OF MODULAR-STELLARATOR AND TORSATRON
REACTOR DESIGN POINTS FOR <B> = 0.08

PARAMETER MSR-IIB TR-B3
Edge rotational transform, f(rp) 0.80 1.85
Plasma radius, N (m) 0.81 0.57
Coil radius, ro. (m) 3.3 2.3
Major toroidal radius, Ry (m) 23.0 23.0
Plasma volume, Vp (m3) 298 149
Average density, <n) (1020/m3) 3.64 4.32
Average temperature, <T> (keV) 8.0 8.0
Lawson parameter, <n>Tp (1020 s/m3) 3.43 3.43
Average beta, <B> 0.08 0.08
DT plasma power density (MW/m3) 12.4 24.9
On-axis magnetic field, B, (T) 6.56 7.64
Peak field at coil, Beom (T) 11.6 12.14
Neutron current, I (Mw/mz) 2.0 3.0
Thermal power, Ppy (MWt) 4000 4000
Net power, Pp (MWe) 1302 1302
System power density, Pqy/V. (MWt/m3)(a) 0.60 1.13
Mass utilization, M/PTH (tonne/MWt)(b) 6.6 4.9
Recirculating power fraction, € 0.07 0.07
Net plant efficiency, N, (ngg = 0.35) 0.33 0.33

(a) V. = volume enclosing the first~wall/ blanket/shield/coils (FW/B/S/C).
(b)M = mass of Fusion Power Core (FPC) (i.e., FW/B/S/C). ‘




similar power output, these S/T/H systems would share most features of the
Balance of Plant (BOP) with the STARFIRE? tokamak and Elmo Bumpy Torus Reactor
(EBTR) !0 conceptual designs, allowing concentration of the present design
effort on the Fusion Power Core (FPC). Pumped-limiter impurity control is in-
voked here for the S/T/H, in common with the STARFIRE and EBTR, sacrificing
the natural magnetic divertor available in S/T/H systems for improved volume
utilization. This design effort is summarized below by treating the physics
basis (Sec. 1.2.), engineering design (Sec. 1.3.), and technical/economic
assessment (Sec. 1l.4.).

1.2. Physics Basis

The physics basis of the S/T/H reactor incorporates the interrelated
aspects of vacuum magnetics; equilibrium/stability beta limits; transport; and
ignited, steady-state burn. These aspects are considered in turn.

Extensive parametric, tradeoff, and optimization studies of MSR vacuum
magnetics were performed in the course of this study using the three-
dimensional computer code TORSIDO (Sec. 4.). These computations were guided
by and iterated with the results of the parametric studies® to identify the
reactor design points to be subjected to detailed engineering design (Sec. 5.)
and economic analysis (Sec. 7.). Coil deformation allows a single MSR coil
set to produce both toroidal- and poloidal-field components without inter-
locked/interfering poloidal-field (PF) and toroidal-field (TF) coils, as in
tokamak designs. To improve performance (i.e., transform, shear, magnetic-
well depth, ripple, forces, etc.), the basic sinusoidal lateral deformation of
the original Rehker-Wobig coil configuration“ has been modified to include
asymmetric, higher harmonic components in the winding law, thereby allowing
the coil set to be "tuned" to reach specified objectives. The resulting & = 2
configuration yields significant positive shear at the plasma edge, while
avoiding major rational-q surfaces and magnetic islands within the plasma.
Best overall results (i.e., reduced coil peak fields and forces) are obtained
with m = 4 toroidal-field periods and a relatively large number (N = 36) of
identical coils with modest lateral distortion (d/rc ~ 0.28) and moderate coil
aspect ratio (Ac = RT/rc = 7)., Magnetics results for the MSR-IIB and TR-B3
cases are summarized in Table 1-2. Generally, both systems are designed to
preserve the same major radius (RT = 23 m) and peak coil field (BCM = 12 T).
The MSR-IIB produces significantly lower rotational transform but has lower

radial forces and lower stored magnetic energy. The MSR-IIB plasma cross




TABLE 1-2

MODULAR STELLARATOR AND TQRSATRON
MAGNETICS COMPARISONS(2a

PARAMETER

Coil type

Pitch parameter, Y

Normalized coil distortion, d/r
Conductor major radius, Ry (m)
Conductor minor radius, . (m)

Conductor aspect ratio, A_ = RT/rc

Total coil current, I (MA
Conductor cross section (m x m)
Conductor length, Lc (m)
Poloidal field period number, £
Toroidal field period number, m
Number of coils, N

Plasma major radius, R_ (m)
Plasma minor radius, r_ (m)
Plasma volume/coil-borg volume
Magnetic axis, Ry (m)

Semiminor plasma radius(d) (m)
Semima jor plasma radius (m)
Maximum plasma radius (m)
On-axis field, B (T)

Magnetic well depth (%)

Peak field at coil, By (T)
On-axis ripple, e(0)%

Edge ripple, e(r_ )%

On-axis transform, +(0)

Edge transform, +(r )

Stored magnetic energy, E,, (GJ)
Peak radial force, f_. (MN/m)
Peak lateral force, fz (MN/m)

Coil surface area coverage at r.

MSR-I1B

Modular(b)
NA
0.28
23.0
3.31
6.95
21.0
1.051 x 1.051
22.916
2
4
36
23.02
0.81
0.30
23.04
0.479(0.500)
1.406(1.425)
1.526
6.47(6.56)(€)
-0.049
11.59
<2.89
11.32
0.626
0.804
108
78.36
38.21
0.40

TR-B3

Torsatron(¢)

0.388

NA

23.0

2.3

10.0

35.7

0.994 x 1.889
461.57

2

25

1

22.989

0.573

0.34

23.001
0.446(0.559)
0.721(1.612)
0.762

7.64

-0.16

12.14

<4.62

10.23

1.479

1.847

252

112.25

11.82

0.51

(a)Coil conductor/internal~structure current density, ie = 19 MA/m?.
(b)Distortion coefficients: a; = 0.2111, a, = 0.0955, a4

0.0304, ag = 0.0160: and ag = 0.0066 for use in the winding law:

d/rC =.Zf a; sin [i(£6 + 2wmj/N)].

1=

(C)Winding law: ¢ = (£/m)(8 + v sin 0) - (w&/m).

(d)Under a coil (half a field period away).

0.0534, a, =

(e)Performance requirement predicted from the parametric code (Ref. 8 and Sec.

3;4.7.).

section is more elongated, which, for circular-bore coils, results in reduced

volume wutilization of plasma within the coil bore.

torus surface area is covered by for the TR-B3,

4

A larger fraction of the

somewhat reducing




accessibility. Generally, the idealized magnetics performance of the MSR is
inferior to that of the torsatron, but overriding engineering considerations
related to coil fabrication/repair/replacement dictate a preference for
modular reactors (Sec. 6.2.).

The traditional, if approximate, scaling relationship for both
equilibrium and stability beta limits is <B> = TZ/A, where A = RT/rp is the
plasma aspect ratio. This limit implies an outward radial shift, A, of the

core plasma relative to its radius, r_, of about 50%. Strict application of

this relationship would suggest that oniy the TR-B3 case in Table 1-2 is
capable of achieving the target value® of <g> = 0.08, although numerical
computations also support this 1level of beta for MSR-IIB-like cases.!l
Achievement of these beta values 1is arguably the key prerequisite of
competitive reactor performance from the viewpoint of FPC cost, mass, and
power density and remains the central issue of the near-term S/T/H theoretical
and experimental effort worldwide.

Radial transport of energy in a nonaxisymmetric S/T/H plasma is receiving
intense attention. Rather than incorporate a tentative transport model, an
empirical (Alcator-like) relationship was imposed, such that g = 3(10)"21
<n>rp2. This approach® 1leads directly to an "engineering Lawson criterion"
for ignition that requires <B>Bozrp =3 T2 m for <T> = 10 keV. Under this
convenient and conservative assumption, PTH/RT = 200 MWt/m and Iw(rp/x) ~ 3.8
MWt/m, where Ppy is the thermal power of the reactor and I, is the 14.1-MeV-
neutron first-wall loading at the circularized first-wall radius, Tors and x =
rp/rw. The general result of this transport scaling is moderate-aspect-ratio
systems (i.e., A = RT/rp = 20) for Ppy = 4-5 GWt. Application of neoclassical
transport theory, corrected for ambipolar electric fields in realistic
magnetic configurations, may be expected to result in favorable reductions in
overall reactor size.l?
1.3. Engineering Design

The present MSR-IIB design effort (Sec. 5.) focused on the FPC.

Particular emphasis was placed on accommodating the mechanical design to the
unique geometric constraints imposed by the magnet configuration. A credible
first-wall/blanket (FW/B) maintenance approach was outlined that does not
require routine coil movement, as has been considered in a parallel study of

the UWTOR-M. !3



A sector of the MSR-IIB reactor torus is illustrated in Fig. 1-1. 1In
contrast to the UWTOR-M vacuum building, the MSR-IIB fixed-coil set surrounds

a permanent vacuum boundary, which is penetrated by access hatches through
which blanket/shield (B/S) modules are inserted or removed as part of the
routine FW/B maintenance schenme. The square—~cross—section coil conductor
(jp =19 MA/m?2) is graded radially in three sectors with cryostable Nb3Sn  in
the inboard region to accommodate 8 T < B < 12 T; NbTi is incorporated in the

outer sectors.

TOP VIEW

HATCH COVER
OPENING

VACUUM VESSEL

Fig. 1-1. MSR-IIB torus sector illustrating the £ = 2 modular coil set and a
typical access port through the permanent vacuum boundary. ‘



An elevation view of the MSR~IIB is shown in Fig. 1-2. Coils (~390
‘ tonnes each) are individually supported from below on columns resting on oil-
pad bearings to permit movement during cooldown/heatup cycles. Coil failure
and replacement would necessitate breaking the vacuum torus and would involve
a protracted shutdown, as with the STARFIRE design.g Radial Lorentz forces on
the coils are reacted by a 0.47-m-thick steel backing that conforms to the
coil shape, and lateral forces are reacted by the 0.20-m-thick steel sidewalls
of the coil case, allowing a maximum strain of 0.35% in the Nb3Sn conductor.
Centering forces are reacted by a pair of steel bucking rings and a central
concrete cylinder.

The FW/B/S cross section is illustrated in Fig. 1-3. The blanket
consists of a primary candidate alloy stainless steel (PCASS) structure and
L120 solid breeder matrix with embedded pressurized-water (15 MPa, TIN = 550
K, TOUT = 590 K) coolant tubes. A helium purge stream removes tritium from
the blanket. The FW/B/S cross section accommodates the elongated £ = 2 plasma
cross section at the expense of thin beryllium neutron reflector regions
located at the ends of the plasma semimajor axis, covering ~25% of the
available FW surface area. The plasma chamber opening within each module has
a quasi~rectangular cross section and projects straight through a given FW/B/S
module. The opening tracks the helical precession of the plasma cross section

by a stepped (~7% precession of the openings of successive modules. A

T—NoT

g
x
am ;*
[}
[n]
o
[

MODULE

7
[

. \F/
coiL
WALL SUPPORT
. Fig. 1-2. MSR-IIB reactor elevation view with a typical module orientation.



VACUUM
PUMPING
DUCT

MODULE EDGE \

MOVABLE
SHIELD

GRAPHITE REFLECTOR

INLET/OUTLET MANIFOLDS (WATER)

FIRST~-WALL COOLANT HEADERS
He OUT

PIPES
STATIONARY

SHIELD

Fig. 1-3. MSR-IIB first-wall/blanket/shield (FW/B/S) cross section.

He PURGE PIPES
COOLANT PIPES

MANIFOLD AND
1 PLENUM ZONE

4.0

Fig. 1-4. Typical MSR~IIB center module incorporating pumped limiter, first
wall, blanket, movable shield, vacuum flange, and duct access. .




typical center module (1 of 3 per access port, 108 total) is illustrated in
Fig. 1-4. The movable module mass is ~60 tonnes. A similar modularization
scheme is compatible with the TR-B3 coil configuration. The pumped-limiter
surface 1is subjected to ~2.5 MW/m? of average incident radiation and particle
flux.

l.4. Technical/Fconomic Assessment

The larger aspect ratio of the S/T/H allows larger on-axis field strength
for a common peak field limit when the S/T/H is compared with a tokamak. Net-
current-free, steady-state operation allows a relaxed FW/B/S/C design, not
requiring mitigation against disruptions and thermal cyclic fatigue. The
S/T/H allows lower recirculating power fractions by eliminating current drive
(as for STARFIRE) and relativistic-electron-ring drive (as for EBTR). Beta
values approaching 10% appear feasible, but they must be confirmed. Coil
design, fabrication, and support appear tractable for the MSR. Credible
approaches to remote maintenance can be proposed.

Several wunresolved technology issues (Sec. 6.) remain. Startup
trajectories that minimize power requirements must be identified in con-
junction with unresolved transport theory. The magnetics performance of
modular coils 1is inferior to that of continuous helical coils, but modular
coils reduce the financial risk and technical problems of on-site winding of
monolithic helical coils whose integrity for the life of the plant cannot be
guaranteed.

Preliminary cost estimates (Sec. 7.) have been made for the MSR-IIB and
TR-B3 design points following DOE/OFE guidelines.l" For the present effort,
homogenized unit-~cost averages were applied to the FW/B/S/C subsystems. The
assumed unit costs are displayed in Table 1-3 with comparable numbers derived

from the STARFIRE and EBTR design efforts.

TABLE 1-3
FPC HOMOGENIZED UNIT COSTS ($/kg)
STARFIRE? EBTR!?  s/T/H
First-Wall/Blanket 54.3 41.2 42.0
Shield 13.9 14.6 15.0
Coils 20.8 21.3 25.0

Total FPC 19.0 19.0 22-24



Mass utilization (i.e., FPC mass, M, divided by total thermal power, PTH)
was used in Ref. 8 as an Indication of MSR economic performance. Target
values of M/PTH = 5 tonnes/MWt were established for <B> = 0.08 to anticipate
competitive performance. The shielding of the circular-bore MSR-IIB coils
requires a stand-off distance between the coil inner bore and the plasma semi-
ma jor axis that precludes reduction of the MSR-IIB coil radius and, hence,
mass, as was accomplished for the TR-B3. 1In the latter case, the plasma can
bulge radially outward in the directions along the plasma semimajor axis as
the helical-coil bore is reduced. The TR-B3 design, therefore, achieves the
lower cost and M/Ppy values.

Summarized in Table 1-4 are the masses and costs of the MSR-IIB and TR-B3
compared with the STARFIRE and EBTR. Also tabulated are several cost figures
of merit: fractional cost of the FPC relative to Reactor Plant Equipment (RPE)
and fractional cost of FPC relative to Total Direct Cost (TDC). The dominance
of the FPC in the costs of these superconducting magnetic fusion systems 1is
apparent. The low recirculating power of the stellarators offsets the impact
of a conservatively assumed 1longer construction time on interest and
escalation costs to give comparable estimates for Cost of Electricity (COE).
All of these systems assume a ~767% plant availability and a 30-yr plant life.

The following conclusions are drawn from the present study:

® Overall S/T/H reactor performance is critically coupled through
beta to the magnetics performance of the coil set. The
available (limited) physics data base supports the design
choices made here for the S/T/H, which are generally
conservative and subject to improvement.

® Engineering choices/options implemented for the MSR conceptual
design provide a credible, maintainable preliminary design.

® The S/T/H is technologically and economically competitive with
other mainline fusion approaches if <B> > 0.08.

® The modular-coil configuration sacrifices magnetics performance
relative to the continuous-helical-coil configuration in return
for fabrication/maintenance advantages and lower stored
magnetic energy. If 1life-of-plant (LOP) coils cannot be
postulated, the MSR is the preferred reactor configuration.

10




T

TABLE 1-4

FUSION POWER CORE (FPC) COMPARISON (@)

STARFIRE? EBTR!0 MSR-IIB TR-B3
Mass (tonne):
First wall/blanket (FW/B) 1517 4116 2060 1699
Shield (S) 13360 13110 10275 5859
Coils (C) 8240 26150 14149 12037
Total FPC mass, M 23117 43376 26484 19595
Mass utilization, M/PTH (tonne /MWt) 5.7 10.8 6.6 4.9
Cost (MS$):
First wall/blanket (FW/B) 82.4 174.5 91.1 74.5
Shield (S) 186.1 191.5 154.1 87.9
Coils (C) 171.6 556.9 353.7 300.9
Total FPC cost (FW/B/S/C) 440.1 922.9 598.9 463.3
Total RPE cost 968.6 1425.7 967 .6 792.9
Total direct cost (TDC) 1726.5 2108.8 1647.0 1467 .8
Total cost 2400.3(3197.9) 2871.9(3647.7) 2473.6(4015.2) 2204.5(3578.4)
Construction time (yr) 6 5 10 10
Cost Figures of Merit:
FPC/RPE 0.45 0.65 0.62 0.58
RPE/TDC 0.56 0.68 0.59 0.54
UDC ($/kWe) 1439 1737 1265 1127
COE (mills/kWeh) 35.1(67.1) 38.9(7.17) 33.7(77.6) 30.1(69.3)
Net power output, P, (MWe) 1275 1200 1302 1302
Recirculating power fraction, € 0.167¢0.06)(P)  0.15¢0.07)(P)  0,07(P) 0.07(P)
Average beta, <f> 0.067 0.17 0.08 0.08

(a)Paired entries indicate constant (1980) and then-current (at end of construction) costs.

(b)Auxiliary power requirement for cryogenics and other BOP systems.
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2. INTRODUCTION AND BACKGROUND

2.1. Overview

As a generic class, the stellarator! represents one of the earliest
approaches to toroidal magnetic confinement. Unlike the tokamak, the
nonaxisymmetric stellarator achieves the rotational transform required for
equilibrium/stability by means of external windings alone, rather than by
means of internal plasma currents. The stellarator class includes the
torsatron,2 heliotron,3 and several non-planar-axis variat:ions,"‘-6 as
illustrated in Fig. 2.1-1. It is beyond the scope and purpose of this report
to review the broad range of theoretical and experimental stellarator research
activity. Fortunately, a number of excellent reviews have recently addressed
this task.’"12 It 1is sufficient to note here that there has been a recently
renewed interest in the stellarator after a period of relative de-emphasis,
particularly in the US, lasting for about a dozen years following the
ascendancy of the tokamak approach. This renewed interest results from a more
highly developed theoretical base, encouraging experimental successes in the
low-net-current regime, and innovative new coil configurations. This renewed
interest has again prompted consideration of the reactor potential of the
stellarator.

Qualitative advantages that in general can be invoked for the

stellarator/torsatron/heliotron (S/T/H) reactor concept include

® steady-state magnetic fields and thermonuclear burn.

® operation at ignition or with a high Q-value for low
recirculating power.

® plasma startup on existing magnetic surfaces with
predictable particle and energy confinement at all times.

® optional impurity and ash removal by means of a magnetic
limiter (i.e., helical poloidal divertor) that occur as
natural consequences of the magnetic confinement topology
or by a pumped limiter.

® net-current-free operation without ma jor plasma
disruptions that could lead to an intense, local energy
deposition on the first wall or in the blanket, shield, or
coil regions.
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; i STELLARATOR (£=3)

FIGURE-8 STELLARATOR

= =

TORSATRON (£=3) WITH TORSATRON (£=3)
VERTICAL - FIELD COILS

NON-PLANAR-AXIS STELLARATOR (n= 3) HELIOTRON (.£=3)

Fig. 2.1-1 Nonplanar figure-8 stellarator, classical stellarator, torsatron,
heliotron, and a typical non-planar-axis toroidal configuration
illustrating the range  of the stellarator class of ‘

magnetic—-confinement configurations.
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Verification and quantification of these claims within the 1limits of
computation and extrapolation are the central task of reactor studies. Where
possible, reactor studies should emphasize the implications of reactor design
choices and constraints on near-term experimental and theoretical priorities.

0f particular interest in the reactor context is the application of
modular-coil configurations as pioneered by Rehker and Wobig.!3715 A
rudimentary coil of this type consists of a simple, out-of-plane sinusoidal
deformation, as illustrated in Fig. 2.1-2. Variations on this basic coil
configuration can improve its performance (Sec. 4.). Such configurations ease
the severe fabrication and maintenance concerns inherent in continuous helical
coil systems at the risk of degraded magnetics performance. Quantification of
this tradeoff within the context of a self-consistent conceptual design of the
stellarator Fusion Power Core (FPC) is the principal purpose of this study.
The objectives, scope, and approach of this study are discussed below.

The present stellarator reactor study builds wupon previous activity
(Phase 1) involving collaborative work between Los Alamos and the Princeton
Plasma Physics Laboratory (PPPL). Phase I results have been reported in
Refs. 10 and 16. These results were sufficiently encouraging to justify the
present study (Phase II) in greater depth (see Sec. 2.3.) and involving
industrial partners (IP) selected by Los Alamos in competitive response to a
Request for Quotation (RFQ) in August 1981. The successful bidder was a team
composed of Westinghouse Electric Corporation, Stone & Webster Engineering
Corporation, and CVI, Incorporated. Pending implementation of the formal
contract governing the present study, Los Alamos engaged in parametric
studies 7 (Phase IA) leading to the identification of candidate design points
for wuse in the present effort. The objectives and scope of the present study
(Phase II) are discussed in the following subsections of this chapter.

2.2. Study Objectives

The objective of this study is to develop, on the basis of available
physics understanding, conceptual designs for the FPC of a commercial fusion
power plant based on the stellarator confinement scheme. A goal of the
present study is to answer two fundamental questions regarding stellarator

reactors
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Figa 2.1—20

(A)  £=2 REHKER-WOBIG COIL

(B) £=3 REHKER-WOBIG COIL

Views of typical £ = 2 and £ = 3 Rehker-Wobig modular coils with
circular bore and moderate lateral distortion.




® What 1is the influence of key physics parameters and
assumptions (e.g., magnetics, beta, and transport) on size

and performance?

® What are the comparative advantages and disadvantages of

continuous—-coil and modular-coil configurations?

The data base developed to address these questions includes parametric studies
and related tradeoff and optimization efforts; preliminary conceptual designs
of key FPC subsystems; and a technical assessment of stellarator physics,
engineering, and economics. A parallel study, emphasizing engineering and
maintenance issues for modular stellarators, has been completed at the
University of Wisconsin.l18

To focus the present study on those features distinctive (if not unique)
to stellarator concepts, the design of Balance—of-Plant (BOP) systems 1is de-
emphasized. Some attention 1is paid, however, to making the present study
compatible with the essentially common features of a number of other recent
fusion reactor designs wusing the deuterium/tritium/lithium fuel cycle and
producing 1000-1300 MWe(net). These other systems include the STARFIRE
tokamak,19 the MARS tandem mirror,20 the Elmo Bumpy Torus Reactor (EBTR),21
and the Reversed-Field Pinch Reactor (RFPR).22523 gych commonalty facilitates
more meaningful technical and economic comparisons that serve as a primary
purpose of any systems study.

2.3. Study Scope

As part of an overall program for assessing the reactor potential of
alternative magnetic fusion concepts (AFCs), the Office of Fusion Energy of
the US 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 II, and Level III. The highest
level of study (Level I) includes, in a multi-man-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 simplified physics models and parametric
analyses of potential reactor operating points. The present stellarator

reactor study can be characterized as a Level II study. Although building on
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a previous Level TII study,16 the present effort did not allow for either the
breadth or depth characteristic of other recent Level I fusion reactor studies
(e.g., STARFIRE!® and MARS20). The parametric models of the previous Level
IITI study were adapted for present use (Sec. 3.) together with extensive use
of three-dimensional magnetics computations (Sec. 4.), to identify candidate
design points for elaboration by the design effort (Sec. 5.).

2.4. Study Approach

This Phase 1II stellarator reactor study was divided into the four major
tasks identified in Table 2.4-1. Subtask JIA was a relatively 1low-level

activity incorporating the Phase IA parametric codes, previous Los Alamos

TABLE 2.4-1
STUDY TASK IDENTIFICATION/ALLOCATION/STATUS(a)
TASK/SUBTASK Los Westinghouse Stone & CVl
Alamos Webster
I. Flagship Design Point

Identification/Optimization
A. COE-based systems code J J - -
B. Plasma models P - - -
C. Magnetics P - - -

ITI. Preliminary Subsystem Design

A, First-wall/blanket/shield J J - -
B. Magnets S J J -
C. Impurity/ash control
(divertor, limiter) J J S -
D. Plasma heaters D D D D
E. Refueling D D D D
F. Vacuum system - - - T
G. Primary containment
and support structure S J J -
H. Tritium handling systems D D D D
I. Primary coolant systems D D D -
J. Maintenance scheme S J J -
K. Balance-of-plant systems D D D D
III. Systems Integration and Plant J J J -
Layout T T T -
IV. Reactor Assessment
A. Physics J J - -
B. Technology J J J -
C. Economics J J S -
(a)J = Joint Responsibility, P = Primary Responsibility, S = Major Support,
D = De-emphasized, and T = Truncated by Contract Termination.

20




cost—code activities, and Westinghouse COAST code?" data. Results are used in
the Task IV economic assessment. The ongoing review and adaptation of plasma
models (Subtask 1IB) were the primary responsibility of Los Alamos. These
activities included the definition and use of beta scaling relationships, the
upgrading of transport models, and the adaptation of other plasma engineering
models. These activities were relatively low 1level, but they provide the
interface for important input from the stellarator physics community.
Magnetics (Subtask IC) was identified as the critical Los Alamos activity.
This subtask included the TORSIDO code development and computations and the
consequent magnet subsystem design and structural analysis by Westinghouse and
Stone & Webster.

Task TII subsystem design activities emphasized the coil configurations
and related aspects of accommodating the first—-wall/blanket/shield (FW/B/S)
and impurity-control systems as well as preliminary Task III activity that was
under way when the DOE/OFE reached a decision to truncate the study as a
result of national budgetary constraints for FY 1983. This report summarizes
the work completed by October 13, 1982, and the assessment of stellarator
reactor potential based thereon.

To facilitate a comparison between modular-coil configurations and
continuous-helical-coil systems, and at the same time explore the potential
for higher beta operation, four '"flagship" design points were identified.
These flagships are characterized in Table 2.4-2.

TABLE 2.4-2
FLAGSHIP DESIGN-POINT CHARACTERISTICS

Designation Coil Configuration <B>
MSR-ITA modular coil, & = 2 0.04
TR-A torsatron, £ = 2 0.04
MSR-IIB modular coil, £ = 2 0.08
TR-B torsatron, £ = 2 0.08

The "A" design points retain the conservative assumption that <B> = 0.04 as
was imposed in Ref. 16, whereas the "B'" design points assume a higher value
(<B> = 0.08) identified in Ref. 17 as a prerequisite for operation competitive
with other conventional fusion reactor conceptual designs. Discussion of the

beta-limit issue is presented in Sec. 3.2.2. The ground rules adopted by the
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STARFIRE !9 and EBTRZ! design studies were used as the preliminary basis for
this study, to facilitate comparison of the designs. These ground rules are

summarized as follows:

® power plant design for an electric utility.

e deuterium/tritium/lithium fuel cycle.

® nominal 1200-MWe output.

® conventional steam turbine/generator power conversion.

® mature fusion industrial base.

® based on a 10th-of-a-kind plant.

® a 30-yr design life.

® a single plant at a site.

® mnidwestern US location.

® cooling towers required.

® use of STARFIRE/EBTR design features 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.
® total remote reactor maintenance scheme.

® mninimum vacuum volume.

® use of pressurized-water-reactor (PWR) heat~-transport
system.

The adoption of a common BOP with the similar STARFIRE and EBTR studies
allowed a focusing of the limited resources of this study on the crucial FPC
analysis. Such subsystem design work as contributes to the comparison of the
several coil configurations in terms of thelir relative compatibility with
other reactor subsystems (e.g., FW/B/S, impurity control, heating) was

performed.
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Key notation used in this study is summarized in Table 2.4-3

generally follows the usage established in Ref. 16.

TABLE 2.4-3

DEFINITION OF KEY PARAMETERS USED IN THIS STUDY

PARAMETER
Number of poloidal-field periods
Number of toroidal-field periods
Average rotational transform (+ = 1/2%w)
Shear parameter (d+/dr)
Magnetic-well (hill) magnitude [8<B(r)>/<B(0)>]
Radial profile index [e.g. p/p, =1 - (r/rp)v]
Alpha-particle energy~-trapping fraction
Alpha-particle fractional pressure
Average plasma density (m_3)
Average plasma temperature (keV)
Average plasma beta
Equilibrium beta limit
Stability beta limit
Plasma major toroidal radius (m)
Average plasma minor radius (m)
Plasma aspect ratio, RT/rp
First-wall radius (m)
Radial filling factor, rp/rw
Combined first-wall blanket/shield thickness (m)
Blanket neutron-energy multiplication factor
Maximum minor radius of separatrix (m)
Minor radius to coil current center (m)
Helical-field pitch parameter (mrc/ZRT)
Maximum lateral deformation of modular coil (m)
Ultimate torsatron coil-winding pitch parameter
Square~cross—section conductor dimension (m)
Average coil current density (MA/m2)
Coil current (MA)
Number of coils

Collision frequency (s‘l)

P,/P
<n>
<T>
<g>
B(EQ)
B(ST)

and
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TABLE 2.4-3 (cont)

PARAMETER SYMBOL
Connection length (m) Rp/+
Ion gyroradius (m) Py
Electron gyroradius (m) Pe
Ion thermal speed (m/s) vy
Electron thermal speed (m/s) Vrea
Ion cyclotron frequency (s_l) Waq
Electron cyclotron frequency (s_l) Weoe
Particle diffusion coefficient (mz/s) D
Energy diffusion coefficient (m?/s) XE
Radial profile integral (see Table 3.2-1) I,
Energy confinement time (s) Tg
Coil force (N) f
Coil stress (Pa) o
Coil strain (%) €
Stored magnetic energy (GJ) Ey
On-axis magnetic field (T) B,
Peak magnetic field at coil (T) Bem
Magnetic field ripple (%) €
Total thermal power output (MWt) Pry
Gross electrical power output (MWe) Ppr
Net electrical power output (MWe) 2
Thermal conversion efficiency NTH
Fusion-neutron first-wall loading (MW/m?) I,
Fusion power core (FPC) mass (tonnes) M
FPC mass utilization (tonnes/MWt) M/Pry
Recirculating power fraction, (PET - PE)/PET €

Auxiliary systems power fraction fAUX
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3. DESIGN POINT SELECTION

3.1. Historical Background

3.1.1. Overview. The stellarator represents one of the § earliest

magnetic confinement concepts to receive attention as a commercial magnetic
fusion power reactor.l?2 In its classical embodiment, however, the stellarator
faced problems associated with conservatively anticipated low values of plasma
beta and technologically difficult coil configurations, leading about a dozen
years ago to a general de-emphasis of stellarator reactor work in favor of the
tokamak and other concepts. Fortunately, a moribund stellarator reactor
design effort did not preclude ongoing clever theory and successful
experiments, leading to recently renewed interest in and re-emphasis of the
potential of the stellarator as a power source.

It is beyond the scope and purpose of this section to consider the broad
range of stellarator research activity. A number of excellent reviews have
recently addressed this task.378 Rather, this section will more narrowly
summarize and update recent international stellarator reactor design activity.
Such activity has been sufficiently vigorous in the last few years that a
considerable portion of the reactor information in even the more recent
general reviews 1is often obsolete. This section will review the results of
recent or ongoing reactor design studies. The term "stellarator" is used in
this section as a generic classification to embrace the classical stellarator
itself, the torsatron,g’10 heliotron,11 modular configurations,12 and non-
planar-axis systems!3»1% (e.g., heliacl®).

Reactor studies tend to fall into two categories: broad parametric
surveys and conceptual designs of specific configurations. Both categories
are useful in defining a concept and assessing its merits and shortcomings
relative to other systems. Examples of both approaches are available for
stellarators and will be summarized here. Early stellarator parametric
surveysle—19 contributed, together with disappointing experimental results on
the Princeton Model C, to the de-emphasis of stellarator reactor studies about
a dozen years ago by calling attention to low power density (i.e., low beta),
large power output, configurational complexity, severe coil forces, and
uncompetitive economic performance. More recent surveyszo"'23 have tended to
brighten this early picture by allowing higher beta limits and technologically

more suitable coil configurations.
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Available stellarator reactor point designs in the pre-1980 period were
collected and summarized in Table IV-I of Ref. 22. These included the Model-D
design2 (for historical purposes), several representative but unelaborated
classical stellarator design points from the early survey per:i.od,ls’19 and
three more modern torsatron reactor embodiments.24225 Design work relating to
the latter three systems has continued to date. The Kyoto University
heliotron2® has evolved into the Heliotron-H conceptual reactor design.27730
The Kharkov torsatron has apparently been updated,31 although a detailed
description was not available for this review. The £ = 3 T-1 torsatron
design25 proposed by the MIT group has been subjected to continued
elaboration3273% and ongoing related work35 leading to the £ = 2 T-2 torsatron
design. 3%

New reactor design activities have been initiated incorporating modular-
coil configurations. These include the £ = 3 UWIOR-M design37—“0 of the
University of Wisconsin group and the present £ = 2 Modular Stellarator
Reactor (MSR) design.“0*4! Interim parameter summaries of these modular
systems have appeared in Refs. 6, 8, 27, and 42. Those UWTOR-M and MSR
parameters in conflict with Ref. 37 or this review should be considered
obsolete. A report:“3 of recent parametric work“** at the UKAEA Culham
Laboratory on an £ = 2 modular reactor has also been issued. Some preliminary
work on modular stellarator reactors has also been conducted at the Oak Ridge
National Laboratory.“®

The most recent available parameters of the active stellarator reactor
designs are summarized for comparative purposes in Table 3.1-1. Of the six
designs listed, the first three are continuous-helical-coil configurations,
and the 1last three are modular—coil configurations. The two representative
MSR design points, respectively emphasizing traditional performance (MSR-IIA,
<B> = 0.04) and optimistic performance (MSR-IIB, <B> = 0.08), have been
identified by means of the comprehensive parametric approach described in
Ref. 23.

The remainder of this section will summarize the three active stellarator
reactor design studies other than the present MSR study. All of the reactors
burn DT fuel and are ignited.
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6¢

Reference

Edge rotational transform
Plasma radius (m)

Coil radius (m)

Major radius (m)

Plasma volume (m”)

Average density (1020/m3)
Temperature (keV)

Lawson parameter (1020 s/m3)
Average beta

DT plasma power density (MW/ma)
Magnetic field (T)

Peak field at coil (T)

Stored magnetic energx (GJ)
Neutron current (MW/m*“)
Thermal power (MWt)

Net power (MWe)

System power density (MWt/m3)
Mass utilization (tonne/MWt)
Recirculating power fraction
Net plant effici?nsy ( = 0.35)
Unit direct cost‘S’ ($/kWe)

(a)Hete, Ty = 0.39.
(b)Here, Npy = 0.36.
(¢)1980 dollars.

(0.07)
(0.33)

TABLE 3.1-1

SUMMARY OF RECENT S/T/H FUSION REACTOR CONCEPTUAL DESIGNS

MIT KHARKOV
T-2
L=2 £2=3
m=19 -
36 31
1.9 -
1.5 2.0
4.0 4.0
24,0 50.0
1070 3950
2.5 3.5
15 5.5
- 28
0.065 0.04
—— 0.9
5.0 6.0
~9 —-——
2.2 1.0
3600 4000
(1170) 1300
(0.35) 0.25
(0.07) 0.07
0.33

(0.33)

KYOTO U. o
HELIOTRON-H UWTOR-M
g =2 L=3
m = 15 m=6
N =18
28-30 37
2.2 1.13
1.7 1.72
3.2 4.8
21.0 24,1
1200 1410
1.17 1.46
10.3 9.8
3.0 5.4
0.06 0.06
2.4 3.0
4.0 4.5
9 11.6
120 171
1.3 1.41
3400 4820
1200 1836
0.41 0.34
9 11.4
0) 0.033
(0.31) 0.38(a)
-- (1175)

CULHAM

~

L
3
15

-

ORNI

ATF-R
L =2
m = 12
N = 24

1.5
2.5
0.07
0.33
~1200

LA
MSR-IIA
) 2
m=4
N = 36

0.43
2.25
5.0

27.9
2788
1.38
8.0

3.74
0.04
1.7

5.72
11.2
230

1.0

5100
1660
0.30
8.4

0.07
0.33
1482

LA
TR-A
L =2
m= 16

1.47
2.25
5.0

27.9
2788
1.38
8.0

3.74
0.04
1.7

5.71
12.5
609

1.0

5100
1660
0.30

0.07
0.33
1610

LA LA
MSR-IIB TR-B3
L =2 £ =2
m=4 m = 25
N = 36
0.80 1.85
0.81 0.57
3.3 2.3
23.0 23.0
298 149
3.64 4,32
8.0 8.0
3.43 3.43
0.08 0.08
12.4 24.9
6.56 7.64
11.6 12.14
109 252
2,0 3.0
4000 4000
1302 1302
0.60 1.13
6.6 4.9
0.07 0.07
0.33 0.33
1265 1127



3.1.2. Xharkov Physico-Technical Institute. The Kharkov Physico-Tech-

nical Institute of the USSR has pursued the parametric study of & = 3
torsatron reactor systems.20221325 The configuration is moderate-to~high
aspect ratio and optimizes somewhat differently, depending on  whether
plateau?* or helical—ripple21 transport scaling is assumed. The basic layout
of the system is indicated in Fig. 3.1-1. Gaps between three helical-coil
windings (H) accommodate the divertor channels. Collector plates are attached
to outboard coil structural members. Blanket/shield sectors (B) either are
placed between the trefoil plasma and the windings or are displaced radially
outward to accommodate the divertor channels and still provide adequate
coverage.

At risk of drawing conclusions on the basis of incomplete informationm,
the level of effort on this reactor study appears to be 1low, giving 1little
engineering detail. Specific mechanical features and maintenance approaches
of the MIT T~1 torsatron reactor?® could be adapted, however. The physics

parametric survey is comprehensive and thorough.

ﬁ —— e m—— m G . . - T - —— . G—— - a— -

Fig. 3.1-1. Typical & = 3 torsatron reactor schematic cross section showing
helical windings (H), blanket/shield sectors (B), and divertor
topology (Ref. 3).
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3.1.3. Kyoto University. The Heliotron group at Kyoto University and
28,46

other Japanese institutions have evolved the Heliotron-H reactor design.
Minor internal inconsistency in the Heliotron~H parameters exists. The
reported“5 net power output, PE = 1200 MWe, 1leaves no allowance for
recirculating power if the total thermal power output, Ppy = 3400 MWt, and the
nominal thermal conversion efficiency, Ny = 0.35, are wused. The
configuration is fundamentally similar to that of an £ = 2 torsatron, as
depicted 1in Fig. 3.1-2. Sufficient mechanical design effort has been applied
to refine the concept, as shown in Fig. 3.1-3. Blanket/shield components are
modularized (~3 tonne) and can be installed/replaced without disturbing the
continuous-helical windings, which are assumed to operate with 1life-of-plant
(LOP) reliability (i.e., 30-40 yr). Coil support rings are provided at every
half-pitch length to react the outward radial force of ~40 WMN/m. The
comparable force on the MIT T-1 winding is ~30 MN/m. Impurity control is
provided by a helical divertor. Extensive blanket nucleonics computations
have been performed29’3° to verify adequate tritium breeding and protection of

the superconducting coil. The blanket breeding material is Li,0 (natural

OO
CAXXXD
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- P
\) Cmar® “apee”

AAN OQ\
(OO OO0
A0 ..'VVV"......»
‘~’020:o:::o:0:o:o:0:0:o:ozozo:o:o:o?o '

A 009 %%% 4%

Fig. 3.1-2. Typical £ = 2 torsatron reactor schematic cross section showing
helical windings (H), blanket/shield sectors (B), and divertor
topology (Ref. 3). Heliotron-H is an advanced example of this
basic configuration. 31



SHIELD._
UPPER BLANKET _

COIL SHIELD ~

_ VACUUM VESSEL

_ — SUPPORT RING

-~ LOCAL DIVERTOR

~ HYDRAULIC CYLINDER

HELICAL COIL

SIDE BLANKET

Fig. 3.1-3. Elevation view of the £ = 2 Heliotron-H reactor. The required
vertical field coils are not shown (Ref. 45).

lithium). Economics studies are anticipated but have not yet been reported.
The physics basis is characterized as being conservative, assuming <B> = 0.06,
consistent with large transform and shear.

3.1.4. University of Wisconsin. The University of Wisconsin group has

been conducting studies37740 of a stellarator reactor wusing modified
Rehker-Wobig modular coils.l2 The study has emphasized engineering aspects and
has concentrated on establishing a credible coil design and overall system

integration. Poloidal stepping of the successive modules accommodates the

helical precession of the plasma column without helical mechanical components.
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The coil configuration consists of N = 18 wedged coils with £ = 3 and d/rc =
0.5, as shown in Fig. 3.1-4. The physics basis of the design includes
detailed one-dimensional radial transport computations and an assumed <B> =
0.06. Engineering aspects of the design are concluded to be within reasonable
extrapolation of present technology. Radial coil forces (~70 MN/m) are
reacted by structural rings at the coil midplanes. Lateral coil forces (~80
MN/m) are supported by contacting the neighboring coils at the points of

maximum coil 1lateral deformation. Impurity control is provided by magnetic

ACCESS DOOR

Fig. 3.1-4. Plan view of UWTOR-M £ = 3, m = 6 modular stellarator reactor
coil set showing N 18 coils and structural support rings
(Ref. 37). Routine maintenance involves removal of reactor
modules (i.e., coil and underlying blanket/shield) through the
access doors.

W
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divertors, that take advantage of discrete, localized flux bundles emerging
between the bends of the coils.*’ Divertor targets, consisting of rotating
graphite—-coated cylinders, are located outside the shield.

Because access is diminished by the coil support rings, the routine
maintenance scheme requires radially outward translation without lifting of a
decoupled coil/blanket/shield module (~900 tonnes). To avoid vacuum seals
between modules, the entire reactor torus is housed in a vacuum enclosure, as
shown in Fig. 3.1-5. The blanket uses a static LiPb eutectic as the breeder
material with embedded steam tubes for heat removal, as shown in Fig. 3.1-6.
Cost estimates indicate a unit direct cost (UDC) of 1175 $/kWe, corrected to
1980 dollars.

VACUUM
PUMPING e
STATION

.

.
— - T 7 TS G . . . . .
> . . . .ot . » . - .o . . .t ‘
10 N .
. PoLoiDAL
i .
[ . —
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8 . CoiL N
.
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EYACUATED .
REACTOR . .
suILDiNg

CENTERING FORCE
SUPPONTY

‘ ACCESS
s’ |1~ DOOR

Fig. 3.1-5. Elevation of UWTOR-M modular stellarator reactor showing
evacuated reactor containment (Ref. 37).
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The following conclusions37 have emerged from the UWTOR-M study:

® "The most critical engineering issue of modular
stellarators 1is related to the coils. Apart from being
physically large and heavy, no fundamental problems have
been identified that cannot be solved with minor
extrapolations of present technology.

® "The need for a high rotational transform drives modular
stellarators to a large number of periods and a high
aspect ratio resulting in rather large devices.

® "A modular divertor can be well integrated into a modular
stellarator at the expense of a minor complication in the
blanket geometry.

® '"The magnetic volume utilization in a modular stellarator
is similar to tokamaks with poloidal divertors and
slightly lower than tokamaks without poloidal divertors.
However, the low recirculating power fraction in
stellarators seems to make up for this deficiency from the
economic standpoint.

® '"Maintainability for the whole reactor can be achieved
with radial extraction of modular coils.

® '"Modular stellarators of <B> = 6% and power output in the
range of 4000-5000 MWt are economically competitive with
tokamaks and other magnetic fusion reactor concepts.”

3.2. Physics Basis

The stellarator reactor design effort rests on a  physics  Dbasis

representing a broad theoretical and experimental effort in several countries
over a long historical period. This effort has been reviewed and summarized
in Refs. 3-8 at a level beyond the scope of this section. However, in the
remainder of this section is summarized the impact of key physics issues and
assumptions on the selection of modular stellarator and torsatron design
points developed in the course of the present study.22'23’”8 Of particular
concern are the vacuum magnetics, stability/equilibrium beta 1limits,
transport, and requirements for ignited, steady-state burn. These issues are
considered in the following subsections.

3.2.1. Vacuum Magnetics. Detailed vacuum magnetics computations for

this study are performed using the TORSIDO code, as discussed in depth in Sec.
4, In this subsection the usual stellarator model fields are discussed as an
approach to motivate the constraints on the reactor design as provided by
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magnetics considerations. Idealized stellarator magnetics models forming the
basis of this discussion have been developed in Refs. 3, 49-52.

A plasma cannot be stably confined in a pure toroidal magnetic field of
finite aspect ratio because a E x $§ drift force acts on the plasma ions and
electrons, 1leading to a spatial charge separation and a resultant electric
field; the g x g drift causes 1loss of both ions and electrons from the
toroidal plasma column. If, however, when additional helical-field components
are used, the magnetic field lines can be made to execute excursions around
the minor circumference of the torus while trajectory is traced around the
major circumference of the torus, particles moving along the magnetic field
lines will tend to experience alternating ; x GE drifts, which ideally average
to zero so that charge separation and toroidal drifts do not occur. The locus
of intersections of a given magnetic field line with a plane cutting the minor
diameter of the torus will trace out in an average sense a closed magnetic
surface. The average incremental poloidal angle, 1, between two successive
intersections, normalized by the one—turn toroidal angle, 2m, is defined to be
the rotational transform angle, + = 1/2r. The average rotational transform is
a function of minor radius, r, and the geometry of the external current
windings that produce the toroidal and the helical magnetic field components.
The magnetic shear is given by the first derivative of the rotational
transform, d=+/dr. A given magnetic field line will close upon itself after
traversing around the torus n times if + = 1/n. A shearless rotational
transform may be induced by torsion of the magnetic axis into the nonplanar
"figure-8" configuration used in early stellarator experiments.!

The magnetic field strength near the magnetic axis 1is approximately given
by

B ~ Bo[l - €, cos 6 - g, cos (26 - mp)] , (3.2-1)

where B, is the on-axis magnetic-field strength, ¢ is the toroidal angle, 6 is
the poloidal angle, and the perturbations in the field strength caused by the
toroidal effect and the helical—-field component are given, respectively, by €¢
and €. The torsatron configuration has & helical conductors with
unidirectional current flow. A separate set of vertical-field windings is

required. The classical stellarator as shown in Fig. 3.2-1, on the other
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hand, has £ pairs of conductors with alternately antiparallel current flow
such that the net toroidal field is nulled on the magnetic axis and a separate
set of toroidal coils is required. The pitch 1length, 1/a = lRT/m, of the
helical coils is defined by the pitch angle, a’, such that

tan o = S = qr_ , (3.2-2)

where m is the number of field periods around the major circumference of the
torus, r, is the minor radius of the helical coil, and Ry is the major
toroidal radius of the device. On the basis of simplified expansions for
straight systems (i.e., infinite aspect ratio) and certain simplified winding
laws (i.e., the relationship between 6 and ¢ as a conductor is traced around
the torus), analytic expressions can be derived that relate +(r) to other
quantities of 1interest. Those quantities in turn can be related to plasma
size and shape and to the magnet coil parameters. These relationships are
discussed in Sec. 4. and serve as the magnetics basis of the present reactor
study. Generally, the analytic magnetics models used in Ref. 22 have been
found to provide an inadequate picture of the relationships between plasma
cross—sectional area, shape, and rotational-transform behavior, necessitating
a reliance on computational vacuum magnetics.

The performance of the stellarator depends crucially upon the ability of
the coil configuration to produce the magnetic topology required for plasma
confinement, under the constraints imposed by subsystems integration and
structural mechanics. Attention has been given in this study to the
development of the computational tools required to perform the following

calculations and to address related vacuum magnetic issues:

® magnetic forces on the coils,
® mod-|B| surfaces, and

® field-line tracing in the context of
- field ripple
- magnetic surfaces
- rotational transform and shear
- magnetic-well (or hill) magnitude.
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Fig. 3.2-1. Classical stellarator windings, assumed to lie, ideally, at a
common radius. The cross-hatched coil reconnection leads to an
essentially equivalent modular-coil configuration.

The detailed and relatively expensive magnetics computations are decoupled,
where possible, from the reactor survey calculations reported in Sec. 3.4.
Instead, model-field approximations are used when possible with calibration to
the TORSIDO code results.

The present study focuses on the circular-bore, modular-coil
configuration (Fig. 3.2-2) and its comparison with the continuous-helical-coil
(torsatron) configuration. It is possible to envisage an elliptical-bore coil
for the £ =2 case and a trefoil-bore coil for the 2 = 3 case in order to
improve the utilization of magnetic volume and to obtain higher rotational
transform for a given lateral coil distortion (see Sec. 4.4.). Such coil
modifications imply correspondingly noncircular cross sections for the blanket
and shield components and the first wall. Although not precluding the option
for performance improvement using these modifications, this study has focused
on the simpler, circular-bore configuration. The numerical tools developed

for this study can readily be extended to the more complicated configuration
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Fig. 3.2-2. Magnetic geometry wused in MSR analysis and graphical definition
of key variables. In this example there are N/m = 3 coils per
field period.

should this refinement and the increased design complexity be deemed desirable
Or necessary.

3.2.2. Stability/Equilibrium Beta Limits. Establishment of stellarator

beta 1limits is one of the crucial goals of the present theoretical and
experimental effort and is a key driver of the eventual reactor extrapolation.
Some, but not all, of the uncertainty and ambiguity surrounding this issue has
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been dispelled in the interval since the Ref. 6 assessment.®3 No formal
theorem for the existence of finite-beta equilibria in the nonaxisymmetric
configurations characteristic of stellarators has been proved,3’5 although
within the 1limits of analytic and numerical approaches, such equilibria have
been identified. Numerical codes are being benchmarked against experimental
devices®% and against each other,55’56’57 with generally encouraging results.
A simplified, macroscopic treatment of stellarator equilibrium begins with the
stationary magnetohydrodynamic (MHD) approximation®>%9 and yields the usual

equilibrium vector relation,

> >
J xB=V , (3.2-3)

> >
between the plasma current density, J; magnetic field strength, B; and scalar

plasma kinetic pressure, p, 1if electric fields are neglected. Maxwell’s

equations further require

> >
VxB=pJ (3.2-4)
and
+
V e« B = O . (3-2_5)

It follows from Eqs. (3.2-3) through (3.2-5) that®8

>

Be+V%=0 (3.2-6)
and

.)

J V=0 |, (3.2-7)

>
indicating the orthogonality of B qnd Vp, so that toroidally nested constant-
>
pressure surfaces coincide with magnetic surfaces and the J-vector 1is
everywhere parallel to the constant-pressure surfaces. Substitution of

Eq. (3.2-4) into Eq. (3.2-3) yields
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s (3.2-8)

where B is the magnitude of the magnetic field embedded in the plasma. For
the wusual assumption that the radius of curvature of the lines of magnetic
force is larger than the gradient length of B (i.e., taken as the plasma minor
radius) and that the variation of E along field lines is much smaller than the
perpendicular variation of E, Eq. (3.2-8) reduces, by neglecting its right-

hand side, to the usual pressure—~balance relationship

2 B2
p+2—B—- R (3.2-9)
My 2H,

and the usual definition of beta, B = p/(B°2/2uo)-

Currents flow along the field lines to cancel the charge separation
arising from particle drifts in the curved field. Secondary Pfirsch—Schlater
currents then arise to produce a vertical field and shift the magnetic
surfaces outward toroidally and produce an average magnetic well to provide
plasma stability. At the same time a separatrix approaches the plasma from
the inside of the torus to limit the extent of outward plasma shift at a
modest upper limit on plasma beta.B

The Pfirsch-Schluter current is approximately given by"?

X 2 9p
=_< F 8 . 3.2-10
Jy 3B, or cos ( )

For a generalized plasma pressure profile given by

p(r) = p,f1 - (x/x))"] (3.2-11)

where P, is the on-axis pressure, and r_is the average plasma radius, and for

P
a rotational transform profile assumed to be given by
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4(r) = -to(r/v:p)zg'_4 . (3.2-12)
where , = 4(0) is the on-axis rotational transform, Eq. (3.2-10) becomes

2vp
% LlL)(v =22 +3) o508 . (3.2-13)
-toBorp rp

Jp=-

This current yields a vertical magnetic field, B, so that

B. /B = (v - 22+ 6)v

- : (3.2-14)
V% 2[(v - 20+ 5)2 - 1]k,

and an outward shift of the core plasma relative to its edge given by

2R+ B
T ®v
A= - — . .2-1
2(A) B, (3 >)

Constraining the upper bound of the outward shift so that A < rp/2 provides an

upper limit on beta from equilibrium considerations of the form

BEQ) < 5 42/A (3.2-16)
or

<B> < +2/A (3.2-17)
for typical pressure profiles at the level of approximation used in this

derivation. Equation (3.2-17) has been applied in the parametric search for

candidate stellarator design points described in Sec. 3.4.
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A numerical treatment of stellarator plasma equilibrium has recently been
performed®® for a particular case of £ = 2, m = 4, N = 36, RT/rc = 6.2854,
d/r, = 0.3354, d,/r, = 0.05, d3/rc = 0.0354, and rp/rC = 0.,4875, wusing the
notation defined in Fig. 3.2-2. For an on-axis rotational transform,
+(0) = 1.11, an equilibrium was identified with B8, = 0.15, <B> = 0.05, and
A/rp ~ .48, This case 1is close to the MSR-IIB parameters. Studies
supporting the ATF-1 experimental design56 have identified equilibria with
Bp = 0.2, <B> = 0.08, and A/rp = 0,5 using several numerical codes.

Stability analyses are performed by computing the change in potential
energy, oW, resulting from an arbitrary fluid perturbation, &, from an initial
equilibrium.8 Stability is obtained by providing some average magnetic well
and reasonable connection length, RT/?, or large shear, =+, to control
pressure—driven modes. A simple analysis equates the plasma expansion energy,
2€2p <BGZ>/rp2B2, where <B6>2 is the average helical field, to the shear
energy +%(r - ro)ZBZ«E’2 = i‘2B2£2/4 resulting from the twisting of field lines

in order to obtain an estimate of the stability beta limit of the form

B(ST) < < %r, %B%/4<Bg®> . (3.2-18)

If the outward equilibrium shift of the plasma core is sufficient to dig a

magnetic well, Eq. (3.2-18) leads to

B(ST) < +%/A , (3.2-19)

which 1is similar to the equilibrium 1limit of Eq. (3.2-16). Numerical
stability codes as apply to the ATF-1 studies have generally confirmed the
projected levels of beta assumed for the present stellarator reactor design
points. As illustrated in Fig. 3.1.9 of Ref. 56, for A/rp = 0.4-0.5,
approximately B, = (0.9 to 1.4)+(rp)/A, with the numerical codes predicting
higher values of beta than does the stellarator expansion for a fixed plasma
shift.

3.2.3. Transport. In the absence of internal sources and sinks (or when

they just balance), the diffusion of particles from a plasma is governed by
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V(DVn(;,t)J = g% (:,t) , (3.2-20)

where D(m2/s) is the diffusion coefficient. Under the wusual simplifying
assumptions that D is constant and the plasma is a cylindrical column of

radius, r the solution of Eq. (3.2-20) is

p’

2.4 -
n(r) = n, J (———QEEJ exp (—E) , (3.2-21)
T T
Y
with the relaxation time constant
2 2
r r
T = P =P (3.2-22)

(2.405)2D 5.78D

and Jo(x) is the zeroth order Bessel function with argument x. An analogous
relation exists between the energy diffusion coefficient, xE(mz/s), and the
confinement time, T, of the internal plasma energy, 3nkBT.

Radial transport of emergy in a nonaxisymmetric stellarator/torsatron
plasma is a complicated subject that is receiving theoretical attention.®:8® At
this level of study, it was judged imprudent to incorporate at the outset a
detailed, state—of-the-art model of particle and energy transport. Instead,
the reactor-survey calculations are performed using simplified empirical or
theoretical models in order that sensitive variables can be more directly
identified. The resulting groundwork can be extended to more sophisticated
models as the design progresses. For purposes of this study, therefore,

transport is modeled using the Alcator (empirical) scaling relationship

_ -21 2 .2 _
<ne>TE(Alcator) = 3.0(10) <ne> I'p (3.2-234)
2 17202 2
(I),2/T) £z <B>B2r,
= 4.613(10)21 , (3.2-23B)
£, <T>
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where f,, and I, are, respectively, Z. ¢y and profile corrections as defined in
Sec. 3.2.4. The value of the numerical coefficient used in Eq. (3.2-23) was
set deliberately lower than the 5.0(10)72! value usually used in tokamak
scaling to calibrate the present work with the work of Refs. 22 and 25.

It is instructive to review and update here the Ref. 22 discussion of
the neoclassical treatment®0 of stellarator transport61 to calibrate the wuse
of the Alcator relationship. The usual presentation of neoclassical transport
scaling in toroidal magnetic confinement devices is summarized schematically
in Fig. 3.2-3. Different transport rates are encountered as a function of
collision frequency, v, giving rise to distinct transport scaling
relationships. Like most steady-state, magnetic fusion devices, the
stellarator reactor is anticipated to operate in the collisionless regime. As

v decreases, the rightmost region of Fig. 3.2-3 indicates that Dpg « Vv

Ds

DIFFUSIVITY, D(m? /s)

log

1
| |
| !
| |
T T

Vi v V3 Va Vp Vp

log  COLLISION FREQUENCY, i(s")

Fig. 3.2-3. Dependence of the diffusion coefficient, D, on electron-ion
collision frequency, Veis following Ref. 61. Dpg
Pfirsch-Schluter, D, = plateau, Dy = helical ripple, Dyp
helical plateau, Dy = trapped superbanana, Dy = nonzero electric
field, DGS = Galeev-Sagdeev, and DB = Bohm diffusion.
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(Pfirsch-SchlJter) until v < v_ and the plateau regime (DP, independent of v)

is encountered. Continued prlication of tokamak axisymmetric theory would
suggest that for v < v, the diffusion would resume the Dgg = V (Galeev-
Sagdeev) scaling. However, in nonaxisymmetric stellarators (v3 < vb) and
torsatrons (v3 > vb), helical-ripple diffusion dominates for v < v, to give
Dy = V_l. If v is 1less than the helical-banana precession frequency,
vy = Ehzub’ where w = —T/eBorz, vertical drifts are compensated, and a
helical plateau regime (DHP independent of v) is encountered. Finally, when v
is less than the superbanana bounce frequency, Vi trapped superbananas allow
Dy « v. In the presence of radial electric fields, helical bananas may become
untrapped for v < v, < Vg = gpwp (wE = Er/Bor), such that Dp « vl/2, In the
limit of infinite plasma aspect ratio (et + 0), axisymmetric theory would
continue to apply for v < vy such that Dgg = Ve Bohm diffusion Dy is formally
independent of Vv and is much more rapid than are the various neoclassical
diffusion regimes discussed above.

The various quantities indicated in Fig. 3.2-3 can be defined in terms of
reactor parameters, The collision frequency may be expressed as either the

electron-ion or ion-ion collision frequency, assuming the average DT-ion mass

is 2.5 amu, as follows:

<n;>
Vei (s™1) = 5.397(10)717 z 2 anA _;/_2_ (3.2-24A)
<T>
- - <n;>
vii(s™D) = 1.399(10)718 z 2. 2nn _<_T.>_;’_/_2. Vei/39 - (3.2-24B)

When the pressure-balance relationship is applied while neglecting the alpha-
particle pressure contribution to <B> (i.e., Z,e¢ = f75 = 1), Egs: (3.2-24)

can be recast as follows:

= g (12,/1) < ——Boz (3-2254
Vei = 6.69(10)* fnA (I, ,/1,) <B> <r>°/2 o
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2

/I.) <> —2

3 2
Vee = 1.1(10)° fnA (I — .
172" 71 <T>5/2

14 . (3.2-25B)

As auxiliary variables it is useful to have the ion (mi = 2.5 amu for 50-50 DT

plasma) thermal speed,

vpi(m/s) = (2kgT/my)1/2 = 2.77(10)5 T1/2 (3.2-26)

and the gyroradii for ions,

-3 Tl/2
pi(m) = VTi/wci = 7.198(10) T ’ (3-2"27)
and electrons,
-5 Tl/2

evaluated here in the local magnetic field.
The classical diffusion coefficient for electrons moving in a random walk

with a step length, Pes 1is

In the MHD limit where the collision mean free path is short compared with the
connection length, Rp/t, in a toroidal plasma column (i.e., Vqo/Veq < Rp/¥),
one obtains the Pfirsch—Schther diffusion coefficient

T
i 1
e b

. (3.2-30)
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For collision frequencies dropping below v, = VTet/RT, the plateau regime is

encountered such that

DP = pezvp/_tz , (3.2—'31)

11}

h
where v,

plasma such that v ; < Vps the Galeev-Sagdeev regime is reached such that

et3’2vb and vp < Voi < Ve For even less collisional tokamak

Dgg = pezvei Et-a/z/*z’ (3.2-32)

under the condition that electrons can complete a circuit of a banana orbit.
The picture for stellarators in the 1low-collisionality regime is

different. Particles may be trapped in the inhomogeneous field ripples

introduced by the rightmost term in Eq. (3.2-1) and may drift across the

magnetic surface to contribute to the radial diffusion given by

(]
Dy = €,3/2 6,2 -2 X . (3.2-33)

This process oceurs for v 4 < vy = (eh/et)3/2vb. An upper limit on Dy is
reached when Vei < Vo = ehzwoi, where w, = T/eBrz, and vertical drifts are

compensated, such that

e 32 o
D = — . (3.2_34)
HP ~ " "{/2eB
n
For vgy < v = (et/eh)3/2 ehzwo, the superbanana bounce frequency, trapped

helical superbananas again reduce the diffusion coefficient to

49



Dy = € /72X . (3.2-35)

el

Untrapping of helical bananas by radial electric fields, E., can terminate the

growth of Dy for v ; < v3 = ey wp, where wyp = E./B_r, to yield

\Y
Dg = g2 (=2)1/2 L L | (3.2-36)
wg eE_ eB

For completeness, Bohm diffusion is governed by

1 T
D T e —— = 6205-" 3.2—37
B 16 eB B ( )
and is worse than the mneoclassical terms considered. The corresponding
thermal diffusion coefficients, xE(mZ/s), have the same  functional
dependencies as D; however, like~particle collisions rather than electron-ion
collisions provide the mechanism for thermal diffusion.

The ion particle diffusion rate is reduced to the electron rate by the

ambipolar electric field,

eo” = -1y B +3.37 1], (3.2-38)

where x” = dx/dr, to give a common ambipolar particle diffusion coefficient,62

372

€h T
Dyyp = 4.34(10)8 ()2 (3.2-39)
B ’
AM \)ei BRT
= 1.09 €372 0.2 vp2/vy; Rp% (3.2-40)
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in the helical-ripple transport regime, v, < Vei < V4o Under the conditions

of ambipolar diffusion, the ions dominate the heat loss so that

3/2

Ny = 46.5(10)6 0 (T )2 (3.2-41)
EH Vii BRp
= 11.7 €h3/2 pisziz/viiRTz (3.2_42)

and XE/DAMB 2 419, The transition between the helical-ripple regime and the

plateau regime at Vi3 = V4 requires that XEH(“A) = xEP(“A)’ such that

XEP = 11.7 €t3/2 piz VTi/TRT . (3-2—43)

In terms of fundamental wunits, these thermal diffusion coefficients can be

written using Eqs. (3.2-25) through (3.2-27) as

1.06(10) 3 <T>%/2 ¢, 3/2
(I,,,°/1)) <B>B "Ry

and

83.9 <T> ¢, 3/2
Xgp = > 2 s (3.2-45)
(I,,,2/1)B,24Ry

where fnA = 20, B = By, and T = <T>, to provide a global estimate of energy
confinement. When Eqs. (3.2-22) and (3.2-23) are used, the Alcator diffusion

coefficient can be expressed similarly as
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_ 4.6510)72 <D (3.2-46)
(1,,,2/1)) <B>B,?

XEA
1/72

Monte Carlo transport computations63 using realistic fields have failed
to reproduce the 1/v behavior of Eq. (3.2-41) and thus give more favorable
reactor projections. Other recent work®%47 66 using model fields, such as that
given by Eq. (3.2-1), tends to support the analytic theory somewhat but is
also more favorable. Cruclal experimental investigation of transport scaling
is a major goal of the proposed ATF-1 device.%®

The general conclusions from the studies of ion thermal transport are 1)
earlier estimates based on oversimplified models of transport in a rippled
tokamak are not valid; 2) transport may not increase markedly in the low-
collisionality regime, but remains at most a few times the "plateau" value; 3)
optimization of the magnetic configuration from a transport viewpoint appears
possible and may serve to distinguish between good and bad configurations; 4)
the principal present limitation is insufficient research on a complete range
of configurations.

3.2.4. Ignited Thermonuclear Burn. The stellarator reactor is

characterized here by a point plasma model that determines the self-consistent
parameters of an ignited, steady-state, DT thermonuclear burn. Ignition is
defined when the self-heating power density, pa(W/m3), of alpha-particle
fusion product energy that is trapped in the plasma with an efficiency, f_,
just offsets the combined Bremsstrahlung loss, pBR(W/m3), and radial transport
loss, pz(W/m3). That is,

f (3.2-47)

oPo = PBr t Pp

Bremsstrahlung is the dominant radiation loss in the temperature range of
interest to DT fusion reactor applications. The terms in Eq. (3.2-47) can be
expressed as follows, using SI units, with the exception of temperature

expressed in keV units:
po(W/md) = 1.41(10)713 0,2 <ov> (3.2-48)
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ppp(W/m3) = 5.35(10)737 n 2z .. T!/2 | (3.2-49)

and

3 4.806(10)"16 n 2T

NeTg

The expression for the Bremsstrahlung term uses a Gaunt factor of 1l.1; ni(m-3)
is the plasma ion density; ne(m_3) is the plasma electron density
(ne =ng + 2n,); T(keV) is the plasma temperature (T; = T, = T); and the
energy confinement time 1is Tg(s). For no impurities other than the

alpha-particle fusion products, the effective charge of the plasma, Zoggs 1is

given by
n; + 4na
Zeff = m (3-2-51A)
and
n Z -1
o ='§C;£§7?__3' . (3.2-51B)
ny eff

The DT fusion reactivity, <cv>(m3/s), can be approximated as a function of T
to within 10% of nominal values®’ by

<ov> = 1.1(10)~24 72 | (3.2-52)

in the range 8 < T < 20 keV. A number of scalings for the energy confinement
time are considered in Sec. 3.2.3. The alpha-particle heating efficiency, £,
can be varied parametrically in the range 0 < f < 1, pending the development
of suitable scaling relationships obtained from numerical simulation studies
of transport and orbit tracking.

A peaked radial pressure profile reduces the confinement required for
ignition. To assess parametrically the influence of radial density and
temperature profiles, the following profile functions are assumed, wusing a

plasma of average radius, rp(m), so that

n(r) = ng [1-(1:/1:1))\’]1/2 (3.2-534)
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and
T(r) = T, [1-(e/xp)V]1/2 . (3.2-53B)

The corresponding radial pressure profile is given by

p(r) = p, [1-(x/r))”] (3.2-54A)

= 2nokBT0 [1—(r/rp)v] . (3.2-54B)

where kp = 1.602(10)716

J/keV. The subscript "o" refers to on-axis (r = 0)
quantities, and v (v =1,2,3,...,%) is a parametric radial-profile index. Low
values of v represent sharply peaked profiles, and larger values of v give
increasingly flatter profiles.

The radially averaged value of the density (or analogous temperature)

profile is defined by

p
[ n(r)2wrdr r,
nd = 2 =2 f n(r)rdr . (3.2-55)
T 270

r
f P 27rdr p
o

Substitution of Eqs. (3.2-52) and (3.2-53) into Eqs. (3.2-48) and (3.2-49)
gives expressions for profile-averaged power densities related to
alpha-particle heating and Bremsstrahlung losses. An accurate estimate of the
alpha-particle heating power density, therefore, is restricted to the same
temperature range (8 < T < 20 keV) as was used in Eq. (3.2-52). If this
convenient approximation proves inaccurate, the profile averages can be
calculated numerically for the general case. The volume-averaged density,
temperature, and pressure are related to the on—axis values by
r

<n> = ng ;EE fop [1—(1‘/rp)"]1/2 rdr = n I

p
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r

<> =T, _27 [P [1-Ce/r V]V /2 xar = T,1,,, (3.2-56B)
r [o]
p

and

2 P

P> = p, — fo [1-Cx/x,)”] rdr = p,I, (3.2-56C)
r
p

where the following simplifying notation for radial-profile integrals is

introduced:

r

1, =2 [P [1-(e/r )] rar . (3.2-57)
rp2 o P

The profile-averaged power densities related to alpha-particle heating and

Bremsstrahlung can be written as

r

= -y 2 Py V12 - b T4 -
Py = Py 11/2 ;—E-fo [1 (r/rp) ]2 rdr chII/2 I, (3.2-58A)
P

and

r
s/2_2 [P v oo 32
<ppr” = Ppr I}, 2 0 [1-CGe/e P xdr = pgpTy ) T, . (3.2-58B)
P

In Eqs. (3.2-58A) and (3.2-58B), p, and ppp are obtained by substituting the
profile-averaged values of Eq. (3.2-57) into Eqs. (3.2-48) and (3.2-49).

Values of the profile integrals I I, 1 ) and 12, as functions of the

1/72* 71? 75/
profile index, v, are summarized in Table 3.2-1. For an on—-axis vacuum

magnetic field, B (T), the on-axis beta is given by

n_skpT_ .
*i,e,a 0T B0

- p
By = 5 = 2° , (3.2-59)
B, /2“0 Bo /2“0
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where u, is the permeability of free space [411(10)—7 h/m]. A pressure-balance

relationship can be written in consistent units as

= 21 2 _
j=i,e,a 86370 2.48(10)°7 BBy (3.2-604)

which, upon substitution of the profile—-averaged parameters, becomes

/1) <B>B,2 . (3.2-60B)

2
= 21

It is noted that <B> = 8011 = Bov/(v + 2). The remainder of this discussion
is presented on the basis of homogeneous profile-averaged parameters.
The accumulation of impurities and alpha-particle ash is neglected for

the purposes of this study. If alpha particles are allowed to build up to an

TABLE 3.2-1

RADIAL PROFILE INTEGRALS [EQ. (3.2-57))
v Lis2 L L5/ I
1 0.5332 0.3333  0.2735 0.1667
2 0.6667 0.5000 0.4444 0.3333
3 0.7390 0.6000 0.5515 0.4500
4 0.7851 0.6667 0.6243 0.5333
5 0.8173 0.7143  0.6769 0.5952
6 0.8410 0.7500 0.7166 0.6429
7 0.8592 0.7773  0.7476 0.6806
8 0.8737 0.8000 0.7725 0.7111
9 0.8854 0.8182 0.7930 0.7364
10 0.8951 0.8333  0.8101 0.7576
o 1.0 1.0 1.0 1.0
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equilibrium level characterized by Zogg» Egs. (3.2-51), (3.2-49), (3.2-50),

and (3.2-60) can be recast as follows:

P = 1.41(10)1¢n;>2 <ov> (1,/14,) (3.2-61A)

2
- Zegf — 1 1/2 5/2
<pgp> = 5.35(10)73<n;>? [1 + _Eff____] Zops <T> (I, /10,0)

2 - Zgs s/’ 172
(3.2-61B)
2
-16 2 Zegg — 1
4.806(10710¢m>2 1)+ | <T>
Py = of f . (3.2-61C)
<ne>TE
and
(Zegg = 1) 1 2
21 2
. + —_— — T =1, 1 I .
<nl><T>[1 =y ST /<T>) 24(10)21(1]  /1,)<B>B

These relationships eliminate the explicit wuse of the electron and
alpha-particle densities in favor of the ion densities. The ratio Ta/<T> is
taken to be ~10 based on Fokker-Planck computations of burning DT plasma in

other systems. The following variables are defined to simplify the notation:

Z ce =19
£y = [+ _fffi____] (3.2-62A)
2 - Z.¢g
and
(Zegg - 1) 1
2271+ gy (1 g <D (3.2-62B)

such that <n > = <ny> fzi . The presence of suprathermal alpha particles may
be interpreted as a reduction in the productive <B> of the fusion plasma when
the confining magnetic field strength is fixed. Figure 3.2-4 displays l/fzz
as a function of Z ¢¢ for several ratios of T,/<T>. The quantity 1/f,, may be
seen from Eq. (3.2-61D) to be the ratio of <B> for Zeff > 1.0 to the value of

<8> when the pressure contribution, pa/p, of alpha particles is neglected
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Fig. 3.2-4. Dependence of f,, and na/ni on Z,¢g¢ in the Z, ¢¢ range of 1-2.

(i.e., Zeff = 1.0). Equations (3.2-61) reduce to the following set of working

relationships:
-13 (2 b
Py = 1.61(10)71 <n>? <ov(1, /T, (3.2-63A)
- 172 5/2
<ppr> = 5.35(10)737 <32 £, zooo <> (T, /1)) (3.2-63B)
~16 (o 32
4.806(10)716 <n;>%f, <1>
= i (3.2-63C)
<n g
and
XTI g, = 1.26(10)21(12 /1 )<>B, % . (3.2-63D)
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Once a specific radial transport scaling for <ne>rE or T is adopted and a
pressure balance is enforced, Egs. (3.2-63) can be wused in the ignition
condition [Eq. (3.2~47)] to give <ne>rE as a function of <{TO.

When Eqs. (3.2-47) and (3.2-63) are combined, once the <ni>2 terms have
been cancelled, the ignition condition can be written in the form of the

Lawson criterion as

4.806(10)716 £, <>

>ty = : (3.2-64)
-13 4y
[£q 1.41(10)77° <ov> (I,/1],,)
5.35(10)73 £, z.¢p <>V/2 (1, /13/2)]

The alpha-particle energy—-trapping efficiency, f can be selected

s
parametrically or, as will be seen below, can be modeledadirectly. If Zesg 1s
known, the quantity f,; on the right-hand side of Eq. (3.2-64) is determined
by Eq. (3.2-62A). Also, if the profile index, v, is known, the wvarious I,
profile integrals are determined (Table 3.2-1). The right-hand side of
Eq. (3.2-64) is, therefore, a pure function of <T> once these auxiliary
parameters are known. Equation (3.2-64) is plotted in Fig. 3.2~5 as the
dashed curve. The dashed curve reflects the approximations contained in
Egs. (3.2-52) and (3.2-58A) that are built into the reactor-survey model. The
solid curve in Fig. 3.2-5 is the result of a numerical integration, which does
not depend on these approximations, of the first term (representing
alpha-particle heating) in the denominator of Eq. (3.2-64). The agreement
between the two results is considered good and justifies the use of the
approximate model. The stellarator design point at <T> = 8 keV is also shown
in Fig. 3.2-5. The {n > curves in Fig. 3.2-5 exhibit a shallow minimum in
the vicinity of <T> = 20 keV. The design point is not selected to minimize
the required Lawson parameter. If the Alcator transport scaling expression is
substituted for the left-hand side of Eq. (3.2-64), the following "engineering

Lawson criterion" results:
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[<8>B2r

o'p

j2 -

£2 <3
22

1.35(10

) 2% Kov>(1,/12) = 5.13 £5 Zoeell,,, /(13/2 12)]<T>1/2

5/4 172

(3.2-65)

This expression can be plotted as a function of <T> as in Fig. 3.2-6. The

stellarator design point at <T> = 8 keV is near the minimum of this parameter,

reflecting low-field and compact reactor performance for a given value of <B>.

Lawson Parameter, <n.>Tg (s/m?)

Fig. 302"5.
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Lawson parameter, <ne>TE, required for ignition as a function of
average plasma temperature, <T>, for v = 3, Zogg = 1.1, and
f, = 0.88. The design point at <T> = 8 keV is shown. The dashed
curve 1is a plot of Eq. (3.2-64) that reflects the approximations
contained in Eqs. (3.2-52) and (3.2-58A). The solid curve is the
result of a numerical integration of the alpha-particle power
density without these approximations.




The alpha-particle energy-trapping efficiency, f has been estimated®®

a,
to be a function of plasma aspect ratio, A= RT/rp. This dependence is

approximated here by the expression

£~ 1 - e-A/5.22 , (3.2-66)

which is shown graphically in Fig. 3.2~7. 1If f  is too small, the denominator
on the right-hand sides of Egqs. (3.2-64) and (3.2-65) will become negative,
and physical solutions to the ignition condition will not exist. This
condition corresponds to the ideal ignition condition (i.e., trapped alpha-
particle power just balances Bremsstrahlung losses) and defines an ideal
ignition threshold, <T>*, as a function of fa; this condition is also shown in

Figo 3.2"'7.
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Fig. 3.2-6. Dependence of the parameter <B>Bgr required for ignitionm,
assuming Alcator transport scaling, as a function of average

plasma temperature, <T>, for v = 3, Z_¢¢ = 1.1, and f = 0.88.
The design point at <T> = 8 keV is shown.
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Fig. 3.2-7. Approximate dependence68 of the alpha-particle heating
efficiency, fa’ on the plasma aspect ratio, A = RT/rp, and the
ideal ignition temperature, T*, on fa‘

The total thermal power output of the ignited reactor, PTH(Wt), is given
by

Each component of Pqy is related to its corresponding power density, <p>, by
Pj = <pj>Vp = <pj>(2w2RTrp2), where the subscript "j" = "«," "BR," or "2." The
average neutron power density, <pN>(W/m3), is related to the alpha-particle

power expression [Eq. (3.2-63A)] by

14.06 B> (3.2-68A)

P> = 357 Pa
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= 5.63(10)713 <n>2 <ov> (1,/1%),) . (3.2-68B)

If the neutron energy multiplication in the blanket is modeled by the factor,
My (typically My ~1.1), the total thermal power, PTH(Wt), can be written as

Pry = 5.63(10)713 <n;>2 <ovd(My + 0.25)(1,/1% )V (3.2-69)

1/2°’p °
An additional constraint of englneering and economic interest is the

average neutron first-wall loading, IW(W/mZ), which takes the following form:

P
I = TH (3.2-70A)

(27) 2Rpr (M + 0.25)

Py X
= TH ) (3.2-70B)

(2m2ar 2(My + 0.25)

If the value of x = rp/rw is sufficiently large, the poloidal deviations of
the 1local neutron wall loading can be expected to be small, particularly for
large—-aspect-ratio systems and an outward-shifted core plasma equilibrium.

3.3. Configuration Options: General Considerations

Several modern coil configurations® are available for use in the present
reactor study. Of particular present interest are the modular stellaratorl?
using higher harmonic winding laws®® and the '"ultimate" torsatron without
separate vertical-field coils.!0 other continuous-~coil systems, including the
traditional % = 3 torsatron2® and the £ = 2 heliotron,28 have been or are
being subjected to reactor studies. A parallel study of an £ = 3 modular
stellarator reactor has been completed,37 drawing directly on the design
effort of the first modular stellarator experiment,7° which is just now
commencing operation., The present reactor study continues exploration of the
2 = 2 modular stellarator?? and adds a comparison with an £ = 2 ultimate
torsatron. Potentially attractive configurations remain that have yet to be

‘ subjected to a detailed reactor study: the modular torsatron,3“ heliac,!3 the
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advanced modular configuration anticipated for the Wendelstein  VIII-AS
experiment,’! and the "symmotron" configuration.5®

The stellarator embodies the steady-state, ignited operation of a DT
thermonuclear plasma in a toroidal device of moderate aspect ratio. Except
for startup power requirements, therefore, an ignited burn implies operation
with low recirculating power beyond that required for major power users, such
as the cryogenic refrigeration of the superconducting coils. Steady-state
operation without plasma disruptions can be expected to minimize thermal
cyclic fatigue of reactor components. Modularity of the coil set allows
exoreactor testing of components to improve reliability and to assure more
rapid change-out in the event of coil failure. No obstacles to plasma fueling
by means of pellet injection and to impurity and ash removal by means of
either a magnetic divertor“’ or a pumped limiter’2°73 have been identified in
this study. A marginal value for the average plasma beta can be offset by a
higher on-axis confining magnetic field in a device of moderate aspect ratio
without exceeding peak magnetic field limitations at the inboard side of the
coils. Coil forces appear manageable in both magnitude and orientation.
Operation of the stellarator coil at a peak field of ~12 T will require Nb4Sn
superconducting magnet technology or the supercooling of a NbTi conductor.

Modularity for the modular stellarator may imply the ability to remove
and to replace efficiently a single coil with minimal disturbance to the
neighboring coils. An additional, desirable feature in promoting high plant
availability would be the ability to replace blanket and shield modules
without moving or disturbing the coils in either the modular-coil or
continuous—coil case.33 In the worst case the unit module would consist of a
toroidal sector of the reactor together with the underlying blanket and shield
modules.

An electric generating plant with a total thermal power output,
Ppy = 4.0 GWt, will produce a gross electric power output, Ppp = 1.4 GWe, for
a nominal thermal conversion efficiency, Ny = 0.35. A fraction, fAUX’ of the
gross electric power must be recirculated within the plant to drive auxiliary
systems such as coil refrigeration, vacuum systems, and coolant pumps. An
allowance’*75 of fAUX = 0.07 for these purposes in an ignited stellarator
system leaves a net power output of Pp = 1.3 GWe. No unique requirements for
the BOP are anticipated, although, again, more detailed conceptual design of

key stellarator systems is required.
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The question of an operational mode for any magnetically confined fusion
reactor 1is centered around the following issues: pulsed versus steady-state
plasma, driven high—-Q versus ignited operation, refueling mechanism, impurity-
control scheme, and plasma startup and shutdown procedure. Each of these
issues will strongly affect the reactor design and cost of electricity (COE),
and each 1is determined by physical phenomena that to date are computed or
extrapolated from experimental observation. The uniqueness of the stellarator
approach 1in this respect rests with the generation of the full magnetic field
topology solely by external electrical conductors. Even the ELMO Bumpy Torus
approach75 relies on significant, local perturbations of the field topology by
plasma processes (i.e., the energetic electron rings). Furthermore, because
the stellarator/torsatron reactor may be an inherently low-beta device, the
vacuum field topology is expected to be left relatively unperturbed by the
presence of plasma. These factors affect the reactor mode of operation by
suggesting a steady-state plasma that would more than 1likely be achieved
through a low-density startup on existing, relatively unperturbed field lines.

The nature and level of the external power requirement needed to achieve
a desirable steady state are determined primarily by the particle and energy
transport scaling, which also determines the thermal stability of that steady
state. Neoclassical transport theories in certain collisionality regimes can
lead to a positive temperature coefficient, thermal instability, and perhaps
the need to operate the plasma in a subignited but high-Q- (where Q 1is the
ratio of fusion power output to driver input power) driven mode. The nature
of the transport scaling during the low-density initiation and subsequent
density buildup to an ignited or high-Q-driven mode will also affect the
operating mode in that the delivery systems for the startup power can affect
the reactor design while not necessarily affecting the steady-state energy
balance itself.

When combined with a goal to generate electricity at power levels of
approximately 1 GWe with a fusion-neutron first-wall loading of 21-2 MW/mz,
the stability and equilibrium scaling of beta and plasma aspect ratio used for
stellarator reactors generally lead to plasma densities of 21(1020) m—3,
moderate temperatures (8-15 keV), and large minor radii (22 m). For these
conditions, total edge refueling 1s not possible and supplementary high-
velocity (>10"% m/s) pellet injectors may be needed.2:76778
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The issue of transport in plasmas with these parameters also affects the
method by which impurity and helium—-ash levels will be controlled. Impurity
and ash control at the plasma edge in stellarator reactors can be achieved by
either pumped 1limiters or magnetic divertors. Although the latter approach
can be a natural consequence of the stellarator magnetic field topology, the
engineering convenience and feasibility of extracting open field lines to an
adequately engineered divertor plate and vacuum region depend crucially on the
coil configuration. Furthermore, 1location of the separatrix at or near the
coil, rather than within the vacuum first wall, may offer some advantage in
maximizing the plasma volume utilization within the first wall and minimizing
the complexity of the blanket and shield design. Hence, the wuse of pumped
limiters versus (natural) magnetic divertors appears strongly dependent upon
the specific stellarator configuration and remains to be fully quantified.

In summary, those unique characteristics of the stellarator approach that
are related to 1low-beta plasma confined within an externally produced field
topology almost certainly will lead to a steady-state operating mode for the
reactor. The issue of high-Q-driven versus ignited operation depends
crucially upon the energy transport scaling, the related thermal stability of
the burn, and the ability to refuel and control impurity levels by external
means. As for most approaches to magnetic fusion, the latter issue remains to
be understood and quantified fully in the reactor context, although the choice
between (natural) magnetic divertors (i.e., separatrix near the first wall)
versus pumped limiters (i.e., separatrix near the coils) represents an option
for the stellarator.

3.4, Parametric Survey Results

3.4.1. Plasma Model. The plasma model adopted for Phase TA of this

study23: %8 follows closely that of that Phase I effort described in Ref. 22,
with the exception of not explicitly stating the stability/equilibrium beta
limits as functions of aspect ratio, magnetics, coil, and other parameters.
The MSR geometry and notation are defined in Fig. 3.4-1. For present
purposes, beta 1is specified parametrically, thereby decoupling the plasma
performance from specific magnetics requirements. As assumed in Ref. 25, the
particle/energy confinement time, Tg(s), 1is described by empirical Alcator

transport (Sec. 3.2.3.),
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T = 3.0(10)721 <n>r§ R (3.4~1)

where <n>(m~3) is the average ion density, rp(m) is an average plasma radius,
and mks units are used. This expression for Ty is a factor of ~3/5 less than
that usually assumed for tokamak reactor scaling.’* If <B> = <p>/(B%/2uo) is
the average plasma beta, where <p> 1is the average plasma pressure and B,
designates the average confining toroidal field strength measured at the

magnetic axis, plasma pressure balance dictates

2

= 21
<<T> £, = 1.24(10)21 (1] ,

/1) <B> BZ (3.4-2)

where <{T>(keV) is the average ion and electron temperature, assumed here to be

equal. The Zeff correction and profile factors, I have been defined in Sec.

)
3.2. In this simplified formalism, the temperatzre and density profiles are
assumed equal. Application of Eqs. (3.4-1) and (3.4-2) to a global energy
balance that requires alpha-particle heating to equal radiation and transport
losses gives the Eq. (3.2-65) ignition condition. The ratio of alpha-

particle temperature, T to plasma temperature is taken to be ~10. The

a’

alpha-particle energy trapping fraction, f has been estimated®® to be a

a’
function of the plasma aspect ratio, A = RT/rp, where Ry is the plasma major
radius. The energy trapping fraction used in Eq. (3.2-65) is approximated

here by the following expression.

fa = 1 - e_A/5.22 . (3-4—3)

In a sense, the parameter <B>Bgr represents an "engineering Lawson criterion"

for ignition and is based on prezsure balance and a specific form (i.e.,
Alcator scaling) for plasma transport.

The ignition condition, Eq. (3.2-65), 1is displayed in Fig. 3.4-2 as a
function of <T> for a range of aspect ratios (or f  values), pressure
profiles, and Z_ ¢¢ values. In addition to a flat pressure profile (v + =), a
cubic pressure profile (v = 3) corresponding to the Ref. 22 design point (fa =
0.88, A = 11) is shown. Specific points for a number of reactor designs are

also shown. It should be noted that the EBTR point in Fig. 3.4-2 has been
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Fig. 3.4-1. Summary of coil geometry, notation, and essential elements and
interrelationships of the MSR parametric systems analysis. ‘
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Fig. 3.4-2. Combined ignition and pressure balance conditions as a function
of average plasma temperature for a v = 3 (dashed 1line) and a v »
= (s0lid line) pressure profile for the Zogg values Indicated.
Typical points wused for the range of reactor design points are
also shown, reflecting a certain degree of optimism for the T-1,
Heliotron-H, and UWTOR-M designs, relative to the interim MSR
design.22 The EBTR’® point is included only for completeness and
to compare the implication of bumpy-torus neoclassical theory
with empirical Alcator scaling. The STARFIRE’" point corresponds
to a fairly high—Zeff, driven plasma, whereas all other designs
have assumed ignition.

included only for comparison, the neoclassical, bumpy-~-torus transport
(<n>'rE « A273/2)  having no relationship to the empirical transport
[Knd>1g = (<n>rp)2] used for most of the reactor designs cited in Fig. 3.4-2.
It is seen that minimum wvalues of <B>B(2)rp occur in the plasma temperature
range 7-10 keV, this ignition parameter equaling 2.0-3.0 T2 m for a wide range
of aspect ratios, Z.gf values, and assumed pressure profiles. A nominal value
of <B>B§rp =~ 3.0 T2 m is selected for the remainder of this study and depends
primarily on the assumed transport (i.e., the value of TE/<n>r%). It is noted
that optimism in the assumed ignition condition for any given design is

reflected by lower values of <B>B§rp.
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The majority of the physics subelements given in Fig. 3.4-1 are either
treated parametrically (i.e., <B>) or are left unspecified. An alternative to
a purely parametric treatment of <B> would vary the rotational transform, +,

with <B>, for example, being given (Sec. 3.2.2.) by a relationship of form,

<B> = 42/A . (3.4-4)

Such an assumption, however, would lead the present analysis toward the more
restrictive beta-coupled approach used in Ref. 22, and for this reason is not
emphasized here. A few results are given, however, where + instead of <{B> 1is
specified parametrically and Eq. (3.4-4) is used to determine <B> for a given
reactor geometry. It is noted that + in Eq. (3.4-4) corresponds to the total
rotational transform (i.e., vacuum plus finite-beta components within the
plasma column that, in a vaccum treatment, is conveniently evaluated at the
plasma edge).

3.4.,2. Overall Plant Performance Model. One measure of the overall

plant performance is the total thermal power, Ppy(Wt), generated by a reactor

operating with a blanket neutron-energy multiplication, My, given by

- 2
= 1.11(10)7 1 (1,/£55TF ) )<nd? <ovd>(My + 1/4) Ry rp2 (3.4-54)

Pry 1/2

1.71(10) 31 (1,/£4,1))(<ov>/<I>2) My + 1/4)(<83B,2r,)2 Ry (3.4-5B)
= 1.65(10) 7(My + 1/4)(<B>By%r )2 Ry . (3.4-5C)

In developing Eq. (3.4-5C), pressure  balance [Eq. (3.4-2)] and the
approximation that <ov>/<T>2 = 1.1(10)72% m3/s keV2, which 1is accurate to
within 107 in the temperature range 8 < T < 20 keV, could be used. To
calibrate the present approach more carefully against past work,22 however,
the actual value at 8 keV [<ovD/<TD2 = 9.64(10)725 m3/s keV2] was used. The
latter expression for Py sets (Iz/fnglz) to unity, which corresponds to a
flat pressure profile with 2Z,¢¢ = 1.0 or a cubic profile with Z_¢¢ = 1.05;

either assumption is consistent with <B>Bgr = 3.0 T2 m at 8 keV (Fig. 3.4-2).

P
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With a typical value of My = 1.1 and the ignition condition as

<B>B§rp = 3.0 T2 m, Eq. (3.4~5) reduces to the following expression:

P (MWL) = 200.5 Rp . (3.4-6)

This highly condensed relationship represents the first of three key 'working
equations" used in the Phase IA parametric study to cast the overall plant
characterization in terms of geometry.

The recirculating power fraction, €, for ignited operation is expected to
be below 0.1, which for a thermal conversion efficiency of nq¢y = 0.35 gives a
net plant efficiency of (l—e)nTH = 0,32, For the purposes of this parametric
systems analysis, however, only the total thermal power, Py is monitored.
The net electrical output, PE(MWe), is given by (l—e)nTHPTH = PTH/3.

Additional parameters can be identified as '"figures of merit" in
evaluating overall power plant performance without performing a detailed cost
analysis. If V, is defined as the total engineered toroidal volume enclosed
by and including the magnet—-coil annulus, the engineering or system power

density, PTH/VC(MWt/m3), can serve as one such figure of merit.

_ Pry
Pog/Ve = (3.4-74)
21r2RT(rc + 6/2)2
7.51(My + 1/4)
- . (3.4-7B)

(rp/x + Ab + §)2

In Eq. (3.4-7) r, = rp/x + Ab + 8/2 is the coil current-center radius, Ab is
the FW/B/S thickness, r, = rp/x is a nominal first-wall radius, and § is the
overall coil thickness, including a square cross-section conductor with
thickness, Gc, and a surrounding structural/cryogenic shell.

A more direct economic measure of overall plant performance is the total
Fusion-Power-Core (FPC) mass, taken here to be the combined mass of FW/B/S,

MB/S’ and coils, M divided by the total thermal power, Pry+ A strong

c’
correlation between the wunit direct costs, UDC($/kWe), and this '"mass-
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utilization" (i.e., inverse specific power) factor, (MB/S + Mc)/PTH’ is
identified in Sec. 7.1. Given an average FW/B/S density, PB/S (typically 5-6 .
tonne/m3), and an average coil density, Pe (typically 6-8 tonne/m3), the mass-—

utilization factor can be expressed as follows, where M = MB/S + M.

f%ﬁ - Qf%)z [pg/gtb2(1 + 2r,/ab) + o (N/7)82r g /Rp] . (3.4-8)

Equation (3.4-6) has been used, and N is the total number of modular coils.
The coil form factor, 8o is the ratio of the current-center circumference of

a deformed coil, with lateral deformation (Fig. 3.4-1) given by

y =d sin 206 , (3.4-9)

to the circumference at the current center of an undeformed toroidal coil

(i.e., Zwrc). If k is defined by the expression

2
k2= (Md)° (3.4-10)
()2 + r 2
then g, is given by
g - (2/mE(k,7/2) (3.4-114)
(1 - k2)1/2
~1+0.21 4 | (3.4-11B)
rC

where E(k,n/2) is the complete elliptic integral of the second kind and the
approximation to 8. 1s accurate to within a few percent over the practical
range of ld/rc values. It is noted from Eqs. (3.4-8) and (3.4-11) that MSRs
with higher polarity (i.e., £ values) will operate with poorer (higher) mass ‘
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utilization and greater cost. Equation (3.4~8) is wused to monitor an
important aspect of system performance. Typically, most of the conventional
fusion reactor designs predict mass utilizations in the 5-10 tonne/MWt range,
compared to values of 0.2-0.4 tonne/MWt for a Light Water (fission) Reactor
(LWR). For the purposes of this study, a goal of M/Pyy < 5 tonne/MWt is
established for the MSR, to give a MSR performance that is comparable with the
best tokamak projections.7“ Detailed design and cost estimates, however, must
be performed to substantiate the desirability and magnitude of this
constraint.

3.4.3. First-Wall/Blanket/Shield Model. A simplified FW/B/S model is

used for this parametric systems analysis. Specifically, the blanket/shield
thickness for systems using superconducting coils 1is specified to have a
nominal thickness Ab = 1.3 m, and the blanket energy multiplication is
specified to be My = 1.1. These values of Ab and My are considered typical
for most DT fusion systems.22 Introducing the 14.1-MeV neutron first-wall
loading, IW(MW/mz), leads to a second '"working equation'" wused in this

parametric model.

Pry/ (My + 1/4)
(2m)2 Ry

~3.76 , (3.4-12B)

(3.4-12A)

Iw(rP/X) =

where the first expression 1is simply a definition and the last expression
results from use of Eq. (3.4-6). Although the plasma filling fraction, x =
rp/rw, can be estimated from the magnetics, x is optimistically fixed to 0.7
for this study. The scaling of x considered in Ref. 22 gives x =
0.66(m/A)1/3, where m is the number of toroidal field periods and A = RT/rp is
the plasma aspect ratio for elliptic plasma cross sections with £ = 2,
Indeed, this scaling could be a handicap for systems with higher beta values
and/or low values of m (i.e., m < 5) with adequately high values of rotational
transform, -. This scaling applies to plasmas filling the last closed flux
surface (rS > rw) consistent with divertor impurity control. Larger values of
x by a factor (1 - Ab/rc)"Z/3 are expected if a limiter is used to define the
plasma boundary (rS = rc) as noted in Ref. 22. In addition, wuse of
noncircular first-wall configurations, which could place the first wall into

the plasma surface, and which are molded to whatever shape the plasma might
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have, could reduce the adverse impact of the present modelistic assumption of
circular first-wall cross section. Effective x values as high as 0.7 could
result.

It 1is interesting to note that by specifying the ignition condition,
transport scaling, and reactor geometry (rp, Rp), both Pqy and I, are
determined. Because the ignition condition combines with pressure balance to
give <B>B§rp
because <B8> 1is either specified parametrically or related to t through

~ 3.0 T2 m for a plasma described by Alcator transport, and

geometry [e.g., Eq. (3.4-4)], the ignition condition can also be expressed
conveniently in a geometric "rp—RT space' once the on-axis field, B, is
related to a limiting coil condition (field, current density, or stress
limits) through an appropriate geometric relationship. This missing link, as
described in terms of the coil-set model in the next section, completes the
parametric systems model, which becomes dependent only on geometry once a
specific ignition condition and <B> are specified. Although <B> 1is treated
parametrically in this study, in principle by relating <g> to *+, *’, or V"
through a given coil (magnetics) configuration, <B> also becomes a function of
geometry. Reactor design studies of S/T/H configurations would benefit
immensely by the availability of such a relationship, particularly if the
relationship shared more acceptance than the one originally evaluated in the
course of the Phase I study.2?

3.4.4. Coil-Set Model. The "beta-decoupled" parametric systems model

described thus far can in principle be applied to any ignited toroidal system
that is characterized by Alcator transport scaling. Features that are wunique
to the modular stellarator configuration are injected into this analysis
primarily through the models and constraints applied to the magnetics topology
(<B>, x) and coil design (S, 6., d, T,, Rp). The third "working equation"
that completes this parametric systems model uses the pressure-
balance/transport/ignition relationship [i.e., ©Eq. (3.4-4), T = 8 keV,
<B>B§rp = 3,0 T2 m] and relates the on-axis toroidal magnetic field, B,» to an
estimate of the peak (inboard) field at the coil winding, By, through the
following approximate expression (characterizing only the toroidal field):’9
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B 1+ 1 . (3.4-13)

o=
RT"I' +6/2 $
© ST |
2(RT - rc)

Bey/B

Figure 3.4-1 depicts the geometry used, and Bem is evaluated at the 1inboard
side of the torus at the conductor surface. By specifying Beoys the on-axis
field, By, can be eliminated from the ignition condition, yielding a set of
relationships that depend solely on geometry, once <B> is specified.

p = 3.0 T2 m,

provides a means by which a trajectory in rp—RT space can be traced if Gc, N,

Equation (3.4-15) along with the ignition condition, <B>B2r

Beys» and <B> [or <+, Eq. (3.4-6)] are specified. 1In the spirit of a "best
case" parametric systems study, variables are chosen to exhibit physical upper
limits. Although <B> and Bey can be so specified, N and Gc are not as
conveniently posed. For this reason, the (maximum) allowable current density

in the coil conductor, j.; the linear inboard coil "filling fraction," f_
*
c’
this way, variations of N and Gc can be recast in terms of variation in j,,

(Fig. 3.4-1); and the coil interference parameter, £ are 1introduced. 1In

f., and f:. The following expression is used to relate §, and N to j;:

21TRTBo

" (3 04—14)
uoNchI

2 _
65 =

where the current form factor, g1, is the ratio of effective poloidal current
to total current in a coil with conductor cross—-sectional area, 6%, and
(maximum) lateral distortion d. For a modular coil described by Eq. (3.4-9)

and by using k as defined in Eq. (3.4-10), the current form factor is given by

2/
g1 = /

= = R(k,n/2) , (3.4~15)
(1 - k2)1/2

where K(k,n/2) 1is the complete elliptic integral of the first kind. 1Imn

effect, 81 <1 gives the increased coil cross section needed for a limiting
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current density to provide for a given on-axis toroidal field. The actual
rotational transform produced for a given winding law [i.e., Eq. (3.4-9)];
distortion, d/rc; and number of poloidal-field periods, £, must be determined
by a three—-dimensional vacuum magnetics calculation. Nevertheless, for this
model incorporation of the stellarator-like character into the otherwise
purely toroidal-field coil model through gy is adequate.

The linear inboard filling fraction is given by

£ = N§
¢ 2n(Rp - r, + 6/2) ?

(3.4-16)

where § > Gc is the radial thickness of the coil, 6, being the conductor
thickness. The space required around the inboard torus circumference for a
coil with toroidal distortion, d/rc, can be introduced into the parametric
systems analysis through the parameter f,. Separate, more detailed magnetics

calculations again relate fc (i.e., d/r Ry, etc.) to the desired magnetics

)
parameters (i.e., %, d+/dr, V", etc.), ;hich in turn must be related to <B> by
a yet-to-be-specified stability/equilibrium condition. Experience derived
from detailed magnetics models indicates that fc values much above ~ 0.3 will
not be allowed if rotational transforms above ~ 0.7 are desired from
realistically distorted (i.e., d/rC < 0.5) coils operating with supportable
forces.

An approximate coil interference constraint can be generated that
specifies the condition, fz = 1, where a coil set with distortion d/rc will
require intersecting coil envelopes, as indicated by the dashed lines in

Fig. 3.4~1. This condition is given by the following expression:22

* § + 2d

fe = 2(Rp - r - §/2) tan (w/N) <1 (3.4-17A)
B [tan“g/u)] (1 + 2d/6) £ (3.4-17B)

where Eq. (3.4-16) 1s wused to express the basic noninterference constraint,

. It is noted

ft <1, in terms of the linear, inboard filling fraction, £,
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that if f: exceeds unity, then a given coil may not be removed from the torus
by a simple horizontal (outward-radial) translation. Generally, for d/rC
< 0.5, f: as high as ~1.2 may be allowed before in-place coils physically
interfere; this situation, however, will require more complex maneuvering to
extricate a given coil from the torus.

Equation (3.4-8) can be evaluated to give the mass utilization, M/PTH,
for the f: = 1 condition; this condition represents the best mass usage and
least accessibility, although still requiring only simple horizontal (outward-
radial) coil movement for replacement. A case where actual coil interference
is expected to occur (fz € 1.2) is also examined. In the spirit of the "best
case" parameter search, fz =1 is used in Eq. (3.4-17) to relate N and § to
the rp—RT geometry space.

3.4.5. Summary of Systems Model. Figure 3.4-3 gives a logic diagram for

the MSR parametric systems model. Three working equations have been evolved
that relate three systems quantities (PTH’ I,, ignition condition) solely in
Ab, ., d, Rp, §, § L, fz) and a
p? <B>, x, By, 3D

These quantities and constraints can be expressed as curves or surfaces in

terms of geometric quantities (r

p’ rw’ c? c?

minimum number of physics and physical constraints (<B>Bor
rp—RT space and are summarized below.

SYSTEMS QUANTITIES:

® Total thermal power, Pqy [Eq. (3.4-5) or (3.4-6)].
® Neutron wall loading, I, [Eq. (3.4-12)].

2
® Pressure balance/transport/ignition, <B>BCMrp [Eqs. (3.2-65) and (3.4-13)
with <g>B2%r_ = 3.0 T2 m].

o'p
PHYSICS AND PHYSICAL CONSTRAINTS (parametrically varied):
® Average plasma beta, <B8> (0.04-0.12).

® Coil filling fractiom, f. (>0.3-0.4), f: < 1 (coil envelope interference)
for a given d/rc, or £, = 1.2 (coil interference).

® System power density [Eq. (3.4-7)] and mass utilization [Eq. (3.4-8)].
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Quantities that are generally held fixed throughout this analysis are

summarized below.

® Peak field at coil conductor, Bny (12 T).

® Conductor current density, j %usually ~20 MA/mz), equal to the overall
coil current density, j(~13 MA?m , when Gc 8.

® Blanket/shield thickness, Ab = 1.3 m.
® Blanket neutron—-energy multiplication, My = 1.1.
® Alcator transport scaling, TE/<n>r% = 3(10)72%! s m.

® Ignition condition, <8>B(2)rp = 3.0 T2 m at <T> = 8 keV.

® Plasma-to-wall radius ratio, x = rp/rw = 0.7.

® Average mass densities of FW/B/S and coils, PB/s = 5.5 tonne/m3 and Pe =
7.0 tonne/m3.

The results given in the following section define ignited, DT reactors in
terms of a range of <B> and d/rc(f: = 1) values for otherwise optimally
(maximum) selected parameters (i.e., Je» 3» Boys minimum ignition conditionms,
maximum x = rp/rw, tight coil packing f: = 1, etc.). In a sense, these
results depict the "best" reactor performance for the assumed transport. It
remains for more detailed support computation to relate the desired
(prescribed) parameters [<8> and d/rc(f: = 1)] to required magnetics (r,
d+/dr, V", etc.), coil (d/r_, Ry, forces, etc.), and stability/equilibrium
(i.e., <B> versus +, d+/dr, V", etc.) parameters and/or constraints. In a
sense, these results dictate the minimum range of <B> or the magnitude of a
<B> = 42/A scaling needed to achieve the optimally specified performance.
Furthermore, the continual monitoring of the mass utilization, M/PTH’ should
give a fairly accurate indication of expected UDCs. It is recognized that the
best-case reactors presented here can in fact be made "better" for a given <B>
primary by reducing the ignition value for <B>Bgrp [Fig. 3.4~2], although the
value of 3 T2 m was shown to encompass a range of assumed plasma conditions
and is considered "typical."

3.4.6. General Parametric Results. All parametric results are expressed

as curves in rp—RT space. As indicated by Eq. (3.4-6), the total power, Pqy,
is related to the major radius by a scaling parameter (Ppy/Rp = 200 MWt/m),
and the neutron wall loading is related to the minor radius by Eq. (3.4-12).
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Fig. 3.4-4. Sample ignition curves for the <B> = constant and <B> = +2/A
cases for the d/r, = 0.4 case.

Figure 3.4-4 shows the ignition curves in rp-RT space for d/rc = 0.4 and a
range of <{B> values. For each value of <B>, the constraints that x = 0.7, Bgy
=12 T, Jo=3=13 MA/m2, § = §,» etc., are enforced. Generally, increasing

Ry for a toroidal array of coils will allow higher on-axis fields, B for a

o’
given limit imposed on the peak coil field, Bem- The ignition condition,
<B>B§ p = constant, then allows rp to decrease with increasing Rp. Also, as
expected from Eq. (3.4-7), increasing <B> allows higher system power density
for a given total power. Figure 3.4-4 also gives the ignition curves for the
case where <B> = 42/A and a range of fixed values of rotational transform. In
this case the behavior of these system—constrained ignition curves is somewhat
more complex. The ignition condition now requires <B>Bgrp = (t-Borp)z/RT to be
constant. As before, increasing Ry generally allows higher on-axis fields for

a given field constraint at the coil, Boms and T, decreases initially as Ry is
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increased. A point is reached, however, where further increases in Ry must
require rp to increase again to maintain the ignition condition. The minimum
shown in Fig. 3.4~4 for the <{B> = +2/A curves results from this interplay

between Ry, rp, and B, for constant <B>Bgr For both the <B> = constant and

.p.
<B> = 42/A ignition curves displayed in Fig. 3.4-4, the dependence of f, on A,
and hence that of <B>Bgrp
consistent application of Eqs. (3.2-65) and (3.4-3) would give curves that

on A, has been ignored (Fig. 3.4-2). A more

rise more rapidly at lower values of Rp (A < 11) and fall more rapidly at
higher values of Ry (A > 11).

The ignition curves shown in Fig. 3.4~4 depend on d/rc. Generally,
decreasing d/rc will allow higher system power densities, as measured by
decreased I, or increased IW(MW/mz) for the same total power. Decreasing d/rc
simply allows a higher on-axis field for a given Ry (and PTH)’ and the

ignition condition for a given <B> allows r  to decrease and I, [Eq. (3.4~12)]

to increase. Decreasing d/rc, however,p will 1lead to reduced rotational
transform, an effect that ultimately must be reconciled with the specified
value of <B> through detailed magnetics and stability/equilibrium
computations.

Figures 3.4-5 through 3.4-7 depict three sets of ignition curves in rp—RT
space for d/rc = 0.3, 0.4, and 0.5. 1In addition to the I, and Pry values,
lines of constant number of coils, N, and mass utilization, M/PTH, are shown.
Generally, as d/rC is increased from 0.3 to 0.5 in Figs. 3.4-5 through 3.4-7,
the values of T, required for ignition, using either beta-scaling
relationship, shift upward. The interpretation of this behavior is that for a
fixed rp—RT geometric configuration, as d/rc increases and the on-axis field
strength decreases relative to the fixed peak field at the coil as a result of
the Eq. (3.4-17) correction, the required value of <B> needed to satisfy the
ignition condition must increase. The constant-N curves, which are shown in
Figs. 3.4-5 through 3.4-7, simultaneously shift to the right as fewer coils
fit into a fixed rp—RT coil array as d/rC increases. A slight shift downward
in the lines of constant M/PTH, which are also shown in Figs. 3.4-5 through
3.4-7, also occurs as d/rc increases. This behavior is a result of the
increase in coil mass required to retrieve a given B_ because of the

(o)

distortion [Eq. (3.4-17)] correction for a given combination of rp and <B>
satisfying the ignition condition. Within the 1limits of this model, this

adverse effect 1is expected to be greater for £ = 3 than for the £ = 2 case
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Fig. 3.4-5. 1Ignition curves for the d/r_ = 0.3 case, superposed onto a grid
of constant N and M/PTH lines with other fixed parameters as
given in Fig. 3.4-4,

examined here. Systems with mass utilization below ~5 tonne/MWt will require
<B> above ~0.06 if d/rc can be held at or below 0.3, or <B> in excess of ~0.08
will be needed if the more likely wvalues of d/rc in the 0.4~-0.5 range prove
necessary to achieve the + values suggested for stable, higher beta operation.

In Fig. 3.4-8, f: is set equal to 1.2 for the d/rc = 0.4 case with other
parameters being held consistent with the Figs. 3.4-5 through 3.4-7 results.
As noted previously, this fz = 1.2 case corresponds to a tight packing of the
modular—-coil set, which would be expected to reduce the toroidal-field ripple
but could complicate maintenance and access. Compared with Fig. 3.4-6, the
ignition curves shift upward, because f: > 1 is consistent with greater coil

distortion (all other parameters/constraints are equal). The constant-N
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Fig. 3.4-6. Ignition curves for the d/rC = 0.4 case, superposed onto a grid
of constant N and M/PTH lines with other fixed parameters as
given in Fig. 3.4-4.

curves, however, shift to the left, allowing more coils to be accommodated in
the same rp—RT configuration. The curves of constant M/PTH shift upward,
allowing equivalent or better (lower) mass utilization in a more tightly
packed configuration with somewhat lower <B> for a given rp—RT configuration.

3.4.7. Focused Parametric Results. The benefits of higher beta

performance are shown in Figs. 3.4-5 through 3.4-7. For a nominal total power
output of Pqy = 4.0 GWt, corresponding to Ry = 20 m, the mass utilization
figure of merit, M/PTH, plotted in Fig. 3.4-9, is a function of <B> for
various values of the modular-coil distortion parameter, d/rc. For low values
of <8, M/PTH (and cost) can become unattractively large. As <B> increases,
however, M/PTH decreases to an asymptotic value near ~4-5 tonne/MWt. The

incremental improvement in M/PTH as <B> exceeds ~0.08 is small. Systems with
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Fig. 3.4-7. Ignition curves for the d/r_, = 0.5 case, superposed onto a grid
of constant N and M/PTH lines with other fixed parameters as
given in Fig. 3.4-4.

lower values of d/r_ are capable of achieving the required on-axis field with
lower values of M/PTH because less current is used to generate poloidal or
radial fields [i.e., gy in Eq. (3.4-14) approaches unity]. As will be seen
below, however, these cases with lower d/rC may mnot provide the levels of
rotational transform expected to be required by the assumed beta values.
Again, the incremental benefit of <B> values in excess of 0.08 is small. The
advantage of higher beta operation is magnified by the inclusion of time-
related costs and the potential for mass-related construction times. Again,
the incremental improvement of pushing <B> beyond 0.08-0.10 is small for
Ppy = 4.0 GWt. Higher beta, however, will be required for power plants of

lower capacity.
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Fig. 3.4-8. 1Ignition curves for the d/rc = 0.4 case, superposed onto grid

of constant N and M/Ppy lines with a tightly packed (f, = 1.2
modular-coil set). These results should be* compared to the
results given in Fig. 3.4-6 (d/r_ = 0.4, but £, = 1.0).

A missing link in the discussion thus far is the relation between the
modular—-coil configuration as characterized by coil aspect ratio, AC = RT/rc;
coil number, N; number of toroidal-field periods, m; and lateral coil
distortion, d/rc, on the one hand and resultant rotational transform, +, on
the other. Detailed resolution of this issue is the subject of magnetics
computations and optimization (Sec. 4.). A simplified, analytic picture is
available for parametric wuse, however, wusing the models of Refs. 22. The
dependence of on-axis rotational transform, +(0), as a function of 1lateral
coil distortion, d/r_,
range 10-30 is shown in Fig. 3.4-10 for an MSR with the indicated f£fixed

for various plasma aspect ratios, A = RT/rp, in the

parameters. A plasma aspect ratio of A = 10 is consistent with PTH 4.0 GWt
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Rp = 20 m for various values of modular-coil distortion, d/rc.

and <B> = 0.04; A = 30 would be required for Prg = 4.0 GWt at <B> =~ 0.08, as
can be seen from Fig. 3.4-6,. For the nominally fixed number of coils, N = 24,
only those coil configurations to the left of the dashed curves representing
the coil-interference constraint of Eq. (3.4-17) are allowed. The tighter
packed constraint (f: = 1.2) allows more coil distortion than the envelope
constraint (f: = 1.0) and hence allows higher on-axis transform values. The
larger values of plasma aspect ratio allow the system to achieve the higher
values of rotational transform required of the <B> = +2/A scaling. Generally,
however, the coil configuration is always pushing the fz geometric constraint,
and more sophisticated coil winding 1laws than the sinusoidal deformations

considered here may be required to make the overall design of the MSR fully

self-consistent. In the spirit of the goals of the parametric systems model,
86



20

_:-:l | l—[ 17 T 1 LR ' LI l | LI l LI IE
= m=4 30/ /25 3
LBE- N=24 20 3
=— Ab=13m ; / =
[6E & =15m 2 / =
= x=0.7 / s 3
.4 R¢ 200 m / / _E
= R,=4.0 GWt ) 5
.2 E ) 3
CE A=2 7 =
S ioF E
S E / A=I0 3
= ; 7 3
0.8 Ky -3
= s 3
= o/ =
06FE / -3
= 7/ 3
0.4F el E
TE . e ¥ 3
02E Sl E
CE _ 7710 E
OE = | I | LLI | I T | I | Y | I L1 1 l i 1 11
0 0.1 0.2 03 0.4 0.5 0.6

d/rc
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therefore, guidance 1is provided to assure that the more time-consuming
magnetics calculations are considering reactor-relevant regions of parameter
space.

The results of the previous parametric studies can be further condensed
into a useful set of comprehensive design curves for purposes of identifying
self-consistent MSR design points. For a nominal total thermal output power
Pry = 4.0 GWt and the conservative coil envelope interference condition,

*

fc = 1.0, Fig. 3.4-11 displays the dependence of plasma aspect ratio,

A= RT/rp; number of coils, N; coil radius, r_; and conductor thickness, §

c c?
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calculated assuming m = 4 toroidal-field periods.




on the modular-coil distortion parameter, d/rc. Recall that fixing Pqy
determines Ry by Eq. (3.4-6) to be ~20 m. Results for a low-beta (<B> = 0.04)
and a high-beta (<B> = 0.08) MSR are presented in Figs. 3.4-11A and 3.4-11B,
respectively. As indicated by Figs. 3.4-5 through 3.4-7, MSR reactors with
<B> = 0.04 and Ppy = 4.0 GWt are inaccessible for d/r, > 0.3. The on-axis
rotational transform, +(0), is also plotted for the assumed number of toroidal
field periods, m = 4. Higher values of m would tend to result in lower values
of %(0) performance. Only integer values of N/m greater than or equal to 3
would be allowed in candidate design points. Selection of a candidate design
point with <B> = 0.08 and M/PTH 5.0 tonne/MWt leads directly to the choice
of N = 24 for which N/m = 6 and d/rc = 0.41. All other parameters follow by

P_  (GW1)
N TH01
I l

o
I

*
fc =1.0

M/PTH= 5 tonne/MW1t

n
I

THERMAL POWER,

T

oo
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<<ﬁ3:>

Fig. 3.4-12. Thermal power output, Py, as a function of <B> for fixed mass
utilization, M/Ppy = 5 tonne/MWt and various values of coil
distortion, d/r and coil number, N, assuming f, = 1.0.

’
Systems with N 2 15 are probably inaccessible.
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TABLE 3.4-
INTERIM (Ref. 23) LOW-BETA AND HIGH-BETA MSR DESIGNS

1

<B> = 0.04 <B> = 0.04 <g> = 0.08
PARAMETER Ref. 22(2)  (0.0067, 0.012)(P) (0.067, 0.108)(P)
Number of poloidal-field
periods, % 2 2 2
Number of coils, N 24 24 24
On-axis rotational transform, +(0) 0.28(m = 4) 1.36(m = 4)
~0.15 0.38(m = 3) 1.72(m = 3)
Major toroidal radius, Ry (m) 21.35 20.0 20.0
Coil aspect ratio, Ac = RT/rc 4.65 4.49 6.45
Coil minor radius, r. (m) 4.6 4.45 3.1
Plasma aspect ratio, A = RT/rp 11.0 11.6 27.5
Plasma minor radius, L (m) 1.94 1.72 0.73
Lateral coil distortion, d/rc 0.30 0.26 0.408
Coil thickness, 6 (m) 1.51 1.51 1.62
Blanket/shield thickness, Ab (m) 1.5 1.3 1.3
Interference parameter, f: 1.0 1.0 1.0
Inboard filling fraction, f_ 0.36 0.39 0.38
Mass utilization, M/Pyy; (tonne/MWt) ~9 7.2 4.9
Plasma power density, PTH/Vp (MWt/m3) 2.5 3.42 19.0
System power density, Pqyu/V. (MWt/m3) 0.33 0.37 0.66
Total thermal power, Ppy (GWt) 4.0 4.0 4,0
First-wall neutron loading, I, (MW/m2) 1.5 1.53 3.61
Radial plasma filling fraction, x 0.83 0.7(0.61)(c) 0.7(0.54)(c)
On-axis field, B, (T 6.37 6.60 7.17
Peak field at coil, Bem (T) ~11.5 12.0 12.0
Coil current density, j (MA/m2) 12.5 13.0 13.0
Total coil current, I (MA) 28.5 29.64 34,12
(a)Number of toroidal-field periods, m = 8; ignition condition, <B>B02rp =

3.15 T2 m,

(b)Beta values obtained from expression <8> = +2(0)/A for number of toroidal-

field periods m = 4 and 3, respectively.

(C)Obtained from the x = 0.66(m/A)1/3(1 - Ab/rc)-Z/3 formalism described in
4 and Ly = T, consistent with limiter impurity control.

Ref. 22 for m =
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inspection of Fig. 3.4-11 or by straightforward calculation. The parameter
list of Table 3.4-1 results. A similar process for the low-beta case leads to
the selection of a design point with the rotational-transform performance that
may be too low as noted in Ref. 22. Table 3.4-1 also includes the Ref. 22
design point with <B> = 0.04 for comparison. The relatively low value of coil
c = 4.5)
allowed in the low-beta case (i.e., <B> = 0.04) with N = 24 1leads to poor

distortion (i.e., d/rc = 0,25-0.,30) and low coil aspect ratio (i.e., A

rotational~-transform performance (i.e., +(0) < 0.5) in contrast to the high-
beta (i.e., <B> = 0.08) case. Figure 3.4-11 can be used to determine quickly
the sensitivity of design-point performance to changes in parameter choices
and to guide the application of more elaborate computations.

The results in Figs. 3.4-7 through 3.4-11 have focused on MSR systems
with Py = 4.0 GWt at Rp = 20 m. Such systems 1lead to total unit cost
estimates of 3000-4000 $/kWe for <B> = 0.08, depending on the degree of
optimism wused in the cost data base. For a mnominal net output power
Pp = 1250 MWe, these unit costs would imply total capital costs of 3.8-5.4
billion dollars. The ability of utilities to raise such vast sums in today’s
financial markets may force consideration of smaller plants to keep the total
capital cost at more manageable levels, despite a penalty incurred by
sacrificing the unit-cost economies of scale of the 1larger plant. The
consequences of such a strategy can be seen from Fig. 3.4-6 for the <g> = 0.08
case of Table 3.4-1. Lower power (smaller plant) systems are achieved at
lower values of Rp. The plasma radius, rp, and hence the first-wall loading,
I,, may be held fixed as Ry is decreased. In this case, the mass wutilization
decreases slowly, but this decrease occurs at the expense of higher required
values of <B> (e.g., <B> = 0.12 for Ry = 10 m and Ppy = 2.0 GWt). A smaller
reactor system or a demonstration device, therefore, would require even more
favorable physics performance in terms of <B> and +. Alternatively, for a
fixed <B8> = 0.08 and d/rc = 0.4, as Ry > 10 m for Ppy + 2.0 GWt, the plasma
radius, rp, and the mass utilization, M/PTH, can grow to unacceptable 1levels
at the asymptotic 1limit, necessitating a lower value of coil distortion
(Fig. 3.4-5). A third approach is to fix the mass utilization and examine the
tradeoff between Py and <B>. Figure 3.4-12 depicts the tradeoff for coil
distortion values in the range 0.3-0.5, consistent with Figs. 3.4-5 through
3.4-7, for M/PTH = 5 tonne/MWt. The thermal power is a strong function of

beta for systems with more than 15 coils. Below 15 coils, the curves in
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Fig. 3.4-12 change behavior reflecting the crowding of the constant-<S> curves
at the leftward asymptotic limits shown in Figs. 3.4-5 through 3.4-7 and so
that values of Py less than ~l1.5 GWt are generally inaccessible. Lower
values of d/rc give insufficient rotational transform. However, as N falls
below 15, the toroidal-field ripple increases and the magnetics requirement
that N/m 2 3 can be met only for very low m values. The curves in Fig. 3.4-12
for N < 15 are therefore dashed to indicate that this attractive low-power
regime is probably not accessible.

3.4.8. Parametric Survey Conclusions. On the basis of optimistic (i.e.,

"best case'") assumptions and constraints, a plasma beta of 0.08 or greater
appears to be necessary if the MSR is to be competitive with other approaches
to magnetic fusion of the Ppy = 4.0 GWt class; higher beta values will be
required for lower values of Pryge To achieve this goal of mass utilization,
M/PTH’ near or below 5 tonne/MWt, the desired value of <B> must be achieved
with a magnetics topology that can be created by a modular-coil set of
distortion d/r, < 0.4. If a <B> = +2/A scaling applies, this constraint
(i.e., <B> > 0.08, M/PTH < 5 tonne/MWt) implies that rotational transforms on
the order of unity must be obtained for d/rC = 0.4, Additional optimism

needed to alleviate these conditions can be injected into these results by

® increasing the assumed Alcator transport coefficient
(i.e., TE/<n>r 25 3(10)"2! s m) or otherwise '"fine
tuning" other pfasma parameters (i.e., profiles, fyr Zeffs
etc.) to reduce the <B>B§rp value needed for ignition;

® increasing fz beyond unity, with the attendant complexity
of "interlocked" coils and reduced torus access;

® accounting for differences between vacuum and beta-related
rotational transforms in the <B> = +2/A scaling; and

® decreasing the nominal thickness of blanket/shield, Ab.

It is recalled, however, that the level of optimism built into the constraints
that Boy =12 T, j = 13 MA/m?, x = 0.7, Ab = 1.3 m, & = 2, etc., is unlikely
to be fully attained by a detailed engineering design and that the parametric
results presented here are judged to be close to a "best case". These
findings, however, must be tested against more exact analyses, although they
can be considered indicative of the requirement that the MSR should provide

<BP> values in the range 0.08-0.10 if a truly interesting alternative fusion
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system is ultimately to emerge from this approach. The analytic rotational
transform results displayed in Fig. 3.4-10 must be verified by three-
dimensional magnetics computations before a self-consistent MSR design point
can be selected.

These conclusions, however, must be moderated by obvious modelistic
shortcomings. This parametric survey does not treat accurately several
important but subtle influences on the ultimate reactor desirability of the
MSR. For example, systems with attractively low values of M/PTH and higher
values of <B> also must operate at higher values of first-wall loading;
therefore, for a fixed first-wall life (10-20 MWyr/m2), these higher power
density systems may operate with higher rate of FW/B change out, lower plant
availability, and higher operating costs. Second, the dependence of plasma
filling fraction, x = rp/rw, on the number of toroidal-field periods, m, and

plasma aspect ratio, A = RT/r has been ignored for present purposes, as was

’
noted previously. Inclusioz of this dependence may make it difficult to
achieve the desired values of lower mass utilization in systems with high beta
values and correspondingly large values of A, particularly if m must be
sufficiently low to yield appropriately high values of rotational transform,
4. The desire to maximize X suggests that pumped-limiter impurity control may
be preferable to divertor impurity control, in the absence of overriding
technical considerations including heat removal and maintenance.

Lower output power than the nominal Pqy = 4.0 GWt for a fixed mass
utilization requires higher beta values but offers the prospect of reduced
total cost. Clearly, an optimum power density, mass utilization, and cost
exists for the MSR. This optimum probably 1lies in the <B> = 0.08-0.10,
I,=3-4 MW/m2 range rather than the <8> = 0.04-0.05, I, =1-2 MW/m? range
projected by past MSR studies.22
3.5. Candidate Design Point Selection

Interim candidate design points identified by means of the Phase IA
parametric survey23 described in the previous subsection have been iterated
with the vacuum magnetics computations described in Sec. 4. In addition, the
coil was recharacterized by a stepped-conductor model to accommodate peak-
coil-field operation near 12 T. The evolution of the candidate modular
stellarator design points [i.e., MSR-IIA (<B> = 0.04) and MSR-IIB (KB> =
0.08)] is shown in Table 3.5-1 and elaborated in Tables 3.5-2 and 3.5-3.

Parameters for the analogous torsatron reactors are summarized in Tables 3.5-4
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TABLE 3.5-1

EVOLUTION AND COMPARISON OF £ = 2 MSR DESIGN POINTS

<B> = 0.04 <B> = 0.04 <B> = 0.08 <B>=0 ?é <B> = 0.?8

PARAMETER MSR-TA  (0.067, 0.012)(P)  (0.067, 0.108)¢P) Msr-11a(4)  Msr-11B‘d)
Number of coils, N 24 24 24 36 36
On-axis rotational transform, +(0)  ~0.15 0.28(m = 4)  1.36(m = 4) 0.48(0.43)(®) 0.69(0.80)(e)

0.38(m = 3) 1.72(m = 3)
Major toroidal radius, RT (m) 21.35 20.0 20.0 27.9 23.0
Coil aspect ratio, A, = RT/rc 4.65 4,49 6.45 5.58 6.95
Coil minor radius, r. (m) 4.6 4.45 3.1 5.0 3.31
Plasma aspect ratio, A = R./r 11.0 11.6 27.5 12.4 29.9
Plasma minor radius, r_ (m) © 1.94 1.72 0.73 2.24 0.77
Lateral coil distortioR, d/r_ 0.30 0.26 0.408 0.233 0.28
Coil thickness, & (m) 1.51 1.51 1.62 1.08¢f) 1.05¢f)
Blanket/shield thickness, Ab (m) 1.5 1.3 1.3 0.83-2.59(8) 1.02-2.07¢(8)
Interference parameter, f 1.0 1.0 1.0 1.0 1.0
Inboard filling fraction, £ 0.36 0.39 0.38 0.35 0.40
Mass utilization, M/Py, (tonne/MWt) ~9 7.2 4.9 8.4 6.1
Plasma power density, Ppy/V, (MWt/m3) 2.5 3.42 19.0 1.7 12.4
System power density, Pru/V. (MWt/m3) 0.33 0.37 0.66 0.30 0.60
Total thermal power, Pr, (GWt) 4.0 4.0 4.0 5.1 4.0
First-wall neutron laning, 1, (MW/m2) 1.5 1.53 3.61 1.0 1.9
Radial plasma filling fraction, x 0.83 0.7¢0.61)¢{c)  0.7¢0.54)(e) 0.64 0.47
On-axis field, B_ (T) 6.37 6.60 7.17 5.72 6.56
Peak field at coll, Bg, (T) ~11.5 12.0 12.0 10.9 12
Coil current density, j (MA/m2) 12.5 13.0 13.0 10.3(h) 10.1(h)
Total coil current, I (MA) 28.5 29.64 34,12 22.3 21.0
(a)Number of toroidal-field periods, m = 8; ignition condition, <8>B02rp = 3.15 T2 m, (Ref. 22).
(b)Beta values from <B> = +2(0)/A for m = 4 and 3 (Ref. 23).
(C)Obtained from the x = 0.66(m/A)1/3(1 - Ab/rc)_Z/3 formalism described in Ref. 22 for m = 4
and T_ = r., consistent with limiter impurity control.

(d)Number of toroidal field periods, m = 4.
(e)Edge value of transform obtained from vacuum magnetics calculations.
(f)Thickness of the square cross-section conductor.
(g)First wall conforms approximately to plasma shape.
(h)Value averaged over all the coil structure which no longer has a square cross section.




TABLE 3.5-2

MSR-ITIA MAGNETICS RESULTS

PARAMETER

Design <B>

Coil type

Pitch parameter, Y
Normalized distortion, d/rC
Distortion coefficients:

Conductor major radius, Ry (m)
Conductor minor radius, r_  (m)
Conductor aspect ratio, A_ = RT/rc
Total coil current, I (MAS
Conductor cross section (m X m)
Conductor length, L_ (m)

Number of poloidal field periods, 2%
Number of toroidal field periods, m
Number of coils, N
Plasma major radius (m)
Plasma minor radius, r
Plasma volume, V (m3)p
Magnetic axis (ms

Semiminor radius(P) (m)

Semima jor radius(P) (m)

Limiter radius (m)

On—-axis field, B, (m

Well depth (%)

Peak field at coil, BCM (T)
On-axis ripple, e(0)7%

Edge ripple, e(r )%

On-axis transform, +(0)

Edge transform, +(r )

Stored magnetic energy, E, (GJ)
Peak radial force, f_ (MN/m)
Peak lateral force, gl (MN/m)

(m)

()5 = 19 wa/m2.

uNIFoRM j_(2)

0.04
Modular
NA

o
N
w
w

e e o
W
(9,
(o]

N

©

NN NN OOOOOO0
.
NUNOWOOOOOMN

N
w

1.082 x 1.082
33.085
2

4
36
27.90
2.18
2613.15
27.977
1.477(1.484)
3.089(3.331)
3.435
5.72
-0.05
11.24?d)
<1.73
25.08
0.488
0.448
230.26

(d) (c)
79.78(d)(76.42)
29.46(d)(29.10)(¢)

(b)Under a key coil and half a field period away.

(¢)Results for key coil.

(d)Results for the worst case, coil 7.
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MSR-IIB

PARAMETER

TABLE 3.5-3
MAGNETICS RESULTS

unTFORM j_(2)

Design <B> 0.08
Coil type Modular
Pitch parameter, Yy NA
Normalized distortion, d/rC 0.28
Distortion coefficients:

a; 0.2111

a, 0.0955

ag 0.0534

a, 0.0304

ag 0.0160

ag 0.0066
Conductor major radius, Rp (m) 23.0
Conductor minor radius, r. (m) 3.31
Conductor aspect ratio, A_ = RT/rC 6.95
Total coil current, I (MA 21.0
Conductor cross section (m x m) 1.051 x 1.051
Conductor length, L  (m) 22.916
Number of poloidal %ield periods, 2 2
Number of toroidal field periods, m 4
Number of coils, N 36
Plasma major radius (m) 23.025
Plasma minor radius, r_ (m) 0.630
Plasma volume, V_ (m3) 180.62
Magnetic axis (m? 23.039
Semiminor radius{€¢) (m) 0.362(0.377)
Semimajor radius <) (m) 1.115(1.180)
Limiter radius (m) 1.260
On-axis field, B, (1) 6.55
Well depth (%) -0.05
Peak field at coil, Buy (T) 11.75¢€) (11.45)(d)
On-axis ripple, €(0)% <3.15
Edge ripple, e€(xr )% 9.72
On-axis transform, t(0) 0.729
Edge transform, +(r ) 0.880
Stored magnetic energy, E,, (GJ) 108.35
Peak radial force, f. (MN/m) 79.20(e) (78.95)€(d)
Peak lateral force, gz (MN/m) 39.61(e)(39.31)(d)

(a);_ = 19 ma/m2.

sTEPPED j_(P)

0.08

Modular
NA

0.28

0.2111
0.0955
0.0534
0.0304
0.0160
0.0066

23.0
3.31
6.95
21.0
1.051 x 1.051
22.916
2
4
36
23.02
0.81
298.76
23.04
0.479(0.500)
1.406(1.425)
1.526
6.47
-0.049
11.59(d)
<2.89
11.32
0.626
0.804
108.35
78.36(d)
38.21(d)

(0)§_ = 12.04 MA/m2 for 0 < t < 0.519; j. = 22.43 MA/m2, 0.519 < t < 0.811;

and j
radialfy through the conductor

(C)Under a key coil and half a fie
(d)Results for a key coil.

(e)Results for the worst case, coi
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cross section.

1d period away.

15.

32.83 MA/mz, 0.811 < t < 1.0; where the fraction t is measured




TABLE 3.5-4
TR-A MAGNETICS RESULTS

PARAMETER untFoRry j_(2)
Design <B> 0.04
Coil type Torsatron
Pitch parameter, Y 0.57
Normalized distortion, d/rc NA
Distortion coefficients:

a; NA

a, NA

a3 NA

3.4 NA

as NA

3.6 NA
Conductor major radius, Ry (m) 27.9
Conductor minor radius, r. (m) 5.0
Conductor aspect ratio, A_ = RT/rC 5.58
Total coil current, I (MA 50.018
Conductor cross section (m x m) 1.082 x 2.434
Conductor length, L, (m) 304.224
Number of poloidal gield periods, 2 2
Number of toroidal field periods, m 16
Number of coils, N 2
Plasma major radius (m) 27 .87
Plasma minor radius, r_ (m) 2.30
Plasma volume, V (m3)p 2909.74
Magnetic axis (ms 27.891
Semiminor radius b) (m) 1.685(2.302)
Semimajor radius(P) (m) 2.936(2.401)
Limiter radius (m) 3.160
On-axis field, Bo (T) 5.71
Well depth (%) -2.11
Peak field at coil, By (T) 12.47
On—-axis ripple, €(0)7% <9.73
Edge ripple, e(rx )% 25,61
On-axis transform, +(0) 0.569
Edge transform, «(r ) 1.469
Stored magnetic energy, E,, (GJ) 609.64
Peak radial force, f_ (MN/m) 151.04
Peak lateral force, fg (MN/m) 18.90

(@)5. = 19 ma/m2.
(b)Under a key coil and half a field period away.
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TABLE 3.5-5

TR-B3 MAGNETICS RESULTS

PARAMETER UNI%O STEP%E? STEP%E?
3.2 3P 3P
c c c

Design <B> 0.08 0.08 0.08
Coil type Torsatron Torsatron Torsatron
Pitch parameter, Y 0.365 0.365 0.388
Normalized distortion, d/rC NA NA NA
Distortion coefficients:

a; NA NA NA

a, NA NA NA

as NA NA NA

a, NA NA NA

ag NA NA NA

aé NA NA NA
Conductor major radius, Ry (m) 23.0 23.0 23.0
Conductor minor radius, r. (m) 2.3 2.3 2.3
Conductor aspect ratio, A = RT/rc 10.0 10.0 10.0
Total coil current, I (MA 35.7 35.7 35.7
Conductor cross section (m x m) 0.994 x 1.889 0.994 x 1.889 0.994 x 1.889
Conductor length, L  (m) 461.405 461.405 461.57
Number of poloidal gield periods, £ 2 2 2
Number of toroidal field periods, m 25 25 25
Number of coils, N 1 1 1
Plasma major radius (m) 22.990 23.271 22.989
Plasma minor radius, r_ (m) 0.574 0.572 0.573
Plasma Volume, V (m3)p 149.47 150.08 148.89
Magnetic axis (m 23.002 23.303 23.001
Semiminor radius c) (m) 0.448(0.533) 0.433(0.572) 0.446(0.559)
Semima jor radius(c) (m) 0.717(0.641) 0.721(0.615) 0.721(0.612)
Limiter radius (m) 0.758 1.01 0.762
On-axis field, B  (T) 7.72 7.50 7.64
Well depth (%) -0.46 0.019 -0.16
Peak field at coil, By (T) 12.01 12.09 12.14
On-axis ripple, €(0)% <4.65 <10.23 <4.62
Edge ripple, e(xr )% 10.90 15.40 10.23
On-axis transform, +(0) 1.861 1.872 1.479
Edge transform, *(rp) 2.357 2.034 1.847
Stored magnetic energy, E, (GJ) 252.03 252.03 252.03
Peak radial force, f (MNym) 107.16 110.57 112.25
Peak lateral force, £, (MN/m) 12.35 13.51 11.82
(2)5_ = 19 ma/m2.
()4, = 12.04 MA/m2 for 0 < t < 0.519; j, = 22.43 MA/m2, 0.519 <t < 0.811;

and j. = 32.83 MA/m?2, 0.811 < t < 1.0; where the fraction t is measured

radialiy through the conductor cross section.

(¢)ynder a key coil and half a field period away.
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and 3.5-5. These flagship design points were to serve as the framework for a
detailed intercomparison of modular versus continuous-coil and low- versus
high- beta operation on the basis of four relatively well-characterized
designs. Only the MSR-IIB design point has been defined well enough to be
reported in Sec. 4., although the features of the other flagships would be
similar. Key magnetics parameters (Sec. 4.) are summarized here in Tables
3.5-2 through 3.5-5. The wuse of higher harmonic winding-law components
results in BCM/Bo values which are locally higher than values predicted by
Eq. (3.4-13). A self-consistent i{iteration of the present models would
therefore require an adjustment on this point.

Torsatron coils have lower peak lateral forces than the MSR cases (i.e.,
9-12 MW/m versus 25-33 MW/m) and hence require less structural support between
coils, but the fabrication and maintenance questions are more difficult,
unless life-of-plant coils can be postulated. Relatively few MSR toroidal-
field periods (m = 4) allow radial rotational transform profiles, +(r), in the
ranges 0.5-0.4 (MSR-IIA) and 0.7-0.9 (MSR-IIB), providing significant non-zero
transform on-axis, avoiding rational surfaces within the plasma, and with the
addition of appropriate higher harmonics into the coil winding law,69
providing significant positive shear at the plasma edge (MSR-IIB). Except for
the out-of-plane winding, the internal coil technology is comparable to other
recent superconducting fusion reactor system designs (Sec. 5.2.).

Radial energy transport in both MSR systems is assumed conservatively to
scale as 1 = 3.0(10)~ 2! <n>r§ (i.e., 40%Z reduced Alcator scaling). This
results in similar confinement to that of UWTOR-M.37 Use of the Alcator
scaling relation allows convenient minimization of the <B>Bgrp ignition
parameter, which is 2.94 T2 m and 2.79 T2 m at <T> = 8 keV for the respective
design points, reflecting a higher trapping of fusion-product alpha-particle
energy in the higher aspect ratio MSR-IIB case. The higher beta of the

for a <B>B2r

MSR-IIB case is reflected directly in a lower plasma radius, Tos oTp

value fixed by ignition and nrg scaling.

The 1lower plasma radius for MSR-IIB allows the concentric annuli of
blanket/shield/coil to be reduced in minor radius, giving higher system power
density, PTH/Vc’ and 1lower fusion-power-core mass, M. Impurity control is
assumed to be provided by a pumped limiter,’37* although divertors are also
generally compatible with the design. Routine MSR maintenance and replacement

of limiter/first-wall/blanket components would be accomplished without moving
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modular coils to promote high plant availability. The coils in the MSR-IIA
and MSR-IIB configurations cover 35%Z and 4l17%, respectively, of the outer
blanket/shield surface area, compared to 34% and 417 for torsatron systems
designed to similar constraints (i.e., same, PTH’ Ry, Bo).

The MSR-IIB design point has been subjected to more detailed engineering
design analysis with particular emphasis on the FPC. This effort is described
in Sec. 5. The Appendix contains a detailed parameter list for the MSR-IIB
design point.
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4. VACUUM MAGNETICS

An integral element of this stellarator reactor study is the capability
to determine the rotational transform resulting from a given coil
configuration. Such a capability existed at the beginning of this study in
the form of the computer codes EFFI! and BARC.Z2 Both of these codes were
thought to be impractical for performing the kinds of parametric studies and
design point iterations/refinements envisaged for this study because of the
prohibitive amount of computer time required to trace a field line far enough
to generate a flux surface (~1/2 Cray hour per surface using EFFI). The
problem created by requiring coils to be constructed from 'rectangular"
blocks, which is common to both codes, dictates that stellarator coils be
composed of many (>90) such blocks for the sake of accuracy, thereby
contributing to the long execution time. In addition, the more widely known
and used EFFI code requires a preprocessor to provide the coil geometry and a
postprocessor to deduce the average rotational transform from a field-line
tracing. Consequently, the development of a single "fast" code that performs
all aspects of the rotational transform calculations was necessary. The end
product of that effort is the TORSIDO code. A discussion of this code and the
techniques employed to enhance both its speed and accuracy are presented in
Sec. 4.1. The accuracy of TORSIDO can be gauged by the results presented in
Sec. 4.2. on code verification and benchmarking. The bulk of the magnetics
effort associated with this study used TORSIDO to iterate upon and refine the
four flagship design points. These flagships are a high- and low-beta version
of the Modular Stellarator Reactor (MSR) and a high- and low-beta version of a
torsatron; both are described in Sec. 4.3. Finally, a discussion of ways to
improve the coil performance of the MSR concept using parametric studies is
presented in Sec. 4.4. for the benefit of future studies. Sections 4.l1. and
4.2. can be by passed if a direct continuation of the MSR reactor-design
study per se is desired.
4,1. TORSIDO Code Methodology

4.1.1. Magnetic Field and Vector Potential Calculations. In developing

an algorithm for calculating the vacuum magnetic field in a stellarator, the
most difficult task is to provide the capability to handle the broad range of
stellarator coil shapes while ensuring a reasonably high degree of accuracy.
To accommodate arbitrary coil shapes, the coil geometry must be correctly

specified. The prescription adopted for the TORSIDO code is that the winding

107



laws for all the coils are provided in the form of user-coded formulae of a
single dependent variable, s. The only stipulation wupon s 1is that it
monotonically trace the current path of a coil. A winding law consists of a
vector  function, ;(s), that defines a coil centroid; the tangent,
;(s) = d;(s)/ds; and a vector function, g(s), that denotes the radial
direction for winding the co0il and is orthogonal to ;(s). A unit normal,
ﬁ(s), is constructed from the normal, ﬁ(s), by the definition of a wunit
vector, ﬁ(s) = g(s)/lﬁ(s)]. By restricting coil cross sections to a
rectangular shape, the coil geometry is completely specified with the addition

of a unit binormal, G(S), defined as

ey = 10 x o)

- . (4.1-1)
IT(s) x N(s)|

+
Then, an arbitrary location, u, within a coil is given by

o = P(s) + wl(s) + 2(s) (4.1-2)

where the scalars w and £ denote the distances from the coil centroid measured
along the normal and binormal, respectively. Note that for a coil with a
cross section of dimensions § by §,, a trace of the coil edges is obtained by
setting w = 2§ /2 and £ = iillz in Eq. (4.1-2).

The magnetic field, B, at a point X is given by the following

generalization of the Biot-Savart law.3

adu , (4.1-3)

where 3E(J) is the local conductor current density in a coil. Assumming that
the current-density variations occur only through the cross section (i.e., ﬁc

is independent of s) and the current at any point in the cross section flows
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+
in the direction of the local tangent, dﬁ/ds, which is parallel to T(s), the
g s

vector current density is given by

F.@) = 3. (2,w) _du/ds (4.1-4)
|dd/ds |

ES
Using Eq. (4.1-2) and the definition of T(s), the local tangent is

. (4.1-5)

The calculation of dﬁ(s)/ds and dG(s)/ds can be obtained numerically by a
cubic spline fit* to ﬁ(s) and B(s). The magnetic field resulting from a
single coil can be expressed as the following double integral over the cross

section and a single integral along the current path

B = 20 fd&faw 3. (&,w) [ds SO CEROR
i Jo (X 1= > 2.3 (4.1-6)
Ix — ul
where the infinitesimal volume element, d3u, has been taken to be
da
ddu = Il ds dt aw . (4.1-7)
s

The factor |dd/ds] in Eq. (4.1-7) accounts for the variation that occurs in an
infinitesimal element of arc length, measured along the 1local path of the
current, when either £ or w in Eq. (4.1-2) is varied for fixed s. If a coil
has no cross section [i.e., a line current with jc(l,w) =1 6(2) 6(w), where
8(2) is the Dirac delta function and I is the current flowing in the
filament], then the magnetic field resulting from this single coil is given by

the single integral equation
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> u.I > > _ >
B(X) = > [ds T(s) x x -0 . (4.1-8)
4 1% - 23

The total magnetic field resulting from all coils is obtained by summing the
magnetic-field vectors from individual coils.

All the integrals in Eqs. (4.1-6) and (4.1-8) are performed numerically
by the TORSIDO code. The vector capability of modern computers can be
utilized by writing the integral of an arbitrary function, £(t), as the

following dot product.

n + >
Jdt £(t) =121 f(t;) gy =f 8 , (4.1-9)

where gy and t; are the appropriate weights and abscissas for a given
quadrature integration technique and n is the number of integrand samples.
Performing integrations according to Eq. (4.1-9) also permits the tabulation
of the integrand, £, in vector format. The integration methods wused in
TORSIDO are 4th—-order closed-type Newton-Cotes® method for the integration
over s in Eqs. (4.1-6) and (4.1-8) and Gaussian quadrature® for the
integrations over £ and w in Eq. (4.1-6).

The accuracy of the integration in Eq. (4.1-9) is determined by the

smoothness of the integrand and by the step size, tiy; — ¢ and hence n.

i»
Because the smoothness of the integrand in Eq. (4.1-6) is potentially a strong
function of the distance between the point where the field is to be evaluated
and the coil (i.e., |§ - ﬁl), the n for each of the integrations can be made a
function of the distance |%X - U| without sacrificing accuracy. The monitoring
of |X - Ul requires the definition of a coordinate system.

TORSIDO employs two coordinate systems: a standard Cartesian (i.e., x, y,
and z) and a left-handed cylindrical (i.e., R, ¢, and z) coordinate system.
Both systems share a common origin that coincides with the center of the array
of magnets to be simulated and a common 2z axis. The Cartesian coordinate
system facilitates the writing of the winding laws [e.g.,
;(s) = Px(s)f + Py(s)3 + Pz(s)ﬁ, using standard Cartesian notation]. The

cylindrical coordinate system is a natural consequence of the assumption that
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all coils are arrayed toroidally. The equatorial plane of the coil set is the
z = 0 plane in either coordinate system. The major radius, Ry, of the coil
set is then measured along the R coordinate. The toroidal angle, ¢, is
measured clockwise from the y-axis, as shown in Fig. 4.1-1. The beginning of
the first field period coincides with the ¢ = 0 plane and the end of the
period with the ¢ = 27/m plane, where m is the number of field periods. The
winding laws need only be given for those coils within a field period, thereby
reducing computer storage requirements. Furthermore, TORSIDO requires the
winding laws be written as if the coil plane for each coil in a field period
coincided with the ¢ = 0O plane. When TORSIDO calculates the contribution to
the field at the point % from a coil at a particular 1location around the
torus, the point X is rotated by the appropriate integer multiple of 2m/N,
where N is the total number of coils, to simulate the same relative position
of X and the coil. Deviations from equal coil spacing must be factored into

the winding laws.

CONDUCTOR
SEGMENT
A

—_— N

Fig. 4.1-1. The Cartesian and cylindrical coordinate systems employed by the
TORSIDO _ vacuum magnetics code. Also shown are the vectors P, T,
N, and b for a segment of an arbitrary coil.
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The cylindrical coordinate system is used for monitoring the quantity
1% - dl. The point ¥ is associated with the toroidal location of the closest
toroidal-field (TF) coil, expressed as an integer multiple of 2m /N.
Similarily, 4 is assigned a toroidal location. Then 1% - 4] is expressed as
an integer multiple of 27/N ranging from zero to N/2. TORSIDO requires a
user-specified a set of n’s for both the Gaussian quadrature and the Newton-
Cotes method plus corresponding sets of integers indicating the range over
which the n’s are applicable, expressed as multiples of 27/N. TFor example,
the first element of the Gaussian set of ns may be a 12 and the second
element a 6, whereas the corresponding set of integers has a 0 and a 2 for the
first and second elements, respectively. These sets indicate that in the
calculation of the field at the location, U, resulting from the coil closest
to 3, a 12-point Gaussian quadrature is used to evaluate the integrals over £
and w in Eqs. (4.1-6). Then for the calculation of the field at a resulting
from the next two coils on either side toroidally of the coil closest to 4, a
6-point Gaussian quadrature 1is used for the same integrals in Eq. (4.1-6).
The number of elements in the sets must also be specified by the user. If the
last element in the set of integers corresponding to the Gaussian set of n’s
is less than N/2, then Eq. (4.1-8) is used to calculate the contributions to
the field at U from the remaining coils not covered by the two sets. The
notation for depicting these sets is {0,2]2,6}.

In addition to the calculation of the magnetic field, the vector
Eptential is also calculated. The general definition of the vector potential,

A, at the point X is given by3

> u 3@
AR) = 213 —C 4% . (4.1-10)
)% - ql

From the same assumptions used in deriving Eq. (4.1-6) for the magnetic field

from a coil of finite cross section Eq. (4.1-10) is modified as follows

> u >
A = 22 fag faw j (2,0 [as S8/d8 (4.1-11)
4m ¢ 1% - a1
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. The vector potential resulting from a line current coil with current I is then

analogously written as

> u.I
A = 2> [ds T(s) | (4.1-12)
I > >
Ix ~ ul

All of the aforementioned techniques for evaluating the magnetic field
according to Egs. (4.1-6) and (4.1-8) apply to the vector field calculations
of Eqs. (4.1-11) and (4.1-12). As with the magnetic field calculations, the
total vector potential from all coils is obtained by summing the vector
potential from individual coils.

4.1.2. Coil Calculations. Several calculations to aid in the design of

a c¢o0il set are possible based on the capability to calculate vacuum magnetic
fields and vector potentials. The following calculations are incorporated
into TORSIDO: the length of the conductor, Les the forces acting on each coil;
the peak field at the conductor, Beys and the stored energy in the entire coil
set, Ey. The length of the conductor measured along the conductor’s center,

+
P(s), is given by

Lo = |d;(s)/ds| ds = fl%(s)lds . (4.1-13)

The electromagnetic forces calculated by TORSIDO are limited to the force
per unit length resolved into its components along the tangent, normal, and
binormal vectors of each coil; the net force acting on a coil resolved into
its Cartesian components; and the average force along the tangent, normal, and
binormal vectors. The prescription for calculating the forces is based wupon
the following expression for the differential force, d;, acting on an

infinitesimal element of volume, d3u, located at 4 within the coil:3

<>

aF@) = 1@ x B@) ddu (4.1-14)

.)
‘ where B(ff) is the magnetic field resulting from all coils. To avoid a

>
singularity in the integrand of Eq. (4.1-6) when evaluating B within a coil
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for the above equation, |X - @) in the denominator of Eq. (4.1-6) is not
permitted to be smaller than the finest spacing used for evaluating the
integral along s. If the volume element 1is resolved into its components
(i.e., d3u = |dd/ds| ds df dw) and Eq. (4.1-4) is used for the current
density, Eq. (4.1-14) becomes

ES

aF () = 3o (2,w) {%% x E(ﬁ)}ds e aw . (4.1-15)

Integrating Eq. (4.1-15) across the cross section yields

>

d?(s) = dsfd2fdw 3 (8,w) {gg.x E(ﬁ)} . (4.1-16)

Then the force per unit value of the dependent variable s is given by

>
dF(s)
ds

= [d2fdw 3 (2,w) {gg x E(G)} . (4.1-17)

+
The force per unit length, f, is obtained by dividing Eq. (4.1-17) by the
>
infinitesimal length of the conductor, |T(s)|. That is,

> > -1 dﬁ >,
£ = 1T(s)I17! [dafdw 3.(2,w) {E;.x B(A)} . (4.1-18)

The components of the force per unit length along the tangent, normal, and

binormal are given by

fo=t ..;2&51_ , (4.1-19)
IT(s)|
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+ o)

f.o=1f » N(s) , and (4.1-20)
* A

f,=1f *b(s) , (4.1-21)

respectively. The Cartesian components of the net body force are given by

>
integrating the Cartesian components of dF(s)/ds along s; i.e.,

R

F, = Jas £ L1 (4.1-22)
>

F, = [ds diﬁf) -3, and (4.1-23)
>

F, = Jas E L L (4.1-24)

Similarly, the average force along the tangent, normal, and binormal

directions are given by

k> = fas FEE) E(S) , (4.1-25)
IT(s) ]
> = fas £ i), and (4.1-26)
F(s)
_ dF(s) > -
<Fp> = [ds = b(s) , (4.1-27)

respectively. The convention adopted in this study is to take the normal
vector to be radial, then <Fr> is analogous to the average radial force for a
circular coil and <F,> measures the average force acting to distort the coil

away from the coil plane.
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The numerical methods wused for evaluating the integrals over the cross
section in Eqs. (4.1-17) and (4.1-18) and along s in Eqs. (4.1-22) through
(4.1-27) are the same methods employed for evaluating similar integrals over
the cross section and along s appearing in the magnetic field and vector
potential calculations of Eqs. (4.1-6) and (4.1-11), respectively. The number
of integrand samples, n, for the cross—-sectional integral and for the integral
along s 1is taken to be the first element in the set of n for the Gaussian
quadrature and Newton—-Cotes methods, respectively. Hence, the calculation of
the magnetic field from the coil for which the forces are to be calculated is
necessarily as accurate as the resulting force calculation because there is no
difference in the number of integrand samples used in calculating either the
magnetic field using Eq. (4.1-6) or the force from Eq. (4.1-18).

The peak field at the conductor, By, 1is calculated using Eq. (4.1-6)

evaluated along the conductor surface, S, as defined by
> > ~ ~
S(s, L) = P(s) - GWN(s) + 2b(s) , (4.1-28)

where & 1is 1limited to the range —-% §g 2 ¢ %-62. The same scheme is used

for choosing the locations for s and for choosing the locations for sampling
the integrand of Eq. (4.1-6) along s. Only the second element of the set of n
for the Newton-Cotes method is used, whereas the scheme for & takes the
locations corresponding to a Gaussian quadrature with twice the number of
points indicated by the first element in the set of n for the Gaussian
quadrature along £ and w in Eq. (4.1-6). The singular nature of the integrand
of Eq. (4.1-6) introduces oscillations in E as the conductor surface is
traversed. These oscillations are an artifact of the numerical evaluation of
Eq. (4.1-6) and are most pronounced in the £ direction on the surface. Then,
the proceedure for calculating BCM is to splige fit E along s for a given &
and determine the maximum in the spline fit to B. Because the maxima for
adjacent values of £ may not be connected by a ridge of maxima if £ were
permitted to vary continuously between two adjacent discrete values of &, a
fit to these maxima in £ is of no use. Consequently, Beoy is taken to be the
largest maximum with the accuracy of Bem ensured by choosing a large number of

samples in £.
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‘ Treating the coils as line currents to calculate the stored magnetic
energy is sufficient for the purposes of this study. The stored energy in the

ith jine-current coil is given by3
E, = i fX(x?) . dv (4.1-29)
> — —2— i [y .

>
where V is the vector along the current and the vector potential, A(%), is
calculated from all of the coils. Upon centering all of the current in a coil
of finite cross section at the coil center, the scalar v can be replaced by s

in the notation adopted for the winding law and

ds = ;(s)ds . (4.1-30)

Then, Eq. (4.1-29) becomes

E; = 11i f{Z(;(s)) . ;(s)}ds . (4.1-31)

N

+
The same constraint on l§ - 4] wused in the calculation of B for the force
>
calculations is used here for evaluating A within the coil. The stored energy

in the entire coil set is

N

E = E. ) (401_32
M 121 i )

where N is the total number of coils in the coil set. The integral in
Eq. (4.1-31) is evaluated using the second element of the set of n for the

Newton-Cotes method.
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4,1.3. Flux Surface Calculations. The flux surface calculations include

the tracing of a field 1line for a distance sufficient to generate a surface
plus those calculations which characterize the physical and magnetic
attributes of the surface. Also calculated by TORSIDO are: the volume of the
flux surface; its centroid; its semimajor and semiminor radii measured under
the key coil, which determines the beginning or end of a field period, and in
the center of a field period; and the radius of the largest circle centered on
the coil axis, which is tangent to a point on the surface without intersecting
the surface elsewhere and corresponds to a poloidal 1limiter radius. In
addition, TORSIDO calculates the following magnetics parameters for each
surface: the rotational transform, +; the magnitude of the field as measured

by <B>2; and the ripple in the magnetic field, €.
6

The field 1lines are generated from the following conditions,® expressed
in the c¢cylindrical coordinate system used by TORSIDO.

_d_li = B‘_i.?. and (4-1—33)

BR B¢

_d_z_ _ Rd¢ . (4.1-34)

Bz B¢

Equations (4.1-33) and (4.1-34) are solved simultaneously for R(¢) and z(¢) by
a 4th order Adams predictor-corrector algorithm7 with a scheme for halving or
doubling the step size based upon a user-specified error tolerance band. A
4th order Runge-Kutta method” 1is used as a starter. The user also has the
option of using a modified Adams method” (also known as the Adams-Moulton
method) in place of the Adams method. However, the modified Adams method does
not ensure numerical stability of the solution and was consequently not used
in this study. The halving of the step size is bounded by requiring the user
to specify the maximum number of uniformly spaced toroidal grid points that
the code may use in solving Eqs. (4.1-33) and (4.1-34) in a toroidal range of
2n/N, (i.e., between two adjacent TF coils). Similarly, the doubling of the
step size 1s Dbounded by requiring the user to specify the minimum number of
uniformly spaced toroidal grid points between adjacent coil planes within a

field period that are to be retained in computer memory for constructing the
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flux surfaces. The integer number of field periods over which Eqs. (4.1-33)
and (4.1-34) are to be integrated is also user specified.

The volume, V, of a flux surface 1is calculated by integrating an
infinitesimal volume element, d3v, over the volume of a flux surface. Upon
introducing a third, polar coordinate system (i.e., r and 6) for the cross

section of a flux surface intersecting a constant ¢ plane, then

d3v = rde dr Rd¢ . (4.1-35)

An estimate of a local cross-sectional centroid, R,, can be made by averaging

the radial locations of the field lines in a cross section; then

R =R, +r1cos 6 . (4.1-36)
Integrating Eq. (4.1-35) for the volume yields

Ry (¢) + r(6,¢)

V= [d¢[d6 r2(s,¢) { 5 3

cos 8} , (4.1-37)

where the dependencies of r and Ro upon 6 and ¢ have been expressed explicitly
and the integral over r has been performed analytically. The integral over ©
is done numerically by TORSIDO using the trapezoidal rule® in case the cross
section has a irregular shape. The user has the option of invoking top-bottom
symmetry about the middle of a field period that is applicable for some
winding laws to double the number of integrand samples for the 6 integration.
The integration over ¢ is performed by integrating a cubic spline fit* to the
results of the 6 integrations as a function of ¢.

The centroid, <R>, 1s obtained by averaging R over the volume in

accordance with

R> =Vl [Rd%v . (4.1-38)
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If Eq. (4.1-36) is used, analytical integration over r modifies Eq. (4.1-38)

to the form
<R> =Vl [d¢fde r2(e,)

R, 2(¢)
Lil__f_ 2 Efﬁglil- cosze}. (4.1-39)

5 + §-r(6,¢)RO(¢) cos 0 +

The same numerical techniques for integrating Eq. (4.1-37) are used by TORSIDO
for integrating Eq. (4.1-39).

An average plasma minor radius, Iy can be obtained from V and <R> by

ro= [ 1Y%, (4.1-40)

2w 2<R>

which is consistent with the reactor modeling assumption for Sec. 3.4. for a
plasma torus of circular cross section. The semimajor and semiminor radii are
calculated under the key coil and in the center of a field period by searching
for the R and z extrema of the field-line locations previously stored for the
appropriate constant ¢ planes. The limiter radius is calculated by searching
for the r extremum of the field line locations previously stored for all the
constant ¢ planes using the major radius of the coil set as the polar
coordinate origin.

The rotational transform, t+, is obtained by calculating the ¢-6 history
of a field line only from its intersections with the coil plane under the key
coil. A cubic spline fit" is then made of ¢ as a function of 6. Because the
cubic spline fit is least accurate near the end points of the 6 range, the
last two points in 6 are discarded for the t+ calculation. The integer number,
Ipr’ of poloidal revolutions of the field line in the shorter, more accurate 6

range is calculated. Then the rotational transform is calculated as

2'rrIpr

= s 4,1_41
* o(2nI, + 6,) - ¢(8,) ( )
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where 60 is the first 6 point in the ¢-6 history. A second calculation of =
‘ is performed for purposes of checking the accuracy of the above calculation.
The second calculation drops the first two points in 6 in addition to the last

two. Then, a second number, I7

pr? of poloidal revolutions is calculated and

the transform is calculated as

2m 12
4 = pr

- , (4.1-42)

where 61, is the third 6 point in the ¢-6 history. A comparison of the

results of Eqgs. (4.1-41) and (4.1-42) will reveal as a minimum (i.e.,

Ipr = Isr) the effect of staggering the starting location in the + measurement
and as a maximum (i.e., Ipr = IBr + 1) the effect of changing the field line

length over which 4+ is measured.
A number of methods exist for measuring the magnitude of the magnetic

field on a flux surface. The method® adopted here is

/Bd %
Jda/B

<B>2 = . (4.1-43)

The expressions for del and fdz/B are obtained by integrating the following
equations along a field line trajectory simultaneously with Eqs. (4.1-33) and

(4.1-34):
fl_;'_ - Rd¢ and (4.1-44)
¢
2
BdY = BBR‘“’ X (4.1-45)

The integrals over the field line length, &, in Eq. (4.1-43) are performed
over the same toroidal range as that wused in the calculation of ¢+ by

. Eq. (4.1-41). Obtaining the same toroidal range is accomplished by fitting a
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cubic spline“ to the integration results of dez and de/B parameterized as
functions of the length of integration expressed in increments of 2m/m. The
above method insulates the results for Eq. (4.1-43) from variations in [Bdf
and [d%/B that occur within a field period.? The <B> profile is often
distilled into a single parameter termed "well depth," which 1is calculated
here as (<B(r = 0)>/<B(r = rp)>) - 1.

The ripple, €, on a magnetic surface is found by keeping track of the
extrema in the 1local magnetic field along its entire trajectory. The

definition of the ripple adopted here is computed10 as

_ Bmax ~ B

} B ’

€

where the subscripts '"MAX" and "MIN" denote the maximum and minimum values of
B encountered along the field line.
4.2. TORSIDO Code Verification/Benchmarking

Among the best methods for verifying a code is the comparison of code-
generated results with a separate analytic calculation. An applicable
analytic problem for benchmarking TORSIDO is the calculation of the magnetic
field along the coil axis resulting from a planar, circular hoop current. The

corresponding analytic expression is given by3

2
pIr
B(z) = ° ¢ , (4.2-1)
2(1.(:2 + z2)3/2

where r. is the radius of the hoop, I is the current in the hoop, and z is the
distance from the coil plane. To exercise fully the capabilities of TORSIDO,
the code should simulate a coil that has been rotated 45° about the y-axis,
corresponding to a laterally distorted coil with a poloidal periodicity,
L =+1. The winding law for such a coil is given by the Cartesian components

of P(8):
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- 92—1/2
Px(e) =2 r, sin 6 , (4.2-27)
Py(e) =Rp-r,cos 6 , and (4.2-2B)
P,(0) = 2712 ¢ sin o . (4.2-2C)

+
The components of T(8) are

T,(8) = 2712 1 cos 68 , (4.2-2D)
Ty(e) = r, sin 8 , and (4.2-2E)
T,(8) = 2" 1/2 r, cos 8 ; (4.2-2F)

+
and the components of N(8) are

Nx(e) = Px(e) s (4.2-2G)
Ny(8) = - 21/2 17 (8) , and (4.2-2H)
N,(8) = P () . (4.2-21)

In Eq. (4.2-2) the poloidal angle, 6, is measured clockwise from the
equatorial plane on the inboard side of the coil. The introduction of a coil-
center major radius, Rp, into Eq. (4.2-2) does not affect the calculation.
The field is then calculated for I = 4.42 MA, r, = 5.4 m, and Rp = 23.24 at
z =1, in Eq. (4.2-1) and at z = 2"“2rC and x = 2_1/21'c in TORSIDO; and the
results are presented in Table 4.2-1 for two values of the number, =n, of
integrand samples used in evaluating Eq. (4.1-8). Excellent agreement between
TORSIDO and the analytic expression is found for the hoop current problem.

An analytic expression can be generated for the same problem but for a
coil of finite cross section. Replacing the current in Eq. (4.2-1) with

I = j,dzdr and integrating over the coil cross section yield
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Mo de r, + /2 + [(r, + 2/2)2 + (z + £/2)2]1/2

B(z) = (z + 2/2)8&n
r, - /2 + [(x, - 2/2)2 + (z + 2/2)2]1/2

[

r, - 4/2+ [(x, - 2/2)2 + (z - £/2)2]1/2
+(z - £/2)4n , (4.2-3)
r. + 2/2 + [(x, + 2/2)2 + (z - 2/2)2]1/2

+

where the coil cross section is £ x £ and the current density is jc = 1/22.
The results for the same case as in Table 4.2-1, but for a finite cross-
section coil are presented in Table 4.2-2 for various values of the numbers,
ny and ng, of integrand samples wused by the Newton-Cotes and Gaussian
quadrature methods, respectively, in evaluating Eq. (4.1-6). Although the
agreement between TORSIDO and the analytic expression for the coil of finite

cross section is not as good as that for the hoop current case, the agreement

TABLE 4.2-1

BENCHMARKING TORSIDO AGAINST THE ANALYTIC RESULT
FOR A PLANAR, CIRCULAR HOOP CURRENT

B(T)
n TORSIDO ANALYTIC
33 1.81829098024634 1.81829098024630
65 1.81829098024632
TABLE 4.2-2

BENCHMARKING TORSIDO AGAINST THE ANALYTIC RESULT FOR A
PLANAR, CIRCULAR COIL OF FINITE CROSS SECTION

B(T)
ny ng TORSIDO ANALYTIC
65 3 1.8208498806419 1.8205220555514
65 6 1.8208498760041
65 12 1.8208498760039
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is more than sufficient for the calculations TORSIDO was designed to perform.
The major source of the discrepancy is that dﬁ/ds and dG/ds in Eq. (4.1-5) are
calculated numerically.

In addition to comparing TORSIDO with analytic calculations, TORSIDO was
benchmarked against EFFI! and the EBT magnetics code.l! The results for the
magnetic field in a coil plane of a set of 18 planar, circular TF coils with
minor radius, r, = 5.4 m; major radius, Ry = 23.24 m; current density,
o = 12.9 MA/m2; and current, I = 44.2 MA, are presented in Table 4.2-3. The
winding law used by TORSIDO for this calculation is given by

P.(6) =0 , (4.2-4A)
Py(8) = Rp = 1, cos 0 , (4.2-4B)
P,(6) = r_ sin 6 , (4.2-4C)
T,(8) =0 (4.2-4D)
Ty(®) = r, sin 68 , (4.2-4E)
T,(8) = r, cos 6 , (4.2-4F)
N(8) =0 , (4.2-4G)
Ny(8) = - T,(6) , and (4.2-4H)
N,(8) = T (0) . (4.2-41)

The poloidal coordinate system of Eq. (4.2~2) is used in Eq. (4.2-4). The
Gaussian set of n has been taken to be {1|3} and for the Newton-Cotes set,
{1,2,9165,33,17}. The coils are constructed of 45 rectilinear blocks for the
EFFI results. The EBT code used a 6 x 6 hoop current grid for the
calculation,

The differences between the EBT and TORSIDO results are very small and
result from numerical methods of essentially different order for integrating
over the cross section; the EBT code uses a less accurate method. The
differences between EFFI and TORSIDO results are ~1.5%, and are acceptable.
These differences arise from the EFFI requirement that all coils be
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TABLE 4.2-3
A CODE COMPARISON OF FIELDS IN A TF COIL SET

R B(T)
_(m) EFFI TORSIDO EBT
19.50 10.922 10.766 10.753
21.00 8.524 8.432 8.438
22.50 7.700 7.623 7.628
23.25 7.511 7.433 7.438
24.00 7.446 7.361 7.366
25.50 7.848 7.721 7.726
27.00 10.122 9.842 9.824

constructed from blocks of current that may overlap each other and represent a
linear approximation to a curve.

A second code comparison was made betwen EFFI and TORSIDO for a laterally
distorted TF coil set. The results for the magnetic field under a key coil
are presented in Table 4.2-4 for a set of N = 18 Rehker-Wobigl? coils
configured with a poloidal periodicity, £ = 2; a toroidal periodicity, m = 6;
a sinusoidal lateral distortion, d = 0.4rc; Rp = 23.24 m; r, = 5.4 m; Jo =
12.9 MA/m?; and I = 44.2 MA. The winding law used by TORSIDO is

P.(0) = d sin(%6 + 2mi/N) (4.2-54)
Py(e) = Rp - r, cos ] , (4.2-5B)
P,(8) =r, sin &8 , (4.4-5C)
T,(0) = 2d cos (26 + 2mmi/N) |, (4.2-5D)
Ty(e) = r, sin ] . (4.2-5E)
T,(0) = r, cos 6 s (4.2-5F)
N,(8) =0 , (4.2-5G)
Ny(e) = - Tz(e) . and (4.2-5H)
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N,(8) = T,(8) (4.2-51)

where i denotes the number of the coil within a toroidal field period and
1 {1i< N/m. The key coil corresponds to i = 0 or 1 = N/m. The Gaussian and
Newton—-Cotes sets of n for this calculation are {1}3} and {1,2,9}65,33,17},
respectively. For the EFFI results, the colls are constructed of 91 blocks.
The differences between EFFI and TORSIDO results for this case are ~17,
reflecting an increased resolution of the coils used by EFFI compared to the

resolution used for generating Table 4.2-3.

TABLE 4.2-4

A CODE COMPARISON OF FIELDS IN A LATERALLY
DISTORTED TF COIL SET

R By (T) B,(T)
_(m) EFFL TORSIDO EFFI TORSIDO
21.64 7.5314 7.5537 -1.2493 -1.2637
21.84 7.4663 7.4788 -1.0797 -1.0946
22.04 7.4068 7.4094 -0.9153 -0.9309
22.24 7.3519 7.3450 -0.7551 -0.7714
22.44 7.3011 7.2850 ~0.5980 -0.6153
22.64 7.2540 7.2291 -0.4433 -0.4618
22.84 7.2102 7.1771 -0.2903 -0.3101
23.04 7.1697 7.1288 -0.1382 -0.1597
23.24 7.1326 7.0844 0.0134 -0.0100
23.44 7.0988 7.0439 0.1654 0.1398
23.64 7.0689 7.0074 0.3181 0.2900
23.84 7.0431 6.9755 0.4724 0.4414
24.04 7.0220 6.9484 0.6288 0.5946
24.24 7.0064 6.9268 0.7881 0.7502
24 .44 6.9970 6.9115 0.9511 0.9090
24.64 6.9951 6.9033 1.1186 1.0719
24.84 7.0018 6.9034 1.2919 1.2399
25.04 7.0187 6.9132 1.4721 1.4141
25.24 7.0479 6.9345 1.6607 1.5961
25.44 7.0918 6.9695 1.8598 1.7874
25.64 7.1532 7.0209 2.0716 1.9903
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The results of radial force per unit length calculations are presented in
Table 4.2-5 for the same case as that in Table 4.2-4, The differences between
the EFFI and TORSIDO results are ~47%. The force per unit 1length along the
current, ft, was calculated by TORSIDO to be <0.01 MN/m. Because f, should
equal zero, then 0.01 MN/m represents a lower bound on the accuracy of the £,
and f£ calculations performed by TORSIDO. The reason f, is not zero is that
dN/ds and db/ds in Eq. (4.1-5) are calculated numerically.

The rotational transform calculations were verified first for the special
case of a rational surface where + is known. Agreement to five significant
digits was observed. In the course of this study, several chance
computational encounters of rational surfaces occurred. They all displayed
five significant digit accuracy. However, this result should not be regarded
as a general accuracy test because the results of + in both Eqs. (4.1-42) and
(4.1-43) agree to five significant digits only for these special surfaces.
For the 1input parameters used in this study, the two calculations generally
agree to three significant digits. Consequently, TORSIDO was benchmarked
against the EFFI result for the interim MSR design point of Ref. 13 and
reproduced the numerical result of + = 0.15 to the two significant digits
reported there. In addition, every MSR case run by TORSIDO includes an
analytic calculation of +.l3 These results are presented as part of the
TORSIDO calculations in Sec. 4.3.2.1. and 4.4. Agreement with the analytic
calculation becomes poorer as 4+ increases, which is caused by breakdown of the
approximations made 1in the analytic formulation. Consequently, the analytic

formula for 4+ is not a good benchmark.

TABLE 4.2-5

A CODE COMPARISON OF FORCES IN A
LATERALLY DEFORMED TF COIL SET

Poloidal f. (MN/m)
Angle
(Radians) EFFI TORSIDO
0 169.80 164 .46
w/2 144,29 148.77
™ 135.90 132.80
3n/2 144.23 148.76
27 169.80 164.46
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The calculation of the magnetic field strength, <B>, on a surface could
‘ only be benchmarked against the magnetic field calculated at various points on
or near the surface. Agreement to within the ripple, €, on the surface was
found, thereby crudely verifying both <B> and € calculations.
4.3. Design Point Selection

4.3.1. Ground Rules/Philosophy. The selection of design points should

be made ideally wupon the basis of orbit and equilibrium/stability
calculations. Because both types of calculations are beyond the resources of
this study, the design points must be selected upon the  basis of
vacuum-magnetics calculations and whatever guidance can be obtained from
experimental and theoretical efforts. The sources of the guidance followed
here included published literature,1“ private communications from the Advanced
Toroidal Facility (ATF) group at Oak Ridge National Laboratory, and the US-
EURATOM survey report.15 The guidance so accumulated has resulted in a set of
ground rules discussed below.

The existence of closed magnetic surfaces free of magnetic islands 1is
essential to both energy and particle confinement. The introduction of plasma
cannot be expected to improve flux surface quality. Consequently, the vacuum
magnetics should display closed magnetic surfaces free of islands. The
presence of rational-q surfaces (q = + !) within the plasma volume can
adversely affect stability and transport. Two approaches circumvent this
problem as evidenced !5 by the Wendelstein VII-A and Heliotron-E experiments.
The former possesses a flat transform profile and a magnetic well, whereas the
latter has strong positive shear (i.e., dt/dr > 0) in the vicinity of rational
surfaces and a magnetic hill. This study adheres to a philosophy based on a
desire for the strong positive shear, but it also makes every attempt to avoid

the major rational-q surfaces by seeking the following ranges for +:

1<+ , (4.3~14)
1/2 <2 <1 , and (4.3-1B)
1/3 <2< 1/2 . (4.3-10C)

The value of the vacuum transform sought from a coil set can be related to the
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average plasma beta, <B8>, at which a plasma of major radius, Ry, and minor

radius, r_, is expected to operate by (see Sec. 3.2.)

p

Rp <B>

4 = ( 1/2

) . (4.3-2)
p

Because Eq. (4.3-2) 1is viewed as accurate to within a factor of 2, it is
imposed here as a goal which need not be met strictly.

In addition to the above physics considerations, several general
engineering ground rules need to be imposed. The assumption of a 4-K, pool
boiling, He-cooled, superconducting Nb3Sn technology precludes a peak field,
Bcys, anywhere in the conductor in excess of 12 T. The conductor designs
je <19

MA/m?2, The shielding requirements of the coils necessitate a clearance

reported in Sec. 5.2. limit the average conductor current density,

between the plasma and the conductor of at least 0.9 m. Cost, construction,
and maintenance considerations led to the adoption of a design philosophy that
emphasizes simplicity, which in turn prohibits the use of auxiliary coils for
either torsatron or MSR designs. In addition, the coils have a circular bore
and are "identical." Finally, the winding laws must be realistic; that is, the
radius of curvature in any bend of a coil must be greater than half of the
coil thickness.

4.3.2. Modular Stellarators. One winding law for modular stellarators

that complies with the above design philosophy is given by

P (0) = r, 121 a; sin{1(26 + 2mmj/N)} , (4.3-34)
P(8) = Rp - r, cos 6 (4.3-3B)
P,(0) = r_ sin 6 (4.3-3C)
T, (0) = r, i§1 i%a; cos{i(26 + 2mmj/N)} , (4.3-3D)
T,(8) = r sin 8 , (4.3-3E)
T,(8) = r, cos 68 , (4.3-3F)
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N.(8) =0 , (4.3-36)
Ny(8) = - T,(8) , and (4.3-3H)
N,(8) = T (8) . (4.3-31)

In Eqs. (4.3-3), 2 is the number of poloidal field periods, m is the number of

toroidal field periods, RT is the major radius, r. is the coil minor radius, N

c
is the number of coils, a; are the harmonic coefficients of the lateral

distortion, and j denotes a coil position within a field period. All that

remains 1s choosing 2, m, Rp, 1 N, and the aj coefficients on the basis of a

C’
design rationale.

4.3.2.1. Modular Stellarator Sensitivity Studies. A series of sensitiv-

ity studies were performed to aid in the selection of the magnetics design
parameters. These sensitivity studies were performed about the base case
presented in Table 4.3-1. This base case possesses no particular significance
other than representing an early iteration with <> = 0.04 at Poy = 4 GWt.
Because it is close in parameter space to the MSR performance goal, the trends
displayed about the base case should be applicable for the final reactor

designs.

TABLE 4.3-1
MSR BASE-CASE DESIGN PARAMETERS FOR SENSITIVITY STUDIES
PARAMETER VALUE

Number of poloidal field periods, £ 2
Number of toroidal field periods, m 4
Major toroidal radius, Ry (m) 25
Coil minor radius, r, (m) 4,42
Number of coils, N 36
Lateral distortion coefficients:

ay 0.22

aj(i=2,3..., 6) 0
Current per coil, I (MA) 21.35
Conductor current density, j, (MA/m?2) 19.0
Conductor cross section shape square

131



The first parameter investigated for selection is &. The results of
changing 2 from two to three are presented in Figs. 4.3-1 through 4.3-3. A
comparison of the & = 2 flux surfaces in Fig. 4.3-1 with those for £ = 3 in
Fig. 4.3-2 reveals the £ = 3 case better utilizes the volume within the coil
bore. The lateral forces, fl’ and the conductor peak field, By, depicted in
Fig. 4.3-3 are larger, however for the £ = 3 case because of a decreased half-
width of an individual (lateral) distortion peak and a decreased distance
between distortion peaks. However, the critical factor in choosing £ is the
rotational transform, %, profile. For 2 2 3, the on-axis value of t+ is nearly
zero, resulting in an 4 profile which passes through one or more of the major
rational q surfaces [see (Eq. 4.3-1)], depending on the value of <B>
[Eq. (4.3-2)] chosen. Consequently, the selection of an £ = 2 design is
required by the ground rules of this study, following the work of Ref. 13.

The effects of varying m are displayed in Figs. 4.3-4 through 4.3-6. One
of the most striking effects in changing from m = 3 to m = 9 is the change in
the shape of the flux surfaces, as seen in Figs. 4.3-4 and 4.3-5,
respectively. The outer flux surfaces for m = 3 are highly elongated and of
an irregular shape, suggesting that the corresponding m = 2 case may have
islands. In sharp contrast, the flux surfaces for m = 9 display very little
elongation, being very nearly circular; a better utilization of the volume
within the coil results. The only other major differences resulting from
changing m are in the € and + profiles in Fig. 4.3-6. Changing the value of m
appears to be a very effective method of obtaining a desired level of «. The
consequences upon € and the implications for orbit calculations are a concern,
but this issue has not precipitated a constraint on € in this study. However,
the correlation between high € and high B,y provides an implied constraint on
€ through the condition that Bny < 12 T.

Parameterizations intended to illustrate the effects of varying the coil
aspect ratio can be obscured by toroidal effects on the field or changes in
coil spacing. This effect has been avoided in the coil-aspect-ratio
variations presented in Figs. 4.3-7 through 4.3-9 by requiring that N/RT be
held constant. The flux surfaces for Ry = 30.555 m in Fig. 4.3-7 are more
elongated than those for Ry = 11.111 m in Fig. 4.3-8, reflecting a higher
rotational transform. This pronounced correlation between high transform and
highly elongated flux surfaces pervades the MSR results, including the many

unreported cases examined in the course of this study. It should be noted
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€T

Figo 403-1.

The flux surfaces for £ = 2 as viewed in constant-¢ cross sections (frames a-g) and from
above the equatorial plane. The outer and inner bores of the FW/B/S appear as dashed lines
in cross sections and as solid lines in the equatorial-plane view. The outer bore of the
FW/B/S is determined by using an engineering current density, jc = 15.2 MA/mZ, which includes
a small ({ 0.1 m) provision for a coil casing. The FW/B/S thickness is nominally 1.25 m.
The flux surfaces appear as solid lines in the cross sections and as dashed lines in the
equatorial-plane view. Mod-B contours in increments of 0.5 T are included in all the frames.
The portions of the corners of a coil above the equatorial plane are drawn as solid lines in
the equatorial plane and those below, as dotted lines. Frame a corresponds to ¢ =0; b, to
n/18; c, to w/9; d, to w/6; e, to 2n/9; £, to w/4; and g, to 5w/18.
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Figu 1‘03"1.
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Fig- 4.3_10

(contd)
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Fig. 4.3-2.

The flux surfaces for % = 3 as viewed in the cross section under the key coil (frame a),
corresponding to ¢ = 0, and from above the equatorial plane (frame b). The same plotting
conventions used in Fig. 4.3-1 are used here.
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Minor Radius, r (m) Poloidal Angle, 8 (radians)

A comparison of parameters measuring plasma and coil performance

for & = 2 (squares and dashed lines) and £ = 3 (diamonds and
chain-dotted lines). A 1.25-m—thick FW/B/S, a 0.125-m-thick coil
casing, and half of the conductor are included in frames a, c,

The results of analytic calculations
of 4!3 are included in frame e as a dashed line for £ = 2 and a
chain-dotted line for % = 3. The poloidal angle in frames b, d,
and f 1is measured clockwise along the coil beginning at the
inboard side of the coil at the equatorial plane. Only the
results for the key coil [j = 0 or j = N/m in (Eq. 4.3-3)] are
presented in frames b, d, and f.

and e for scaling purposes.
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The flux surfaces for m = 3 as viewed in the cross section under the key coil (frame a),

corrrsponding to ¢ = 0, and from above the equatorial plane (frame b). The same plotting
conventions used in Fig. 4.3-1 are used here.



y(m)

Fig. 4.3-5. The flux surfaces for m = 9 as viewed in the cross section under

the key coil (frame a), corresponding to ¢ = 0, and from above
the equatorial plane (frame b).

The same plotting conventions
used in Fig. 4.3-1 are used here.
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Fig. 4.3-6. A comparison of parameters measuring plasma and coil performance
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= 6 (circles and chain-dotted 1lines), and m = 9
and chain-dashed lines). See the caption for
Fig. 4.3-3 for an explanation of other plot features.
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Fig. 4.3_70

The flux surfaces for = 30.555 m and N = 44 as viewed in the cross section under the key

coil (frame

a), corresponding to ¢ = 0, and from above the equatorial plane (frame b). The

same plotting conventions used in Fig. 4.3-1 are used here.
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Figo 4-3_80

The flux surfaces for RT =
coil (frame

same plotting conventions used in Fig. 4.3-1 are used here.

11.111 m and N = 16 as viewed in the cross section under the
a), corresponding to ¢ = 0, and from above the equatorial plane (frame b).
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that other parameterizations16 have demonstrated the existence of an optimum
rotational transform as a function of aspect ratio, albeit for 2 = 3.
Somewhat disconcerting is the observation that the well depth as seen 1in
Fig. 4.3-9 can be enhanced by lowering the aspect ratio. The forces and Bom
are larger for the lower aspect ratio cases because the increment in poloidal
phase between adjacent coils [Eq. (4.3-3A)] 1is increasing, resulting in
shorter distances between the peaks in the lateral distortion of adjacent
coils, which in turn enhances the field at these locations. Although the
plasma aspect ratio is determined by the gross thermal power and the transport
scaling (Sec. 3.4.), sufficient benefit exists in imposing the highest coil
aspect ratio afforded by the minimum FW/B/S possible.

Similar to the coil aspect ratio, parameterizations investigating changes
in the amplitude of the lateral distortion can be obscured by changes in coil
spacing and magnetic field. To avoid this situation, the 1lateral distortion
variations in Figs. 4.3-10 through 4.3-12 maintain both of the products of NI
and a;N constant. The most pronounced effect of increasing the lateral
distortion upon the flux surfaces is the increased elongation. When the flux
surfaces are highly elongated, they also display substantial deviations from
an elliptical cross section, as seen in Fig. 4.3-10, which in turn raises
questions regarding the possible existence of islands. Coincident with the
increased elongation of the flux surfaces, the transform has increased and the
volume utilization decreased. The increased distortion has also resulted
undesirably 1in the conversion of a magnetic well into a hill and in a
substantial increase in ripple. The increased ripple results in increases in
Bey and the forces on the coils. Had the number of coils not been adjusted
between cases, the ripple effects would have been even larger. Consequently,
a high N and a low 1lateral distortion reduces the deleterious effects of
ripple.

The final parameterizations performed for the MSR concept before arriving
at a design focused on varying the a;’s of Eq. (4.3-3A) without changing the
peak amplitude, d, of the lateral distortion. To limit the number of possible
combinations of ai’s investigated while ensuring a representative sampling,
the prescription for choosing the ai’s is based on the Fourier representations
of a 'square wave" and a '"saw-tooth wave'" shown in Fig. 4.3-13. Upon the
introduction of a factor of 1/i raised to a power for the purposes of damping

the Gibbs phenomenon17, the expressions for the ai’s are
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Figo 403_10.

The flux surfaces for a

= 0,33, N =24, and 1T = 32.025 MA as viewed in the
under the key coil (%r
(frame b).

cross section
ame a), corresponding to ¢ = 0, and from above the equatorial plane

The same plotting conventions used in Fig. 4.3-1 are used here.
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a; = 0.18, N = 44, and I = 17.468 MA as viewed in the cross section

Fig. 4.3-11. The flux surfaces for 1
coil (frame a), corresponding to ¢ = 0, and from above the equatorial plane

under the key
The same plotting conventions used in Fig. 4.3-1 are used here.

(frame b).
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Minor Radius, r (m) Poloidal Angle, 8 (radians)

A comparison of parameters measuring plasma and coil performance
allrC = 0.33, N =24, and I = 32.025 MA (pluses and chain-dashed
lines); al/rc = 0.2829, N = 28, and I = 27.45 MA (diamonds and
solid lines); a;/r, = 0.22, N = 36, and T = 21.35 MA (square and
dashed lines; aj;/r, = 0.18, N = 44, and T = 17.468 MA (circles

and chain-dotted fines). See the caption for Fig. 4.3-3 for an

explanation of other plot features.
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Fig. 4.3-13. The periodic functions upon which the models for determining the

a;’s of Eq. (4.3-3A) are based. The square wave is above and
the saw-tooth below.

a, = — and (4.3-4)

C2 sin imn
d, = — (4.3_5)
iZ

respectively. In this equation Cj is a normalization constant such that the
amplitude of the lateral distortion, [x(8)] < d/rc; v is a variable that not
only controls the damping of the Gibbs phenomenon but also how '"square" the
distortion is; and n is a variable controlling the location of the maximum

distortion. Equation (4.3-4) yields lateral distortions that are symmetric
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about the maximum distortion, whereas Eq. (4.3-5) yields a symmetric
distortion only when n = 0.5.

The first parameterization of the a;’s that was performed varies the
half-width of the symmetric distortion. 1In addition to the simple sinusoidal
distortion of the base case, the distortions for the case with a fuller
distortion, obtained by setting v = 2.5 in Eq. 4.3-4, and for the case with a
thinner distortion, with n = 0.5 in Eq. 4.3-5, are presented in Fig. 4.3-14.
The Gibbs phenomenon becomes a problem for values of v below 2.5, whereas
values above 2.5 show little distinction from the base case. The results of
varying the half-width of the symmetric distortion are presented in Figs.
4.3-15 and 4.3~16. Changing the fullness of the distortion has a noticeable
effect only on +, shifting the entire profile by an additive constant. The
flux surfaces in Fig. 4.3-16 are elongated, elliptical cross sections
consistent with higher transforms. The sharper distortion peak predictably

results in slightly higher fy and Boy.
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Fig. 4.3-14. The lateral distortion of the key coil as a function of poloidal

angle for the symmetric distortion parameterization. The
lateral distortion coefficients for the fuller distortion case
are a; = 0.2306, a, = 0, a3 = 0.0147, a;, = 0, ag = 0.0041, and
ag =0 (diamonds); for the base case, a; = 0.2200 and a, = aq =
a, = ag = ag = 0 (squares); and for the thinner distortion, a; =
(().lgil’ 32 = 0, 3.3 = -0-0212, al} = 0, 35 = 0.0076, and 36 =0
x’s).

150



MO T 40.0 [T T
‘ 3 £ 300
400 s FW/B/S | Coi 2 200
— F « 100
% 39.0 -
© 380 |- £ —10.0
F' & & & .
L £ 200
370 3
E 8 -30.0
36.0 o I DR U BTN PO G A 40.0 FRVEVEEN RV R SR EN ARV SR BT SR R RV RS B Y Y PR )
0.3 LANA D B B S St S S SO IRLANESS LN A S R B L S 800 rrryrrrryrTrrTTT I TTE T T
+ 4 T
r C . < :
T FW/B/S | Coill p &/ b
w 02 . < 700
< L . L
& » ; :
= [ & )
01 v 7 L 60.0
L =)
o i 3 ' ‘
3 L 4
o Lj o i
0.0 s T EETE VNS S I Y S I S B &= Tl]l,llllll'llljllill,lLLl_JJll,J._l-l
50.0
- LANLRSE S e S M S B B B S T @ 115 L 2 e e S I e B B ML
“ 08 | E v
5 Pl e ] z
g r FW/B/S | Coil ® o
e i o ’
% 0.6 r ] E
5 Fo o o o ] b b
E a0 oo ] g 10.5 y
N 1 j
5 i 1 5 ]
et 02 + = < 10.0 7
S o b 3 4
g | ] g -
00 _.l—l._l_L‘l_‘L_l_l_J_l_l_J,J_J__l_‘L.l__l_,L_J_.l_] O l L l l ]
. U 9'5 ,llll]lllllllll pr i Lrra ] O T T U S §
0.0 1.0 2.0 3.0 4.0

0.0 1.0 20 30 40 50 60

Minor Radius, r (m) Poloidal Angle, 8 (radians)

Fig. 4.3-15. A comparison of parameters measuring plasma and coil performance
for a; = 0.2306, a, = 0, a3 = 0.0147, a; = 0, ag = 0.0041, and

ag =0 (diamonds); a; = 0.2200 and a, = ay = a, = ag = ag = 0

(squares); and a; = 0.1911, ap, = 0, ay = -0.0212, a, = 0, ag =

0.0076, and ag = 0 (x’s ). See the caption for Fig. 4.3-3 for
‘ an explanation of other plot features.
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Fig- 4-3-16-

y(m)

The flux surfaces for a; = 0.2306, a; = 0, ag = 0.0147, a, = 0, ag = 0.0041 and ap = O as
viewed in the cross section under the key coil (frame a), corresponding to ¢ = 8, and from
above the equatorial plane (frame b). The same plotting conventions used in Fig. 4.3-1 are

used here.
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The second parameterization of the a;’s that was performed is an
asymmetric distortion presented in Fig. 4.3-17. The ai's corresponding to the
lateral distortions presented in Fig. 4.3-17 were obtained by setting n =
0.15, 0.25, 0.35, and 0.5 in Eq. 4.3-5, which results in the cases with a; =
0.1690, a; = 0.1770, a; = 0.1869, and a; = 0.1911, respectively. The results
of varying the location of the peak of the asymmetric distortion are presented
in Figs. 4,3-18 and 4.3-19. O0f the plasma parameters monitored in
Fig. 4.3~18, decreasing n produces a noticeable effect only on the transform,
lowering 4+ at the center more than at the edge by emphasizing the helical
component of the winding over the antihelix component. This shaping of the «+
profile primarily resulted in an increase in the lateral forces acting on the
key coil that is partially obscured by the resolution of the plot. The radial
forces displayed only a minor increase with decreasing n. The peak field on
the key «coil actually decreased. The peak field in the entire coil set was

larger, however, because of the poloidal displacement of the location of the

0,25 —rCTTrT o Tfﬁ—_"_"rA h ’ﬁ"#ATﬁ“'ﬁ_‘T - T—“ ]
0.15 S
0.05 —

oy
© 005 N .
e \ \9}\ i
AN ]
-0.15 \”\\‘% . ]
A y 4

\ﬂ/?}%/

]
025 1 3 1 PR DR U S |1 J R N S [
0.0 1.0 2.0 3.0

Poloidal Angle (Radians)

Fig. 4.3-17. The lateral distortion of the key coil as a function of poloidal
angle for the asymmeteric distortion parameterization. The
lateral distortion coefficients wused are a; = 0.1690, a, =
0.0753, a5 = 0.0408, a, = 0.0221, ag = 0.0105, and ag = 0.0032
(circles and chain-dotted line); a; = 0.1770, a, = 0.0626, aq =
0.0197, a, = 0, ag = -0.0071, and ag -0.0069 (triangles and
dotted 1lines); a; = 0.1869, a, = 0.0424, aq = -0.0036, a, =
-0.0125, ag = -0.0059, and ag = 0.0018 (pluses and chain-dashed
lines); a; = 0.1911, a5 = 0, a3 = -0.0212, a, = 0, ag = 0.0076,
and ag = 0 (x’s and solid lines?; and a; = 0.2200, ap = az = a,
= ag = ag = 0 (squares and dashed lines}.
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Fig. 4.3-18. A comparison of parameters measuring plasma and coil performance
for a; = 0.1690, ap = 0.0753, ag = 0.0408, a, = 0.0221, ag =

0.0105, and a8g = 0.0032 (circles and chain-dotted 1line); a; =
0.1770, a, = 0.0626, az = 0.0197, a, = 0, ag = -0.0071, and ag =
-0.0069 (triangles and dotted lines); a) = 0.1869, a; = 0.0424,
as = -0.0036, -0.0125, ag = -0.0059, and ag = 0.0018
(pluses and chaln—éashed lines); a; = 0.1911, a, = 0, ay =
-0.0212, a, =0, ag = 0.0076, and a6 = 0 (x’s and solid lines);
and a; = 0.2200, a5 = a3 = a = 0 (squares and dashed
lines& See the captlon éor Fig. 4 3-3 for an explanation of

other plot features. .
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Fig. 4.3-19.

n 1 " n “ .

The flux surfaces for a; = 0.1690, a, = 0.0753, a

x [s) @ o 7] T [ta) (o]

x{m)

= 0.0408, a, = 0.0221, ag = 0.0105, and

ag = 0.0032 as viewed in the cross section under the key coil (frame a), corresponding to

¢ = 0, and from above the equatorial plane (frame b).
Fig. 4.3~-1 are used here.

The same plotting conventions used in



maximum distortion. The flux surfaces for n = 0.15 in Fig. 4.3-19 display a
subtle deviation from the elliptical shape found in Fig. 4.3-16. The outer
surfaces have sharper corners on top and bottom and are slightly fuller on the
inboard side, suggestive of a weak introduction of an £ = 3 component to the
field. Because of the ability to shape the + profile to introduce positive
shear, lateral distortions of the asymmetric type with low values of n [see
Eq. 4.3-5)] are preferred.

To summarize the results of the single variable parameterizations, the
MSR designs should strive for the following design parameters where possible.
The design should be & = 2 to avoid the major rational q surfaces. The m
should be determined by the desired value of + as determined by Eq. (4.3-2).

Although little latitude exists for in choosing Rp amd r the wuse of the

)
minimum-sized FW/B/S, and hence r_, is desirable. A design with a high N and
low lateral distortion appears best to avoid the consequences of large ripple.
An asymmetric distortion of the type in Eq. (4.3-5) with low values of n is
preferred because of the positive shear introduced into the + profile.

4.3.2.2. Modular Stellarator Design Points. The process of selecting

MSR design points involved iterating between the survey code of Sec. 3.4. and
TORSIDO. The survey code determines Rp, r.y N, Ipp, and the amplitude of the

lateral distortion, d/r based upon estimates of the volume ulitization as

C’
measured by x = rp/rw and the ratio of the on—axis field to the peak field at
the conductor, Bo/BCM‘ Then TORSIDO is used to calculate x and Bo/BCM for the

values of Ry, r.s N, Ipp, and d/rc produced by the survey code; m is chosen to

c,
produce the appropriate + for an assumed <B> and the a;’s are suitably chosen
to yield the desired + profile. This iteration process continued until the
two codes converged on x and B_/Bny.

Two MSR designs were generated: a high-beta case, <B> = 0.08, and a low-
beta case, <B> = 0.04. The survey code indicated that the high-beta case
h =
should have Rp = 23 m and Ty

power. By Eq. (4.3-2), the high-beta design, designated MSR-IIB, should have

= 0.81 m to produce 4 GWt of recoverable thermal

<+ = 1.5, However, no design could be found with I, = 0.8 m that had + 21 and
was free of islands. Consequently, a design with 0.5 < ¢+ < 1 as a goal was
considered.

The MSR-IIB design that finally emerged is summarized in Table 4.3-2.
The two entries appearing in the table represent a uniform-current-density

case used in the survey code/TORSIDO iteration process and a stepped-current-—
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TABLE 4.3-2
MSR-IIB MAGNETICS RESULTS

PARAMETER unIFORM j_(2) sTEPPED j_(P)
Design <B> 0.08 0.08
Coil type Modular Modular
Pitch parameter, Y NA NA
Normalized distortion, d/rc 0.28 0.28
Distortion coefficients:

a; 0.2111 0.2111

a, 0.0955 0.0955

aq 0.0534 0.0534

ay 0.0304 0.0304

as 0.0160 0.0160

ag 0.0066 0.0066
Conductor major radius, Ry (m) 23.0 23.0
Conductor minor radius, r. (m) 3.31 3.31
Conductor aspect ratio, A = RT/rC 6.95 6.95
Total coil current, I (MAS 21.0 21.0
Conductor cross section (m x m) 1.051 x 1.051 1.051 x 1.051
Conductor length, L  (m) 22.916 22.916
Number of poloidal field periods, 2 2 2
Number of toroidal field periods, m 4 4
Number of coils, N 36 36
Plasma major radius (m) 23.025 23.02
Plasma minor radius, r_ (m) 0.630 0.81
Plasma volume, V_ (m3)° 180.62 298.76
Magnetic axis (m 23.039 23.04
Semiminor radius(¢) (m) 0.362(0.377) 0.479(0.500)
Semimajor radius(¢) (m) 1.115(1.180) 1.406(1.425)
Limiter radius (m) 1.260 1.526
On-axis field, B, (T) 6.55 6.47
Well depth (%) -0.05 ~0.049
Peak field at coil, By (T) 11.75€e)(11.45)(d)  17,59(d)
On-axis ripple, €(0)% <3.15 <2.89
Edge ripple, e(r )% 9.72 11.32
On-axis transform, +(0) 0.729 0.626
Edge transform, 1(rp) 0.880 0.804
Stored magnetic energy, E,, (GJ) 108.35 108.35
Peak radial force, f_ (MN/m) 79.20(e)(78.95)(d) 78,36(d)
Peak lateral force, f, (MN/m) 39.61(2)(39.31)(d)  38,21(d)

(a)jc = 19 MA/m2.

(®)5_ = 12.04 MA/m2 for 0 < t < 0.519; j_ = 22.43 MA/m2, 0.519 < t < 0.811;
and j. = 32.83 MA/m2?, 0.811 < t < 1.0; where the fraction t is measured
radialfy through the conductor cross section.

(C)Under a key coil and half a field period away.
(d)Results for a key coil.

(e)Results for the worst case, coil 5.

157



density case that reflects the more realistic conductor design of Sec. 5.2.
The stepped current density effectively increases r_ resulting in a slightly
lower transform, as seen in Fig. 4.3-20. The lower transform results in less
elongation and moves the separatrix radially outward as seen from Figs. 4.3-21
and 4.3-22. The outermost flux surface in each case is near the separatrix.
The apparent anomalies in the flux surfaces in these two figures result from
not obtaining a uniform sampling of a surface (i.e., some of the surfaces are
near minor rational-q surfaces) and from numerical errors of the field-line
integration algorithm; these errors accumulated as the integration was
performed for a 1long distance along the field line in an attempt to get a
uniform sampling. The minimum clearance between the outermost flux surface
and the conductor for stepped jC is 1.26 m, which must accommodate a plasma
scrapeoff layer, a FW/B/S, and a coil casing. Only minor differences exist in
the other parameters for the two cases.

Transport and a net thermal power of ~5 GWt again determined r. and Re,
respectively, for the low-beta design, MSR-IIA. Because the high-beta design
achieved 0.626 < + < 0.804, the MSR-ITA transform target was set lower at
1/3 < + < 1/2. Because of the narrowness of the target range, no harmonic
distortion coefficients beyond the first were used in arriving at the MSR-IIA
design of Table 4.3-3. Without the profile-shaping ability of the higher
harmonics, the 4 profile is flat, as seen from Fig. 4.3-23. The smaller coil
aspect ratio of MSR-IIA compared to MSR~IIB results in a shallow magnetic well
near the axis that eventually turns into an overall magnetic hill. The ripple
increased in MSR-ITA as a result of not maintaining the same N/R as in
MSR-IIB. The increased ripple also resulted in decreased Bo/BCM for MSR-IIA.
The lateral forces are smaller for MSR-IIA because of the smaller amplitude of
the lateral distortion compared to MSR-IIB. Although the volume utilization
has increased as a result of the lower +, the clearance between the plasma and
the coil has decreased 1.024 m as a result of the required increase in plasma
volume to accommodate the lower beta as seen in Fig. 4.3-24. The stored
energy in the MSR-IIA coil set is more than double that for MSR-IIB because of
the larger value of r ..

4.3.3. Torsatrons. The design philosophy described in Sec. 4.3.1. can

be met for torsatrons with the following winding law:

PX(O) = (RT - r, cos 8) sin ¢ , (4.3-64A)
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Fig. 4.3-22. The flux surfaces for MSR-IIB with stepped jc as viewed in the cross section under the key
coil (frame a), corresponding to ¢ = 0O, and from above the equatorial plane (frame b). The
same plotting conventions used in Fig. 4.3-1 are used here.
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TABLE 4.3-3
MSR-IIA MAGNETICS RESULTS

PARAMETER unTFORM j_(2)
Design <B> 0.04
Coil type Modular
Pitch parameter, Y NA
Normalized distortion, d/rc 0.235
Distortion coefficients:

a; 0.2350

a, 0.0

aq 0.0

aA 0 -O

ag 0.0

ag 0.0
Conductor major radius, RT (m) 27.9
Conductor minor radius, r. (m) 5.0
Conductor aspect ratio, A = RT/rc 5.58
Total coil current, I (MA 22.23
Conductor cross section (m x m) 1.082 x 1.082
Conductor length, L. (m) 33.085
Number of poloidal %ield periods, £ 2
Number of toroidal field periods, m 4
Number of coils, N 36
Plasma major radius (m) 27.90
Plasma minor radius, r_ (m) 2.18
Plasma volume, V (m3)p 2613.15
Magnetic axis (m 27.977
Semiminor radius b) (m) 1.477(1.484)
Semima jor radius(b) (m) 3.089(3.331)
Limiter radius (m) 3.435
On-axis field, B, (T) 5.72
Well depth (%) —0.05?
Peak field at coil, Bgy (T) 11.24(d)
On—-axis ripple, €(0)% <1.73
Edge ripple, e(r )% 25.08
On—-axis transform, +(0) 0.488
Edge transform, +(r ) 0.448
Stored magnetic energy, E,, (GJ) 230.26
Peak radial force, f_ (MN/m) 79.78{d)(76.42)(c)
Peak lateral force, Ez (MN/m) 29.46¢4) (29.10)(¢)

()5 = 19 ma/m2.

(b)Under a key coil and half a field period away.
(C)Results for key coil.

(d)Results for the worst case, coil 7.
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Py(e) cos 8) cos ¢ , (4.3-6B)

i
—~
5
I
la]
(¢]

Pz(e) =r_ sin 0 , (4.3-6C)
Tx(e) =r_ sin 6 sin ¢ + (RT - r. cos 6) E—(1+Y cos B8) cos ¢ , (4.3-6D)
m

T.(08) = r_ sin 6 cos ¢ ~ (RT - r, cos B) E-(1+Y cos 6) sin ¢ , (4.3-6E)
y c m

Tz(e) = r, cos e, (4.3-6F)
Nx(e) = -1, cos 6 sin ¢ , (4.3-6G)
Ny(e) = -r, cos 0 cos ¢, (4.3-6H)
Nz(e) =r, sin 6 , and (4.3-61)
¢=-m%(e+ysin e)-l'f, (4.3-67)

where 6 is limited to the interval 0 < 6 { 2m. In Egs. (4.3-6), ¢ 1is the
toroidal angle in TORSIDO’s cylindrical coordinate system (see Fig. 4.1-1),
and Yy is a pitch parameter. All other notation is identical to that wused 1in
the MSR winding law of Egs. (4.3-3). The section of the torsatron coil
described in Egqs. (4.3-6) is all that is needed for TORSIDO to construct the
complete coil set by means of toroidal rotation in the same manner as with MSR
coils. The selection of £, vy, m, RT’ and Tes then, remains.

4.3.3.1. Torsatron Sensitivity Studies. As in the case of the MSR

concept, a series of sensitivity studies were performed to aid in the
selection of the torsatron design parameters. These sensitivity studies were
performed about the base case presented in Table 4.3-4, which has the same
design parameters (where applicable) as the MSR base case of Table 4.3-1,
except for m. A value of m was chosen for the base case that yields an on-
axis rotational transform, 1/2 < + < 1. The pitch parameter, Yy, replaces the
lateral distortion coefficients. A value of vy was chosen that makes the
magnetic axis coincide with Rp on average. The degree by which the magnetic
axis oscillates about Rp can be seen from the base-case flux surfaces in Fig.

4.3-25. The outer flux surfaces display a pronounced triangularity in their
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TABLE 4.3-4
TORSATRON BASE-CASE DESIGN PARAMETERS
FOR SENSITIVITY STUDIES

PARAMETER VALUE
Number of poloidal field periods, £ 2
Number of toroidal field periods, m 16
Major toroidal radius, Ry (m) 25
Coil minor radius, r. (m) 4,42
Number of coils, N 2
Pitch parameter, Y 0.5542
Current per coil, I (MA) 21.35

Conductor current density, f_ (MA/m2) 19

Conductor cross section square

shape that was not seen in the MSR surfaces. The triangular-shaped surfaces
are the result of using the variable pitch winding law of Eq. (4.3-6J) to
generate the appropriate vertical field to center the flux surfaces within the
coil ©bore. Based on the MSR sensitivity studies, the £ number is fixed at
two. The remaining parameters varied in the sensitivity study are y, m, and
the coil aspect ratio A, = RT/rc. The shape of the cross section (as
determined by its dimensions, 8, and §_) is also varied to investigate its
potential for increasing the coil aspect ratio.

The pitch parameter is the first torsatron parameter investigated. The
primary effect of varying y, as seen from the plots of flux surfaces in
Figs. 4.3-26 (y = 0.52) and 4.3-27 (y = 0.60), is to move the plasma along the
major radius in the same manner as would result from the introduction of an
external vertical field. Tuning ¥ led to the base case of Fig. 4.3-25 with
its magnetic axis coincident with the coil axis on average. The remainder of
the effects of varying y are documented in Fig. 4.3-28. Moving the magnetic
axis inward by increasing y increases the field slightly but makes a larger
magnetic hill. 0f special concern is the fact that the on-axis field for a
torsatron with the same current in the coils as in a MSR is smaller by a
substantial amount, resulting in much heavier coils to produce the same field.
In addition, the ripple is observed to vary inversely as the Y. Changing ¥y
appreciably affects only the lateral forces, which are small compared to those
for an MSR even when scaled up to the same field (see Eqs. 4.1-8 and 4.1-14).
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Fig. 4.3-25.

The flux surfaces for the base case parameters of Table 4.3-4 as
viewed in constant-¢ cross sections (frames a and b) and from
above the equatorial plane (frame c). Frame a corresponds to ¢
= 0 and b, to w/16. The same plotting conventions used in
Fig. 4.3-1 are used here.
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The radial forces and B,y for a torsatron display a substantially different
profile than for an MSR. Both fr and Boy are functions of the deviation of
the current path from a constant-¢ plane; the lower the deviation, the larger
are fr and Beme For the range of Y’s considered here, the conductor
intersects the equatorial plane closer to normal on the outboard side than on
the inboard side, as 1is evident from the square coil cross sections on the
outboard sides of Figs. 4.3-25 through 4.3-27. This difference is large
enough to overcome the 1/R effects that dominate the MSR profiles of f,. amd
Boye

The results of varying m are presented in Figs. 4.3-29 through 4.3-31.
As with the MSR, varying m appears to be an effective means for attaining in
the desired + performance. From frame e of Fig. 4.3-29, + is seen to be more
sensitive to changes 1in m for the torsatron than for the MSR. However, the
torsatron does not share the MSR flux quality problems observed at + > 1 as is

evident for the plots of the flux surfaces in Fig. 4.3-30. The better quality
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Fig. 4.3-26. The flux surfaces for y = 0.52 as viewed in the constant-¢ = O

cross section (frame a), and from above the equatorial plane
(frame b). The same plotting conventions used in Fig. 4.3-1
are used here.
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Fig. 4.3-27. The flux surfaces for y = 0.60 as viewed in the cross section
under the key coil (frame a), corresponding to ¢ = O, and from
above the equatorial plane (frame b). The same plotting
conventions used in Fig. 4.3-1 are used here.
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Fig. 4.3-28. A comparison of parameters measuring plasma and coil performance
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features.
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Fig. 4.3-30. The flux surfaces for m = 15 as viewed in the constant-¢ cross
section (frame a) and from above the equatorial plane (frame b).
The same plotting conventions used in Fig. 4.3-1 are used here.
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The same plotting conventions used in Fig. 4.3-1 are used here.




of the torsatron flux surfaces at + > 1 could be attributed to the more
circular shape of their flux surfaces compared with those for the MSR.
Consequently, the torsatrons have a much higher volume utilization than MSR
configurations with + > 1. Increasing m also affects the <B> profile but not
€. The opposite behavior (i.e., m affected € and not <B)>) was observed for
the MSR. This behavior in the torsatron can be explained by the shift of the
magnetic axis, which could not be compensated without adjusting y. The
tighter winding of the higher m, resulting in more toroidal magnetic field,
produced increases in the radial forces and BCM‘

The variations in coil aspect ratio were accomplished by changing T,
The effect of changing r, upon t is the most dramatic of those presented in
Figs. 4.3-32 and 4.3-33. The relative height of the magnetic hill and the
ripple also change inversely as r.. The higher aspect ratio also results in
lower BCM and fr as a result of the ~1/R dependence of the field within the

coil bore. The lateral forces are adversely affected by decreasing r but

)
they are still small compared to those for the MSR. Figure 4.3-33 reveals
that the increased elongation of the flux surfaces as a result of the
increased transform does not interfere with the clearance between the flux
surfaces and the coils as was the case with the MSR. Consequently, the
torsatron is Dbetter suited to take advantage of changes in the coil cross

section made in an attempt to decrease r The variations on the cross

c*
section shape (i.e., GQ/GW) produce only minor changes in all of the
parameters presented in Fig. 4.3-34 except By. Consequently, changing 8,78,
should be a viable means to change the coil aspect ratio in the torsatron that
is not available to the MSR.

The results of the single-variable sensitivity studies for the torsatron
indicate that the final designs should fine and impose the Yy that centers the
flux surfaces within the coils, yielding the optimum volume utilization. The
m should be determined through the + performance expected of the coil set.
Because the clearance between the flux surfaces and the coils is not an issue
360° poloidially within a cross section as was the case for the MSR, r, should
be made as small as possible including reducing r, by minimizing §.

4.3.3.2. Torsatron Design Points. As for the MSR, high- and low-beta

cases were generated for the torsatron approach. To permit a comparison of
the two concepts, the torsatron designs were evolved from their MSR

counterparts. The 1limited resources of this study permitted the pursuit of
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= 3.92 m (circles), and r. =

caption for Fig. 4.3-3 for an ‘
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Fig. 4.3-33. The flux surfaces for r, = 3.42 m as viewed 1in the constant-¢
cross section (frame a) and from above the equatorial plane
(frame b). The same plotting conventions used in Fig. 4.3-1 are
used here.

177



9.0 E—T—‘T-r r T TroTrov I’T77*F T Tﬁﬁ*' 4[‘ T‘Y—_| 6.0 F#rfTrT‘TTT TIiTTrT I L B M 4 I TrTrT 17 T ' Al
[ a J E b “ .
, FW/B/S | Coil Z 30
— 8.0 n =
E i ‘ “
o~ 1 [
o) o N : & 00
/ i 1 °
7.0 }- & - o
i ] s 30
h ] 3
. 3
60 v b bl o b s kb s I |
60 Looveloroan oyt vvaadtoraacdaraala
(),4 FY Tt ‘l"‘T_f 1 1 T T T 1 _Y_T'_Tr’T _"—: 40.() L_V LR TT‘Y "vT—I TITT T ]’ TrTr- Tj““fTTTTTﬁT—T
+ C R oo F :
_ j B - ‘
03 [ FW/B/S | Coil Z 300 - -
« . | e 3
g ~ p ]
o, 0.-') | . . [/ bl X -4
2 25 o : § 20.0
e [ ] o }
0.1 L - s 100
- A¥] N ko]
1 [3]
i ] .
0.0 __A.|‘[.|||l|11,ll‘||l.j 0.0 [ O A A N A A R RO G A R RSN U AR I AT RCRTE
" 8.0 mu At S B S B ek B s (e SR A8 S UANR Tk SO SR A e ol oy f[_‘\ 90 LI 00 S S S e B S B B B 2 B
~ e 1 ~
- : 1 £
£ 60 I FW/B/S | Coill )
L i ] k)
§ 2
2 .
S 40 | 4 ~
3o
= 3 9 o
— L | [aH
(3]
e L ~
S 20 . S
S I I ¥ ] =
@] [ 3! A 1 g
o o J
0.0 T N T T T &) 6.0 EENE NPT NN RN NN W B
0.0 1.0 2.0 3.0 1.0 00 10 20 30 40 50 60
Minor Rads, r (m) Poloidal Angle, 8 (radians)

Fig. 4.3-34. A comparison of parameters measuring plasma and coil performance
for §;/6, = 1 (squares), §;/8, = 3/2 (circles), and § /8, =2
(triangles). See the caption for Fig. 4.3-3 for an explanation
of the other plot features.

178



the beneficial differences between the MSR and torsatron for only the
high-beta torsatron design, TR-B3. The smaller coil radius, higher on-axis
field, and rectangular coil cross section design presented in Table 4.3-5
resulted. As can be seen from the plots of the flux surfaces in Figs. 4.3-35
and 4.3-36, proceeding from a uniform-jc simulation of the coil set to the
stepped—jc simulation, which reflects the conductor design in Sec. 5.2.,
results in an outward shift of the flux surfaces because of an effective
change in the current center, r,. The final design of Fig. 4.3-37 resulted
from an adjustment of y to center the flux surfaces. The better volume
utilization of the torsatron has permitted a ~l-m—-smaller r., while providing
for approximately the same clearance between the coils and plasma. The higher
ratio of BO/BCM for the torsatron permitted a reduction in r_ because of the

p

constant—(B)Bozr ignition constraint used in this study; the reduced r

contributed to tae increased coil aspect ratio. The most striking difference?
however, between MSR-IIB and TR-B3 is the rotational transform. The TR-B3
design obtained its goal of 1.8 [Eq. (4.3~2)] with d¢/dr > O as seen in
Fig. 4.3-38, whereas the MSR-IIB design could not meet its + goal of ~1.5. 1Imn
terms of the coils, the radial forces in the TR-B3 are 50% larger than those
for the MSR-IIB, whereas the lateral forces are 25% of those for the MSR-IIB.
A coil design for both systems is required to determine if the TR-B3 radial
forces or the MSR-IIB lateral forces are more difficult to support. In
addition, the stored energy of TR-B3 is 2.5 times larger than in the MSR-IIB
because of the increased toroidal oriention of the current in the torsatron
winding. The ripple values in both high-beta designs are comparable and both
cases display slight magnetic hills.

Study resources permitted only a minimal effort in converting the
low-beta  MSR-IIA parameters into the TR-A design of Table 4.3-6.
Consequently, none of the unique torsatron features, for example the volume
utilization depicted in Fig. 4.3-39, could be used to advantage, as it was in
the high-beta case. Again, the torsatron was able to meet its low-beta goal
of ~0.7 as seen from Fig. 4.3-40. However, the strong shear inherent to
torsatrons causes the + profile to cross the rational q = 1 surface, but the
shear at that surface should be stabilizing as in Heliotron-E.l5 Because the
TR-A design has not been optimized, 1little more can be inferred from a
comparison of TR-A and MSR~-ITA. However, the TR-A design confirms the same

trends exhibited by the TR-B3 design.
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TABLE 4.3-5

TR-B3 MAGNETICS RESULTS

PARAMETER

Design <B>

Coil type

Pitch parameter, Y
Normalized distortion, d/rc
Distortion coefficients:

Conductor major radius, Ry (m)
Conductor minor radius, T, (m)

Conductor aspect ratio, A = Rp/r,

Total coil current, I (MA
Conductor cross section (m x m)
Conductor length, L  (m)

UNIFO
jcga§M

0.08
Torsatron
0.365

NA

NA
NA
NA
NA
NA
NA
23.0
2.3
10.0
35.7

461.405

Number of poloidal %ield periods, % 2
Number of toroidal field periods, m 25

Number of coils, N

Plasma major radius (m)
Plasma minor radius, r_ (m)
Plasma Volume, V (m3)p
Magnetic axis (m?

Semiminor radius(¢) (m)
Semima jor radius(¢) (m)
Limiter radius (m)

On-axis field, B, (T

Well depth (%)

Peak field at coil, Bny (T)
On-axis ripple, €(0)%

Edge ripple, e(rp)Z

On-axis transform, +(0)

Edge transform, +(r )

Stored magnetic energy, E, (GJ)
Peak radial force, f_ (MN/m)
Peak lateral force, ?2 (MN/m)

(@)5_ = 19 wa/m2.

(®)j_ = 12.04 MA/m2 for 0 < t < 0.519; j_
32.83 MA/m?, 0.811 < t < 1.0; where the fraction t is measured

and j =

1
22.990
0.574
149.47
23.002

0.448(0.
0.717(0.

0.758
7.72
~0.46
12.01
<4.65
10.90

1.861

2.357
252.03
107.16

ST?PEE? STgP%%?
J(: JC
0.08 0.08
Torsatron Torsatron
0.365 0.388
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
23.0 23.0
2.3 2.3
10.0 10.0
35.7 35.7
0.994 x 1.889 0.994 x 1.889 0.994 x 1.889
461.405 461.57
2 2
25 25
1 1
23.271 22.989
0.572 0.573
150.08 148.89
23.303 23.001
533) 0.433(0.572) 0.446(0.559)
641) 0.721(0.615) 0.721(0.612)
1.01 0.762
7.50 7.64
0.019 -0.16
12.09 12.14
<10.23 <4.62
15.40 10.23
1.872 1.479
2.034 1.847
252.03 252.03
110.57 112.25
13.51 11.82

12.35

= 22.43 MA/m2, 0.519 < t

radialfy through the conductor cross section.

(C)Under a key coil and half a field period away.
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Fig. 4.3-35. The flux surfaces for TR-B3 with uniform j. and y = 0.365 as
viewed in the constant-¢ = 0 cross section (frame a) and from
above the equatorial plane (frame b). The same plotting
conventions used in Fig. 4.3-1 are used here. The next to the

. outermost surface traced defines the plasma volume of Table
4,3-5,
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The flux surfaces for TR-B3 with stepped ic and vy = 0.365 as
viewed in the constant-¢ = O cross section (frame a) and from
above the equatorial plane (frame b). The same plotting
conventions used in Fig. 4.3-1 are used here. The next to the

outermost surface traced defines the plasma volume of Table
4-3—50
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Fig. 4.3-37. The flux surfaces for TR-B3 with stepped jg and vy = 0.388 as

viewed in the constant-¢ = O cross section (frame a) and from
above the equatorial plane (frame b). The same plotting
conventions used in Fig. 4.3-1 are used here. The next to the
outermost surface traced defines the plasma volume of Table
4.3-5.
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TABLE 4.3-6
TR-A MAGNETICS RESULTS

PARAMETER UNIFORM
jc(a)

Design <B> 0.04
Coil type Torsatron
Pitch parameter, Y 0.57
Normalized distortion, d/rC NA
Distortion coefficients:

ay NA

a, NA

ag NA

3.4 NA

ag NA

aQ NA
Conductor major radius, Rp (m) 27.9
Conductor minor radius, r. (m) 5.0
Conductor aspect ratio, A = RT/rC 5.58
Total coil current, I (MAJ 50.018
Conductor cross section (m x m) 1.082 x 2.434
Conductor length (m) 304.224
Number of poloidal field periods, £ 2
Number of toroidal field periods, m 16
Number of coils, N 2
Plasma major radius (m) 27.87
Plasma minor radiusé rp (m) 2.30
Plasma volume, V (m®) 2909.74
Magnetic axis (mz 27.891
Semiminor radius b) (m) 1.685(2.302)
Semima jor radius(b) (m) 2.936(2.401)
Limiter radius (m) 3.160
On-axis field, B0 (T 5.71
Well depth (%) -2.11
Peak field at coil, Bey (1) 12.47
On-axis ripple, €(0)% <9.73
Edge ripple, e(r )% 25.61
On-axis transform, +(0) 0.569
Edge transform, 1(rp) 1.469
Stored magnetic energy, (GJ) 609.64
Peak radial force, f_ (MN/m) 151.04
Peak lateral force, %2 (MN/m) 18.90

(@) = 19 ma/m2.
(b)Under a key coil and half a field period away.
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Fig. 4.3-39. The flux surfaces for TR-A as viewed in the constant—-¢ = 0 cross
section (frame a) and from above the equatorial plane (frame b). ‘
The same plotting conventions used in Fig. 4.3-1 are used here.
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4.4, Advanced Configurations/Future Directions

An ideal reactor embodiment was not found for either of the stellarator
concepts considered in this study: the modular stellarator and the torsatron.
The inherent modularity of the MSR results in designs with excellent
engineering properties (i.e., ease of fabrication, assembly, and maintenance).
However, the physics properties (principally, the rotational transform and
shear) of the MSR were inferior to the corresponding torsatrons. The
torsatron, on the other hand, is capable of producing nearly any level of
physics performance desired (as measured by transform and shear); but without
breakable superconducting joints, the nature of the torsatron winding poses
severe problems for the fabrication, assembly, and maintenance of the coils.
The heliacl® is similar to the torsatron in that it promises good physics
performance and high betal®, but the heliac has interlocking coils. The
Meyer-Schmidt (M&S) approach9’15 also promises both good physics performance
and high beta, and good engineering properties because of its modularity. The
M&S approach minimizes the variance of de/B over a field period, S. In the
course of this study, only the torsatron was found to minimize S to the levels
needed by the M&S approach, as seen by the representative results of
Fig. 4.4~-1, by virtue of a higher m compared to the MSR. The limited
resources of this study did not permit the study of this approach in addition
to the MSR and torsatron.

Attempts were made to improve the physics performance of the MSR.
However, the truncation of this study prevented the application of the results
of sensitivity studies that extended those of Sec. 4.3.2.1. These studies are
presented in this section in order to document recommendations concerning the
future directions in which MSR design studies should proceed.

The problem of lower overall transform profile associated with the
introduction of the asymmetric lateral distortion of Eq. (4.3-5) can be
overcome by a Fourier representation of a flat-top, saw-tooth wave shown in
Fig. 4.4-2, 1If a factor is introduced to damp the Gibbs phenomenon, the

expression for the ai's is

C sin imp
a; = — {1 + —0 =
172 { in(l - p)}

’ (404"1)
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Fig. 4.4-1. The poloidal variation under the key coil (¢ = 0) of fdl/B, where
the integration is over one field period only. Frame a is for
MSR-TIB and frame b, TR-B3.

where C is a normalization constant determining the maximum distortion and »p
controls the angular extent of the flat top as well as indirectly due to the
the Gibbs phenomenon. Letting p = 0.04 in Eq. (4.4-1) results in the
distortion pattern shown in Fig. 4.4-3 with a; = 0.2200, a, = 0.0550, a3 =
0.0244, a, = 0.0137, ag = 0.0088, and ag = 0.0061 for a maximum distortion, d
= 0.22r.. The results of letting p = 0.04 in Eq. (4.4-1) are presented in
Figs. 4.4-4 and 4.4-5. The most noticeable effect 1is the attainment of
positive shear (i.e., dt/dr > 0) without sacrificing transform, as was the

case with the asymmetric distortion. In addition the forces and Boy are

189



X

DY

o
11’\ 2T
-1k |

-

Fig. 4.4-2. The periodic function upon which the model for determining the
a;’s of Eq. (4.4-1) is based.
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Fig. 4.4-3. The lateral distortion of the key coil as a function of poloidal
angle for p = 0.04 in Eq. (4.4-1) (diamonds) relative to the
asymmetric distortion with 6 = 0.15 in Eq. (4.3-5) (circles)
and the base case with a; = 0.22 and ajp = a3 = a; = ag = ag = 0 ‘
(squares).
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slightly smaller than those for Eq. (4.3-5) because of the more rounded peak
in the distortion produced by Eq. (4.4-1). The flux surfaces in Fig. 4.4-4
display no peculiarities.

The non-zero on—-axis transform and positive shear produced by Eq. (4.4~1)
would seem to be attainable by merely mixing £ = 2 and £ = 3 winding laws.
Two possible ways of mixing them are to use a combination of £ = 2 and £ = 3
harmonic distortions in Eq. (4.3-3A) or to alternate between £ = 2 and £ = 3
coils in a field period. The results for alternating coils are presented in
Figs. 4.4-6 through 4.4-8 with and without a n/2 phase change on the & = 2
coils for an m = 3 variation on the base case of Table 4.3-1. The poor
transform performance of alternating coils is indicative of the results of
combining harmonics. The flux surfaces are limited to a small volume by a
separatrix that is close to the last surface traced in Figs. 4.4~7 and 4.4-8.
The flux surfaces do display an elliptical shape near the magnetic axis and a
triangular shape near the separatrix.

The poor volume utilization exhibited by highly elliptical flux surfaces
resulting from high transforms suggests shaping the coil bore to match the
flux surface shape. The first coil of noncircular bore investigated was the

elliptical-bore coil whose winding law is given by

6
P(8) =1, izl a; sin(1(£6 + 2mmj/N)) (4.4-24)
27mj 2mmj
Py(8) = Rp - A cos (6 + zgj) cos( ZEJ)
. 27mj . j
- B sin(6 + ;:J) 51n(2223) s (4.4-2B)
- - 2mmj ,_r2mmj
P,(6) A cos(8 + zN ) 31n( I3 )
. 2rm
+ B sin(e + ZZEJ) cos( ;EJ) R (4.4-2C)
6
T,(8) = r, 121 i%a; cos(1(26 + 2mmj/N)) (4.4-2D)
T (9) = A 31n(6 + 2“mj) cos(znmj)
y N N
- B cos(6 + anj) Sin(anj) R (4.4-2E)

AN
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T,(6) = A sin(6 + zxj) sin(z';;‘j)

+ B cos (L12M) oq(2Y) | (4 .4=2F)
N.(8) =0 |, (4.4-2G)
Ny(8) = - T,(8) , and (4.4=2H)
N,(8) = T (8) . (4.4-21)

In Eqs. (4.4-2), A is the half-width of the key coil in the equatorial plane,
B is the height of the key coil above the equatorial plane, and all other
notation is the same as in Eq. (4.3-3). The incremental poloidal rotation
between adjacent coils is £ times faster for the 1lateral distortion 1in
Eq. (4.4-2A) than it is for the elliptical bore in Eqs. (4.4-2B) and (4.4-2C),
which rotates with the elongation of the flux surfaces. Consequently, each
coil in a field period is unique and mass production techniques are less
applicable. The results of varying the ellipticity of the bore are presented
in Figs. 4.4-9 through 4.4-11. The most pronounced effect of increasing the
ellipticity 1s to raise substantially the rotational transform. The
introduction of ellipticity does convert the base-case magnetic well into a
small hill but leaves the ripple essentially unperturbed. The forces and Beom
for the key coil, which is elongated vertically, are smaller but are larger
overall when the elongation is horizontal. The flux surfaces for the
intermediate ellipticity in Fig. 4.4-10 are of good quality. However, the
flux surfaces for the extreme ellipticity of Fig. 4.4-11 are of poor quality,
which is more of a function of the transform achieved than of the coil
ellipticity.

The sensitivity to the actual shape of the coil bore can be investigated

with the following winding law

6
P.(0) =1, 1;1 a; sin(1(26 + 2mmj/N)) (4.4-34)
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-z cos(k(e + 2nmj))] cos B , (4.4-3B)

Py(e) = RT - [r

c LN
P,(8) = [r, - ¢ cos(A(6 + ZHEj))] sin 6 (4.4-3C)
6
T, (8) = r_ 121 1%a; cos(1(26 + 2mmj/N)) (4.4-3D)
Ty(6) = ~ Az sin(A(8 + zzgj)) cos 6
+[rc -z cos(A(G + 2ﬂmj))] sin 6 (4.4-3E)

AN

_ . 27mj
Tz(e) = AZ 51n(A(9 + 5 )) sin ©

+[r, - ¢ cos(r(o + 2‘;‘;%)] cos & (4.4-3F)
N(8) =0 , (4.4-3G)
Ny(6) = - T,(8) , and (4.4-3H)
N,(0) = T (8) . (4.4-31)

In Eqs. (4.4-3), ¢ controls the amplitude of the deviation from a circular
bore, the integer A determines the shape of the bore, and all other notation
is the same as in Eq. (4.3-3). The poloidal periodicity of the bore, A, must
be an integer multiple of the poloidal periodicity of the lateral deformation,
L, if the coil bore is to follow in phase with the flux surface rotation and
not alter the toroidal periodicity. Experimentation with the relative rate of
rotation of the bore indicated the highest transforms were obtained when the
coil bore rotated in phase with the flux surfaces. As with the elliptical
coils, the winding law of Eq. (4.4-3) results in the fraction £/X of the coils
within a field period being unique. The results of varying the bore shape are
presented in Figs. 4.4-12 through 4.4-16. The results for the elliptic-like
case with A = 2 display little difference from the elliptical case with the
same amplitude of deviation from a circular bore. Figure 4.4-12 suggests the
existence of an optimum in <+ as a function of the shape of the coil bore.
Furthermore, the A = 4 case has a substantially higher BCM’ which results in
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Fig. 4.4-7. The flux surfaces for a mix of £ = 2 and 3 coils as viewed in the cross section under the key
coil (frame a), corresponding to ¢ = 0, and from above the equatorial plane (frame b). The
same plotting conventions used in Fig. 4.3-1 are used here.
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2 coils as
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The same plotting conventions used in Fig. 4.3-1 are

viewed in the cross section under the key coil (frame a), corresponding to ¢
above the equatorial plane (frame b).
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Figo 4.4_10'

The £lux surfaces
key coil (frame a), corresponding to ¢ = 0, and from above the equatorial plane (frame b).
The same plotting conventions used in Fig. 4.3-1 are used here. The FW/B/S has been drawn
with a circular bore.

for A = O.lOrC and B = r_/0.10 as viewed in the cross section under the
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Figc 4.4-11 .

The flux surfaces for A = O.8rc and B
coil (frame a), corresponding to ¢ =

same plotting conventions used in Fig. 4
a circular bore.

c
a
.3

y(m)

r./0.8 as viewed in the cross section under the key

nd from above the equatorial plane (frame b). The

-1 are used here.

The FW/B/S has been drawn with
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Fig. 4.4-13. The flux surfaces for £ = 0.9 and A = 2 as viewed in the cross section under the key coil

(frame a), corresponding to ¢ = 0, and from above the equatorial plane (frame b). The same
plotting conventions used in Fig. 4.3-1 are used here,
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Fig. 4.4-14. A plot of the intersections of the field 1lines with the
constant-¢ cross section under the key coil for z = 0.9 and XA =
2. The inner bore of the coil is also shown as is the
projection of a field line tracing for three field periods.

higher forces on the coil which is closest to being rotated poloidally by =/4
from the orientation of the key coil.

The aforementioned attempts at raising + appear to be limited by flux
surface quality to *+ { 1. The torsatron results of Sec. 4.3.3.1. suggest the
introduction of poloidal field (PF) coils to improve flux surface quality.
Two candidates for introducing PF coils are the m = 3 case of Fig. 4.3-4 and
the elliptical case of Fig. 4.4~11, both having irregularly shaped outer flux
surfaces which may contain magnetic islands. The results of introducing PF
coils for these cases are presented in Figs. 4.4-17 and 4.4~18 and
Figs. 4.4-19 and 4.4-20, respectively. The PF coils have reduced the degree
of irregularity displayed by the flux surfaces. The flux surfaces are,
however, even more elongated with PF coils, in addition to being shifted
radially outward. The shift of the magnetic axis is the cause for the change
in the <B>2 profile. The remainder of the parameters of Figs. 4.4~18 and
4.4~20 are not appreciably affected by the PF coils. However, the stored
energy in the coil sets has approximately doubled with the introduction of PF
coils. Even though the PF coils in these cases may not be positioned at the
204
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Fig. 4.4-15.

y(m)

The flux surfaces

for £ = 0.9 and A = 4 as viewed in the cross section under the key coil
(frame a), corresponding to ¢ = 0, and from above the equatorial plane (frame b). The same
plotting conventions used in Fig. 4.3~1 are used here.
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Fig. 4.4-16. A plot of the intersections of the field 1lines with the
constant-¢ cross section under the key coil for £ = 0.9 and A =
4. The inner bore of the coil is also shown as is the
projection of a field-line tracing for three field periods.

optimum locations nor have the optimum relative current distribution, their
results indicate the shapes of the flux surfaces of an MSR design can be
manipulated. The wish is that the flux surface quality (and perhaps volume
utilization) can be improved with auxiliary coils, permitting 4 > 1 in MSR
designs.

Although experimental evidence with which to determine whether a magnetic
well is necessary does not exist, the means by which a magnetic well can be
generated, nmnevertheless, is of interest. One method 1is to introduce a
vertical field which moves the magnetic axis radially inward. This adjustment
can be accomplished without auxiliary coils by tilting the TF coil set. The

effects of tilting can be simulated by the following winding law:

6
P_(8) = r, '21 a; sin(i(26 + 2mmj/N))
l=
+r, tsin 6 (4.4-44)
Py(e) =Rp -1, cos 6 , (4.4-4B)
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The flux surfaces for m = 3 with four poloidal field coils each operated at a current equal
to 10% of that in a main coil as viewed in the cross section under the key coil (frame a),
corresponding to ¢ = 0, and from above the equatorial plane (frame b). The same plotting
conventions used in Fig. 4.3-1 are used here. The poloidal field coils positioned at R = 25
*5mand z = 5 m have also been added to frame b.
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Fig. 4.4-18. A comparison of parameters measuring plasma and coil performance
for m =3 with (circles) and without (inverted triangles)
poloidal field coils. See the caption of Fig. 4.3-3 for an .
explanation of other plot features.
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The flux surfaces for A = 0.8r_ and B = rc/0.8 with four poloidal field coils each operated
at a current equal to 10%Z of that in a main coil as viewed in the cross section under the
key coil (frame a), corresponding to ¢ = 0, and from above the equatorial plane (frame b).
The same plotting conventions used in Fig. 4.3-1 are used here. The poloidal field coils
positioned at R =25 % 5m and z = *5 m have also been added to frame b. The inner bore of
the elliptical key coil is shown in frame a.
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Pz(e) = r, sin 8 , (4.4-4C)

6
T, (8) = r, 121 i%a; sin(i(20 + 2mmj/N))

+r, Tcos 8 , (4.4-4D)
Ty(e) =1, sin 6 , (4.4~4E)
T,(8) = r_ cos & , (4.4-4F)
N(8) =0 (4.4~4G)
Ny(e) =-T,(8) , and (4.4~-4H)
N, (8) = Ty(e) . (4.4-4T)

In Eqs. (4.4-4) T is the amplitude of the tilt and all other notation is the
same as for Egs. (4.3-3). The effects of tilting are presented in
Figs. 4.4~21 and 4.4-22. The increase in well depth due to tilting is small.
In addition, the volume utilization has decreased significantly as evidenced
by Fig. 4.4-22. With the exception of a small decrease in <+, the remaining
parameters are not affected by changing t.

Another method to affect well depth is to modulate the amplitude of the
distortion to yield wedge-shaped coils. The winding law used to examine this

effect is given by

r 6
P (0) = (1 - i% cos 9)5 r, izl a; sin(i(26 + 2mmi/N)) (4.4-54)
Py(e) =Rp - r,cos 6 , (4.4-5B)
P,(8) = r, sin 8 , (4.4-5C)
r 6
T, (8) = (1 -<§% cos 8)8 r, 121 i%a; cos(1(28 + 2mmj/N))
r r2 6
+ g(1 - = cos 9)5'1 ﬁ% sin 6.21 ag sin(i%6 + 2wmj/N) , (4.4-5D)
1=
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Ty(e) r, sind , (4.4-5E)

T,(8) = r, cosb (4.4-5F)
N (8) =0 (4.4-5G)
Ny(e) = -T,(6) , and (4.4-5%)
N,(6) = T (8) . (4.4-5T)

In Eqs. (4.4-5), & is used to control the degree of modulation and all other
notation is the same as in Egqs. (4.3-3). The results of varying £ for the
base—case parameters of Table 4.3-1 are presented in Figs. 4.4~23 through
4,4-25, The most pronounced effect of increasing & is to increase the well
depth dramatically. The increase in well depth was obtained with only a small
radially inward shift of the magnetic axis compared with the results for
tilting the TF coil set. The penalty for increasing £ is a lower t+ and higher
lateral forces. The radial forces and BCM also increase but not for the key
coil. The ripple remains, surprisingly, unaffected.

One last parameterization investigated was the modulation of the major
radius of the TF coil set as is done for the M&S configurations.%:1% A planar
modulation of the coil axis was performed using the winding law of Eq. (4.3-3)

with the modification

2ﬂmj)

N R (4.4-6)

Py(e) = Rp - xr. cos 8 + r, cos (

where r, is the amplitude of the modulation and all the other notation is the

same as in Eqs. (4.3-3). A helical modulation was also performed using the

winding law of Eqs. (4.3-~3) with the modifications

_ 27m j _
Py(e) =Ry = xr, cos 6 + rp cos( N ) , and (4.4-74)
P,(8) = r, sin 6+ ry sin(ZRL) (4.4-TB)
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Fig. 4.4-21. A comparison of parameters measuring plasma and coil performance

for t = 0.02 (x°s), T = 0.01 (pluses), T = 0 (squares). See the

‘ caption for Fig. 4.3-3 for an explanation of other plot
features.
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Fig. 4.4-22. The flux surfaces for 1 = 0.02 as viewed in the cross section under the key coil (frame a),

corresponding to ¢ = 0, and from above the equatorial plane (frame b). The same plotting
conventions used in Fig. 4.3-1 are used here.
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where ry is the amplitude of the modulation and all the other notation is the
same as in Eqs. (4.3-3). The phase of the modulation was chosen to attempt to
align the outboard edge of the flux surfaces at a constant major radius. The
results of varying both r, and r; are displayed in Figs. 4.4-26 through
4.4-28. One effect of increasing r, and ry is to increase the magnetic field,
on axis and at the coil, which will result in higher forces, especially on
those coils with centers farthest inboard. The transform has also decreased
but could be made to increase with the appropriate choice of the phase and
sense of the modulation. The most dramatic effect, however, is to decrease
the volume wutilization as seen from Figs. 4.4-27 and 4.4-28, which is
undesirable.

The sensitivity studies of this section as well as those of Sec. 4.3.
indicate a direction for future studies. An optimum MSR (the MSR is preferred
for engineering reasons discussed in Sec. 5.) should have & = 2. An
profile with positive shear 1is possible with higher harmonic distortion
coefficients of the type in Eq. (4.4-1). A large number of coils with small
distortion are preferred to reduce Boy and the forces and to avoid possible
adverse ripple effects on orbits. A ripple criterion needs to be established
based wupon orbit and transport calculations. Also, equilibrium and stability
calculations are needed to confirm a correlation between <B> and =. In the
absence of such computations and assuming high beta requires high transform,
low m numbers and noncircular coils [preferably elliptical bores using either
Eqs. (4.4-2) or Egs. (4.4-3) with X = 2 in the latter case] should be used
with auxiliary coils to ensure good flux surface quality. Should a magnetic
hill be required, modulating the distortion amplitude as in Eqs. (4.4-5) is
suggested. Even though coils with noncircular bores and ‘'wedge" shapes
sacrifice some of the favorable MSR engineering properties, such
configurations may be required to attain the desired physics performance
(e.g., beta). Considerably more effort should be devoted to coupling the
kinds of magnetics calculations performed in this study with orbit and
equilibrium/stability calculational efforts to realize the full potential of
the modular stellarator concept. Many of the recommendations presented here

are consistent with the symmotron approach.20
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Fig. 4.4-26.

A comparison of parameters measuring plasma and coil performance
for r, = 0.5 m (triangles), r, = 0.25m (x's), ry, = 0.5 m
(inverted triangles), r,= 0.25> m (pluses), and r, = 0 m
(squares). See the caption of Fig. 4.3-3 for an explanation of
other plot features.
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5. MACHINE DESIGN
5.1. MSR Overview

This section summarizes the features of the Modular Stellarator Reactor
(MSR) with particular reference to the MSR-IIB (<B> = 0.08) design point (see
Tables 3.5-1 and 3.5-3). Termination of the study precluded parallel
development of the other flagship design points and also inhibited iteration
to a self-consistent magnetics/engineering configuration. The specific
objectives of the design effort are summarized in Table 5.1-1 subject to the
overall goal of sufficiently characterizing the MSR fusion power core (FPC) to
assess its potential as a commercial fusion power plant. Features of the
design are summarized in Table 5.1~2. Figure 5.1-1 shows a plan view of the
MSR-IIB coil layout, consisting of N = 36 modular coils. The MSR elevation is
shown schematically in Fig. 5.1-2. The coil set is essentially fixed wunder
routine conditions allowing access through a permanent vacuum shell to the
underlying first wall/blanket/shield (FW/B/S) systems for routine maintenance,
as shown Fig. 5.1-3. Provision for coil removal/replacement is made in the
rare event of coil failure, consistent with the philosophy adopted for the
STARFIRE tokamak conceptual design.1 This fixed-coil configuration contrasts

with the approach taken in the UWTOR-M modular stellarator reactor study,2

TABLE 5.1-1
ENGINEERING DESIGN OBJECTIVES
® Provide for regular first-wall replacement.
@ Provide for regular blanket replacement.
® Provide for regular limiter replacement.
® Provide for a permanent vacuum vessel.

® Provide for a fixed-coil configuration.

TABLE 5.1-2
SUMMARY OF ENGINEERING FEATURES
® First-wall, blanket, and limited shielding in removable modules.
® Three modules per coil allow insertion and removal without moving coils.
® One module of three is placed on center between coils.,
® Coils centering forces are reacted by 4-K steel bucking rings.
® Modules are inserted and removed above midplane.

® Pumped limiters, vacuum pumping, and RF ports in central modules.
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Fig. 5.1-1. Plan view of a toroidal sector of the MSR-IIB coil layout.

which envisages routine movement (i.e., extraction along the major radius
without lifting) of a module consisting of a single modular coil (1 of 18) and
its underlying FW/B/S components. Reasons for choosing the fixed-coil option
in the present study are summarized in Table 5.1-3. However, should it prove
superior, a movable-coil version of the MSR is certainly possible. A
conductor configuration, distribution of coil winding, and coil cross—section
configuration were developed by as a basis for design of both the modular
(MSR-IIB) and continuous-helical-coil (TR-B3) cases. The reference
configuration 1is shown in Fig. 5.1-4 and was based on the magnetic
requirements given in Sec. 4.3.2.2. A square superconductor cross section

was selected to minimize winding and lateral bending stresses caused by the
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Fig. 5.1-2. Elevation view of the MSR-IIB coil layout.

laterally distorted MSR coil shape. The coil cross section was divided into
three subsections, each having approximately the same number of turns.
Because a constant current (~5 kA) was assumed for all conductors, each
section of the coil also has approximately the same number of Ampere-turns.
To achieve 12 T at the inboard region of the coil, Nb3Sn was selected for
operation at 4.2 K. The middle and outboard subcoil sections were limited in
field to 8 and 4 T, respectively. Because of the lower field in these
regions, Nb3yTi conductor was used. The conductor sizes in the high, medium
and low field regions are approximately 0.015 x 0.015 m, 0.013 x 0.013 m, and
0.011 x 0.011 m square, respectively. The preliminary coil size was based on
using internal structure on which the conductor was wound as well as external
structure consisting of the inner and outer structural rings and the side
walls of the coil case. The conductor and structure were assumed to share the
Lorentz forces. The amount of internal structure was determined by that
required to limit the conductor strain to 0.357 without the additional support
of the external structure of the coil case.

The square conductor configuration, similar to that used in the Mirror
Fusion Test Facility (MFTF),3 was selected for the reference design because
the square cross section bends well in two perpendicular directions. The

configuration provides space for coolant passages, structural support, and
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orientation with respect to the vertical is designated by "ANG A"
as measured in degrees.

TABLE 5.1-3

ENGINEERING ASPECTS OF MOVABLE COIL ASSEMBLIES

® Experience with large transformers indicates moving reduces reliability,
shortens life.

® Moving causes unusual loads, strains, shocks.

® Alternately, movable coils can be more conservative designs with
reduction in current density.

® Coil system must be realigned after moving.

® Mechanical connections must be remade and tested after moving as
warping may occur.

® Before dewar vacuum space is brought up to air, coils must be warmed to ‘
room temperature and later cooled.
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Fig. 5.1-4. MSR superconducting coil cross section. The inboard direction is
down.

insulation. Two conductor cooling methods were investigated: a) bath cooling
with helium at atmospheric pressure (He I), and b) cooling with superfluid
helium (He 1II). The He-I method was selected for the reference concept
because of reliability and lower operating cost. The second cooling option
showed that the coil cross section required was only about 2/3 that of the
reference design. However, a detailed study of the life-cycle costs would be
required to have a better understanding of the cost/benefit relationship to
justify the increased refrigeration requirement of a superfluid cooled coil.
This 1level of optimization was beyond the scope of the study, but should be
considered for later study. In addition, if the coil size became more
restrictive, the alternate He-II cooling method could also be considered.
Because the coil design was sized by early scoping analysis (Sec. 3.4.),
the coil envelope varies slightly from the dimensions finally calculated by
the detailed structural analysis (Sec. 5.4.). Although the outer ring of the
coil case is 0.47 m in both cases, the co0il structural side walls were

increased to 0.20 m, except near the blanket ports, as a result of the
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structural analysis. Additionally, detailing of a dewar (not yet designed)
around the coils would change the overall shape.

A finite element (FE) structural analysis was performed on a typical
MSR-IIB modular coil. The coil was within acceptable stress limits with the
external backing ring of 0.47-m thickness sized to sustain the radial forces
generated by the energized windings. The analysis showed that the side walls
of the coil case required a structural thickness of 0.20 m in order to
withstand the twisting and side loads imposed by the four lateral supports
assumed in the analysis. The dinner ring of the coil was sized at 0.10 m.
Although the stresses in the coil are adequate, it is possible with further
iterations to optimize the side wall stresses and thickness by moving the
support points. Details of this analysis are discussed in Sec. 5.4.

Lithium and lithium compounds were considered as breeding media, and
coolant options consisted of H,0 (water or steam), helium, or the liquid
breeding material itself. The reference concept consists of a first wall
similar to the STARFIRE-DEMO," which has the corrugations connected to, but
located behind, the first wall. Pressurized water flowing in the passages
between the first wall and the corrugation cools the first-wall structure.
The blanket material, Li,0, was selected as the breeder material because of
its high breeding rate and the extensive engineering performed as part of
STARFIRE-DEMO study.“ An array of pressurized-water coolant tubes is dispersed
throughout the so0lid breeder region to remove the heat. Headers supply the
coolant to both the tube array and the first-wall corrugation coolant
channels. Tritium removal is accomplished by slowly purging the blanket with
helium and extracting the tritium-containing purge gas from the module for
tritium removal.

The MSR-IIB reactor design point contains N = 36 modular coils, each with
£ = 2 poloidal field periods. The coil arrangement provides for m = 4
toroidal field periods, each containing nine modular coils. The coils are
fixed, and a combined shield/vacuum vessel assembly is constructed within the
inner bore of the magnets. Ports are located between the magnets for
insertion and removal of the blanket assemblies (or modules) with pumped
limiters. Each module contains 1its associated blanket coolant piping and
manifolds. Because of the space limitation provided by the ports, the blanket
modules are inserted in three sections. The first section is inserted into

the fixed shield/vessel assembly through the port and moved under a magnet.

230



The second section is similarly inserted and moved under the adjacent magnet.
The third or center module is lastly inserted to fill the space between the
two modules that were previously inserted. The modules are fitted with
flanges and seals and are bolted to the flange of the port that extends beyond
the outer radius of the magnet. The flange is located outboard of the magnet
to maximize the access opening of the port. Because of the distorted coil
shape and rotation (change in angular orientation) of the coils around the
torus, the angular location of the port varies around the torus. Because of
the coil shape, orientation, and access limitation, nine different port and
module group configurations are required.

The elliptical (£ = 2) plasma cross-sectional shape is fitted by a
quasi-rectangular first-wall/blanket (FW/B) structure built into the modules.
The first wall is separated from the core-plasma surface by a scrapeoff layer
of thickness §; = 0.20 m, this thickness being determined by the height of the
pumped-limiter blades above the first-wall surface. The 1longitudinal
apertures through the adjacent modules are stacked toroidally to form the
plasma chamber. The aperture through a given module does not adapt directly
to the helical precession of the plasma, but is designed as a straight-through
opening for ease of fabrication. The poloidal rotation of the plasma cross
section is tracked by offsetting the orientation of adjacent modules by
A6 = 6.67° for the MSR-IIB configuration. Clockwise progression around the
torus as viewed from above requires counter-clockwise stepping of the modules,
as illustrated in Fig. 5.1-5.

Substantial relative movement 1is expected to occur between the vessel
assembly (containing blanket and shield) and the cryogenic coils as the
temperature swings between room temperature and that of reactor operation.
The vessel assembly and coils therefore are supported separately. The weight
of the coil is supported by a pair of vertical radial columns. The thermal
plus elastic radial deflection of the coils can be ~0.05 m toward the center
of the reactor. The bases of the columns, therefore, are equipped with
oil-pad bearings, as shown in Fig. 5.1-6, to permit the coil to move freely
during cooldown. Movement of the coils is not anticipated for routine
maintenance, however. The centering force of each coil is transmitted to a
pair of steel bucking rings through a pair of columns arranged like spokes in
a wheel. The spokes extend from the coils to the steel bucking rings. The

bucking rings are in turn backed up by a thick concrete reinforcing cylinder.
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Fig. 5.1-5. Clockwise progression (i.e., from dashed orientation to solid
orientation) around the MSR torus of the poloidal orientation of
ad jacent first-wall/blanket modules to track the helically
symmetric plasma cross section. With its major axis oriented
horizontally in this view.
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Fig. 5.1-6. Detail of the MSR coil~support column equipped with oil-pad
bearings to facilitate coil movement during cooldown and heatup.
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Horizontal and radial support columns will have to be designed and insulated
to accommodate the temperature gradient from the 4-K coil to the
room—temperature concrete foundation.

The remainder of this chapter summarizes the available engineering design
detail of the MSR-IIB design point. The preliminary nature and potential for
design inconsistency that is a result of the truncation of the study are again
noted. Were this study completed, the results contained herein would be
considered interim.

5.2. Coil Internals

5.2.1. Overview. This subsection summarizes the design effort applied

to the MSR modular-coil internal arrangement.5 Figure 5.2-1 schematically
illustrates some of the major geometrical characteristics of MSR under present
consideration. Each co0il 1is identical in shape, but the coils assume
different orientations around the torus.

This subsection develops current profiles within the proposed coil
envelopes for wuse in the MSR scoping study. The analyses presented herein,
therefore, are based upon analytic approximations that should lead to current
profiles which can form the basis of a more complete conceptual design.
Because the MSR magnets are distorted toroidal-field (TF) coils, the conductor
configurations must have two orthogonal axes around which the coils are easily
bent. This mechanical requirement suggests that the conductors should be
square rather than rectangular in «c¢ross section. Because the outflow of
helium from the conductor must be nearly independent of conductor orientation,
the conductor cooling channels should be symmetrically arranged. Furthermore,
to get a high surface-to-volume ratio required for good cooling, the cooling
channels should be made integral with the interior of the conductor. All of
these requirements lead to conductor configurations generically similar to the
MFTF conductor3 illustrated in Fig. 5.2-2.

The MSR coils under consideration could be described as solenoids that
have been distorted so that the windings have a sinusoidal axial displacement
from the centerline. To analyze the coil cross-sections, these coils have
been approximated as segments of infinite solenoids. The coil cross section
is then divided into three sections, each with an equal number of ampere-
turns. If the peak field in these stellarator coils 1is 12 T, the above
approximation divides the coils into subcoils with peak fields of 4, 8, and

12 T. In the 4- and 8-~T subcoils, the superconductor can be NbTi. However,
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Fig. 5.2-1. Schematic diagram of a toroidal sector of a typical MSR coil set.

the 12-T subcoil should be made of NbsSn for operation at temperatures between
1.8 and 4.6 K.

5.2.2. He-1 Cooled Magnet Design. There are a number of alternative

methods for cooling the superconducting MSR magnets. These methods include a)
bath cooling with atmospheric pressure liquid helium (He I), b) bath cooling
with subatmospheric pressure normal liquid helium (He I), c¢) bath cooling with
superfluid helium (He II), d) forced cooling with subecritical 1liquid helium
(He 1), and e) forced cooling with supercritical gaseous helium. The

selection of the cooling method 1is often based upon achieving the most
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Fig. 5.2-2. MFTF conductor3 configuration adapted for the MSR.

reliable design at the lowest operating cost. The highest operational
reliability is found in refrigeration systems based upon atmospheric and
higher pressure operation. The lowest operating costs are found in systems
utilizing bath cooling instead of forced cooling. In the absence of a
detailed study of the magnet life~cycle costs as a function of the cooling
modes, the selection of the cooling mode should be based on the criterion of
achieving the highest reliability at the lowest operating cost; hence, bath
cooling with atmospheric pressure liquid helium is highly preferred.

The following sections present a preliminary analysis of an atmospheric
pressure He-I bath cooled superconducting magnet system. The details of the
conductor, insulation, coolant passages, and structural support remain to be
developed; however, space factors have been defined to allow for these
elements in the superconducting magnets.

To size the envelope of the conductors for each subcoil, a square
cryostable conductor with 50%Z of the external surface exposed to helium
cooling 1is assumed. In this analysis, the conductor is considered to be
cryostable if the surface heat flux is below 3000 W/m2 when all of the current
is carried by the copper stabilizer. For a representative conductor design,
the conductor current was nominally set to 5 KkA. This current 1level was
selected to minimize the bending requirements for winding the conductor of the

12-T subcoil. Higher operating currents are possible at the proposed
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operating current densities, and, therefore, this current should not be
considered invariant. .

Listed in Table 5.2-1 are the characteristics of the conductor envelope
derived in sizing the reference conductors for the stellarator. This analysis
concludes that the envelope of the conductor cross section should be 0.011 x
0.011 m? for the 4-T subcoil, 0.013 x 0.013 m? for the 8-T subcoil, and 0.015
x 0.015 m? for the 12-T subcoil.

The actual conductors are internally cooled, similar to the MFTF
conductor. For the same average current density, dinternal cooling of the
conductors reduces the amount of copper stabilizer in the conductor cross
section, requiring a larger wetted perimeter.

The conductor consists of two parts: a square conductor core that is
wrapped in a grooved and punched copper sheath. This conductor promises low
cost, as demonstrated by the MFTF. The NbTi conductor core should be made of
a square multifilamentary superconductor with a copper-to-superconductor ratio

of 2:1. The Nb,Sn conductor core could be made of a compacted cable of

TABLE 5.2-1
CONDUCTOR SIZING ANALYSIS FOR A He~I COOLED CONDUCTOR
Subcoil fields (T) 0 - 4 4 - 8 8 - 12
Material NbTi NbTi NbsSn
o [(4K, Byuy) (MA/m2)] 2300 675 245"
3/3¢ 0.85 0.85 0.85
j (MA/m?) 1955 574 208
Superconductor area (m2) 2.56(10)"2 8.71(10)_2 2.404(10)_l (2)
Average copper
resistivity (8 m) 3(10)~10 5(10)~10 7(10)~10
Heat flux, q/A (W/m2) 2878 2999 2900
Copper area (m2) 1.1844(10)™% 1.6029(10)"% 2.0096(10) ™%
Total conductor area (m2) 1.21(10)™% 1.69(10)™% 2.25(10)%
Jcu (MA/m?2) 42,22 31.19 24 .88
Conductor cross section
dimensions (m x m) 0.011 x 0.011 0.013 x 0.013 0.015 x 0.015
icoxp (MA/m?2) 41.32 29.59 22.22
(a)These quantities are measured over the NbySn and CuSn cross-sectional area. .
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multifilamentary superconductors, each having a ratio of copper-to-
superconductor of 2:1, embedded in a solder matrix which represents
approximately 10% of the conductor core cross section.

In the designs presented in Table 5.2-2, the conductors have been
redesigned for 20 to 307 of the conductor volume filled with helium. The
channel size and number have been selected to provide a wetted perimeter that
is sufficient for the surface heat removal rate to be below 0.003 MW/m?. As
when rough-sizing the conductor envelope, only 50% of the total surface area
is assumed to be available for cooling the conductor. The current of 5077 A
produces 21.0 MA in a 1.50-m-wide and 1.65-m~deep (dimensions to warm walls)
coils. The coil structure can be divided into two parts: an internal
structure and an external structure. The amount of internal structure
required will be based upon limiting the Nb3Sn strain associated with radial
loads to below 0.35%7 without the aid of the external structural members. In
this estimation, the structure and conductor both contribute to restraining
the coil deflection. The amount of external structure required is initially
based upon 1limiting the stress resulting from the radial loads below 2/3 of
the yield stress of 310 stainless steel (717 MPa). In the latter calculation,
the external structure 1is doubled 1in thickness to account for the lateral
loads.

To limit the strain in the internal structure and conductor below 0.35%,
approximately 357 of the total cross—sectional area must be structure.
Because the Lorentz forces vary with the peak magnetic field, the structure
should be graded to keep the peak force per unit volume nearly a constant.
Accordingly, it was assumed in the 0 to 4-T subcoil that 20%Z of the volume
should be structure, in the 4~ to 8-T subcoil that 30% of the volume should be
structure, and in the 8- to 12-T subcoil 457 of the volume should be
structure. Under these assumptions, the 0 to 4-T subcoil represents
approximately 18.9% of the available volume; the 4~ to 8-T subcoil represents
approximately 30.1%Z of the available volume, and the 8- to 12-T subcoil
represents approximately 517 of the available volume.

Table 5.2-3 lists the estimated stresses and strains in the internal
structure and conductor in the absence of an external structure and any
application of lateral loads. The maximum and minimum Lorentz forces are
estimated in the infinite solenoid model. The elastic modulus is determined

from the law of mixtures assuming that it is 2.068(10)° MPa for stainless
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TABLE 5.2-2
He-I COOLED CONDUCTOR CHARACTERISTICS

Subcoil field range (T) 0 -4 4 - 8 8 - 12
Conductor core
Cross section (mm X% mm) 2.77 x 2.77 5.11 x 5.11 8.94 x 8.94
Superconductor NbTi NbTi Nb3Sn
Stabilizer Cu Cu Cu
Ratio of stabilizer to
nonstabilizer 2:1 2:1 2:1
Average resistivity of
stabilizer (9 m) 3(10)~10 5(10)~10 7(10)~10
Solder (%) - - 10
5. (MA/m2) 2300 675 245(3)
373, 0.865 0.865 0.865
Current, I (kA) 5.077 5.077 5.077
Conductor
Cross section (m x m) 0.011 x 0,011 0.013 x 0.013 0.015 x 0.015
Stabilizer sheath Cu Cu Cu
Total ratio of stabilizer
to nonstabilizer 32 14 3.8
Average resistivity of
stabilizer (§ m) 3(10)~10 5(10)"10 7(10)"10
Size of channels
(mm X mm) 3 x3 3 x 3 1.5 x 1.5
Number of channels 4 4 24
Average conductor
j (MA/m?2) 41.96 30.05 22.56
Percentage helium (%) 29.8 21.0 24.0
Average copper j (MA/m?)  61.58 40.85 55.79
P (m) 0.034 0.038 0.066
J2 i Im2) 2760 2730 3000

(a)This J. is measured over the NbySn and CuSn cross sectional area.

steel and 6.894(10)% MPa for the conductor: the latter assumption 1is very
conservative. As shown in Table 5.2-3, the maximum strain in the Nb3Sn
windings will be below 0.35% as originally proposed.

However, the internal structure has too high a stress relative to the
proposed structural yield stress: therefore, additional external structure is
required. The addition of the needed structure internally would 1lead to a
very low current density winding and would require a greater number of ampere-
turns to produce the required field topology at the plasma. Therefore, the
needed structure 1s added externally. To reduce the average stress to
approximately 2/3 of the yield stress for stainless steel, a 0.47-m-thick

"ring" on the outside of the coil cross section will be required. The average
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TABLE 5.2-3
SIZING OF THE INTERNAL STRUCTURE FOR A
He-I COOLED COIL

Subcoil field range (T) 0 -4 4 - 8 8 - 12
Lorentz force density (MN/m3)
Maximum radial 134.3 168.3 148.9
Minimum radial 0.0 84.1 99.3
Average stress (MPa) 249 436 375
Average elastic modulus 8.01 10.02 12.19
(10* MPa)
Average strain (%) 0.311 0.435 0.308

strain in the coil, ignoring the contribution from the conductor, is
approximately 0.23%, which is an acceptable strain level for operation of the
superconductors within 147 of their unstrained critical current level, Figure
5.2-3 schematically illustrates the coil configuration analyzed for MSR coils.
The overall area needed to produce 21.0 MA, including the area required to
handle lateral loading, is 1.50-m-wide by 1.65-m—~deep. The warm bore of these
coils is 5.3 m, and the outside diameter is 8.6 m.

5.2.3. He-II Cooled Magnet Design. The current demsity achievable in a

superconducting magnet 1is strongly dependent upon the cooling mode selected.
In the reference design, bath cooling with atmospheric helium has been
selected to achieve the highest reliability at the lowest cost. However, in
the event that the current density is insufficient to achieve the required
design objectives, the cooling mode could be changed to bath cooling with
superfluid helium to increase the magnet current density.

A preliminary analysis of the use of superfluid cooling to 1ncrease the
current density is presented here. This analysis has been restricted to
identifying an approximate value for the 1level of average current density
within the magnets. Hence, details of the conductor, insulation, coolant
passages, and structural support remain to be fully defined.

The method used to analyze the conductor in a He-II (superfluid) cooled
system 1is similar to that used with the He-I cooled system. Thermal

conduction along the conductor in addition to surface heat removal is included
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Fig. 5.2-3. He-I cooled MSR-IIB coil cross section.

in this design. This technique6 leads to the so-called "equal-area"
criterion:
Tg
[ [a(T) - 6(T)]dT =0 , (5.2-1)
Tp

when the conductor’s thermal conductivity is a constant. Here, Tb(K) is the
bulk temperature of the coolant; Tf(K) is the film boiling temperature at the

conductor hot spot; Q(T) is the surface heat removal rate (W/m2); and G(T) is

the heat generation rate per unit surface area (W/m2).
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For He-II cooling, the surface heat removal rate can be divided into

three regions. In the low heat-flux region, Kapitza conductance dominates and

Q(T) =0.0486 (128 - T1,2-8) | (5.2-2)

In the heat-flux-limited region, an insulating barrier of He-I and/or vapor

limits the heat flux such that

nfw

Q(T) = 4.64
pL1/3

7.3 - 20.3(T, - 1.6)2 - 1.25(2.17 - T,)1/%] , (5.2-3)
b b

where n is the number of channels, f is the fraction of channel area of flow,
w(m) is the width of cooling channels, P(m) is the wetted perimeter, and L(m)
is the channel length. 1In the highest heat-flux region, He-II, 1like He-I,

exhibits a film boiling behavior and

Q(T) =0.06 (T -7T)) . (5.2-4)

The heat generation rate used is a simple approximate form based upon the

critical-state model of superconductivity and is given by

0 y T < Teg

G(T) = (5.2-5)

10% p, 12

Ay P

T> Teg >

where Am(mz) is the matrix cross sectional area, I(A) is the conductor

current, is the matrix resistivity, and TCS(K) is the temperature at which

P
the critical current equals the conductor current. Using this approximate
form for G(T) gives conservative results within 10% of the results obtained

using the more complete current sharing model.
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For most conductors, the temperature at which the conductor normalizes,

T.g» can be determined from the linear relationship

I A (5.2-6)
JeMs ) 1wy -

where T (H) is the lowest temperature satisfying

i.(®, T.(®)) =0 . (5.2-7)

The results of parametric analyses of the superfluid-cooled conductors are
illustrated in Figs. 5.2-4 through 5.2-6. These curves illustrate the impact
of the cooling channel dimensions on the conductor current density when
operating near T (H); the highest current densities tend to occur for 1low
values of operating current relative to critical current.

Based wupon this analysis, Table 5.2-4 summarizes the characteristics of
the superfluid-cooled conductors. Obviously, superfluid cooling has allowed
the conductor current densities to be increased. Material savings are now
possible. A 397 reduction in core material cost is possible for the NbTi
conductors, when superfluid cooling is considered. A 32% reduction in core
material cost is possible for the Nb3Sn case. The greatest volumetric savings
is an 80% reduction in copper required to cryostabilize the conductors.
Overall these savings should result in approximately a 40%Z reduction in the
conductor costs.

These material savings are offset to some degree by an increased
refrigeration requirement, which from the refrigerator efficiency should
approach 2.5 times the refrigeration power required in the He-I reference
design. To better appreciate the cost/benefit relationship, a more detailed
examination of the life-cycle costs of a superfluid-cooled stellarator with a
normal-fluid-cooled stellarator must be made. This kind of study is beyond
the scope of the present work.

The structure for the superfluid-cooled coil design differs significantly
from the He-I cooled coil design. Less superconductor is available to support
the 1loads in the former case. However, the methodology of determining the
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Fig. 5.2-4. Effect of j/j, and channel width, w, on the 4~T subcoil 5-kA NbTi
conductor.

structural requirements remains the same. In this analysis, the structural
distribution was selected to give nearly the same strain distribution as in
the He-I coil design. Accordingly, it was found in the O to 4-T subcoil that
55% of the volume should be structure, in the 4- to 8-T subcoil that 60% of
the volume should be structure, and in the 8- to 12-T subcoil that 70% of the
volume should be structure. Under these conditions, the O0- to 4-T subcoil
represents 15.5%7 of the available volume; the 4- to 8-T subcoil represents
27.5% of the available volume; and the 8- to 12-T subcoil represents 57% of

the available volume.

243



(MA/m? )

le

Fig. 5.2-5. Effect of j/jC and channel width, w, on the 8-T subcoil 5-kA NbTi
conductor.

60 T T T T
N’\
£
=
._‘O
20l e W=0.00Im
A W=0.002m i
P=7x16"°Q-m ® W=0.003m
A=l ® W=0.004m
0 \ | @ W=0.005m |
0 0.2 04 = 06 0.8 1.0
i,

Fig. 5.2-6. Effect of j/jC and channel width, w, on the 12-T subcoil 5-kA
NbTi conductor.

244




TABLE 5.2-4
‘ He-II COOLED CONDUCTOR CHARACTERISTICS

Subcoil field range (T) 0 -4 4 - 8 8 - 12
Conductor core

Cross section (mm x mm) 2.37 x 2.37 3.56 x 3.56 7.35 x 7.35

Superconductor NbTi NbTi Nb3Sn

Cu:non-Cu ratio 2:1 2:1 2:1

Cu resistivity, (2 m)  3(10)710 5¢10)~10 7¢10)-10

Solder (%) - - 10

T [BMAX] (x) 7.4 5.6 9.4

Jo[1.8 K, Byyy]l (MA/m2) 4500 2400 388(2)

/3, 0.6 0.5 0.8

I (kA) 5.077 5.077 5.077
Conductor

Cross section (m x m) 0.0064 x 0.0064 0.008 x 0.008 0.01 x 0.01

Total Cu:non-Cu ratio 9.3 7.5 2.9

Sheath resistivity (Q m) 3(10)~10 5¢10)~10 7¢10)~10

f, flow area fraction 0.5 0.5 0.5

w, channel width (m) 0.002 0.002 0.002

L, channel length (m) 0.0085 0.00129 0.0139

n, number of channels 8 8 8

jCOND’ average conductor 123.95 79.43 50.77

current density (MA/m?2)

Percentage helium (%) 53 44 36

A, copper area (m?) 0.1748(10)™% 0.3177(10)™* 0.4764(10) ™%

P, wetted perimeter (m) 0.0087 0.0118 0.0159

(a/M)yax (W/m?2) 5.52(10)* 3.74(10)" 2.57(10)"

(a)This jc is measured over the Nb3Sn and CuSn cross—-sectional area.

Table 5.2-5 lists the estimated stresses and strains in the internal
structure in the absence of the external structure and lateral loads. The
methodology of calculating these results is the same as used in the He-1I coil
design. In addition to the internal structure, a 0.47-m-thick ring on the
outside of the coil should be added to handle the 1lateral 1loading and to
reduce the average strain in the superconducting winding. The resulting cross
section is schematically illustrated in Fig. 5.2-7.

5.2.4. Magnet Summary. Two coil configurations have been investigated.

The major differences between these two configurations are the cooling mode
and the current density. To achieve a high reliability at a low operating

‘ cost, the He-I bath cooled option is recommended. To achieve higher current
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TABLE 5.2-5

SIZING OF THE INTERNAL STRUCTURE FOR A ‘
He-ITI COOLED COIL

Subcoil field range (T) 0 -4 4 - 8 8 - 12
Lorentz force density (MN/m3)

Maximum radial 223.1 254.2 182.8

Minimum radial 0.0 127.1 121.8
Average stress (MPa) 396 641 464
Average elastic modulus 13.36 13.96 15.46

(10* MPa)
Average strain (%) 0.296 0.459 0.300

" 1.30m *‘

i)

STRUCTURE/DEWAR 0.47m

NbTi COIL  0.13 m
£ E
S NbTi COIL  0.231m| &
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2.65m
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Fig. 5.2-7. He-II cooled stellarator coil cross section.
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densities at the cost of lower reliability and higher' operating costs, the
superfluid-cooled (He-II) option is available.

Because the MSR coils are distorted TF coils, generically similar in
shape to the yin-yang coils of mirror reactors, wusing the stellarator
conductor designs based on the MFTF coil concept is recommended. Because the
superconducting coils are only moderately distorted solenoidal coils and the
lateral loading can be handled by external structure, the present analysis is
based upon solenoid models subdivided into three sections. The peak fields in
these three subcoils are assumed to be 4, 8, and 12 T.

All conductors should be designed to be cryostable. NbTi superconductors
are recommended for fields below 8 T and a Nb3sn superconductor is recommended
for fields above 8 T. Table 5.2-6 1lists the key characteristics of the
recommended conductors. For the He-I conductors the current and cross section
proposed are only nominal values; the conductor current density quoted should

be valid for currents up to 8 to 10 kA.

TABLE 5.2-6
SUMMARY OF STELLARATOR CONDUCTOR DESIGNS

COOLING MODE He-I COOLING He-I1 COOLING
Peak field (T) 8 4 12 4 8 12
Superconductor  NbTi NbTi Nb3sn NbTi NbTi NbsSn
Stabilizer Cu Cu Cu Cu Cu Cu
Current (A) 5077 5077 5077 5077 5077 5077
Current density

(MA/m?2) 41.96 30.05 22.56 123.95 79 .43 50.77
Cross section 0.011 x 0.013 x 0.015 x 0.0064 x 0.008 x 0.01 x

(m x m) 0.011 0.013 0.015 0.0064 0.008 0.01

The proposed stellarator coil structure is divided into two parts:
internal and external structure. The internal structure is designed,
independent of lateral loading and external structure, for a maximum strain in
the Nb3Sn of 0.35%. Table 5.2-7 summarizes the structural distribution within
the superconducting coil. To keep the stresses in the structure below 2/3 of
the yield stress and to restrain the lateral loading, an additional 307 of the

total coil cross section must be provided for external structure.
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TABLE 5.2-7

SUMMARY OF STELLARATOR COIL STRUCTURAL DISTRIBUTION ’
WITHIN THE WINDING CAVITY OF THE COIL

COOLING MODE He-I COOLING He-II COOLING
Peak field (T) 4 8 12 4 8 12

Percentage of
winding cavity 18.9 30.1 51.0 15.5 27.5 57.0

Percentage of
structural content 20 30 45 55 60 70

Comparing the He-I and He-II coil geometries, it is concluded that the
average overall current density in the He~I coil is 8.48 MA/m2 and that the
average current density in the He-II coil is 11.14 MA/m2. Hence, a 30%
increase in the overall coil current density can be achieved by cooling with
superfluid He.

5.3. First-Wall/Blanket/Shield Design

5.3.1. Overview. This subsection summarizes the features of the MSR

first-wall/blanket/shield (FW/B/S) design effort.” The TFW/B/S of a fusion

reactor performs four vital functions:

® provides a suitable vacuum containment for the reacting
plasma,

® breeds tritium to replace burned and lost fuel,

® converts the fusion energy to sensible heat for power
generation, and

® provides shielding of the superconducting magnet
components against radiation damage and nuclear heating.

Although these functions are separate and distinct, they are closely
interrelated. For example, the first-wall design strongly impacts the

tritium-breeding potential of the blanket, whereas the shield requirements are

248



affected by the radiation transport properties of the blanket. Therefore, the
FW/B/S must be designed as an integrated, self-consistent system. Within the
framework of the above functions, Table 5.3-1 lists generic requirements that
must be satisfied by the the FW/B/S components.

In meeting the conditions 1listed in Table 5.3-1, the variables under
control fall into two broad categories: geometry and materials. Within these
categories, numerous combinations exist that, with data currently available,
can be shown to satisfy the necessary requirements for a given fusion driver.
Figure 5.3-1 shows schematically the arrangement of the FW/B/S, along with
material options considered in recent near-term reactor studies, as well as
the range of dimensions. The actual dimensions depend upon the particular
choice of materials and the fusion driver. For the MSR, a number of wunique

features drive the blanket configuration and material choices including

® an elongated plasma shape (1.65~m major radius, 0.45-m
minor radius),

® a plasma center-to-coil-case distance of 2.60 m,

® a complex (non axisymmetric), magnetic-field topology,
® two poloidal field periods (& = 2),

® modularity (fixed-coil set),

® steady-state operation, and

® disruption—free operation.

The effect of the first two features provides a blanket/shield spatial
envelope (assuming a 0.20-m scrapeoff zone) varying between 0.8 and 2.0 m.
The minimum fast-neutron attenuation necessary to satisfy the magnet
protection requirements in the range of wall loadings being considered here
(2-4 MW/m2) is about 107°. High-efficiency fast-neutron shielding (e.g.,
iron-based alloys, tungsten) can provide this attenuation for thicknesses
around 0.80 m. Figure 5.3-2, shows! the calculated dose response in epoxy
insulator for Fe 1422, an iron-based alloy having good neutron attenuation and
activation properties. Nearly 0.8 m is needed for a five-decade dose
reduction. These considerations indicate little space for blanket material

along the direction of the plasma major axis in the present MSR-IIB design,

249



TABLE 5.3-1
GENERIC FIRST-WALL/BLANKET/SHIELD REQUIREMENTS
First Wall
® Removal of surface heat load
® Adequate radiation damage lifetime
® Acceptable sputtering and erosion properties
® Compatibility with first-wall coolant
® Limited neutron interactions
Blanket
® Tritium breeding ratio (global) = 1.1
® Low-tritium inventory (K10 kg tritium)
® Absorption of ~997 of the available neutron energy
® Temperature distribution consistent with structural limits and tritium
extraction requirements
® Low storage chemical energy
® Good energy multiplication
® Provisions for changeout/maintenance
Shield
® Limitation of nuclear energy deposition in the superconducting magnets
to <20 kW.
® Limitation of radiation damage to organic insulators to 5108 Gy in
40 yr and stabilizer fluence to 51022 n/m? (E, 2 0.1 MeV) in 10 yr
® Limitation of activation of critical components to permit "hands on"
maintenance during shutdown
® Selection of constituents to minimize amount of long term activation
products

® Provide first stage bulk and penetration shielding

all of the available space being required for shielding. Therefore, the
blanket thickness must vary poloidally direction.

Complex magnetic field topology, represents' the third MSR-specific
feature that coupled with the high field magnitude (Bo = 6.6 T on axis, 10-12
T in the blanket region), to preclude the use of pumped, highly conducting
fluids, (i.e., 1liquid 1lithium). Such a system would almost certainly be

characterized by large MHD pressure drops, uncertain heat-transfer properties,
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Fig. 5.3-1. FW/B/S arrangement and options.

and the presence of stagnation zones. Therefore, blanket breeder materials
must be limited to the solids, or perhaps stagnant LiPb.

The third and fourth features suggest the use of a pumped limiter for
impurity control and exhaust. For the present £ = 2 field configuration, the
natural magnetic separatrix occurs somewhere in the shield zone, along the
direction of the plasma major axis. The shield thickness in this region is
adequate only for magnet protection, leaving 1little space for a divertor
impurity-control system. Moreover, the modular configuration in conjunction
with a magnetic divertor would result in complex mechanical design. An added
advantage of a pumped 1limiter is that better plasma volume utilization
results. The pumped-limiter design is adapted from the STARFIRE design! and

is discussed more fully in Sec. 5.3.2.
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Steady state operation affects favorably material choices and design
lifetime of the first-wall and blanket structure. In particular, both the
austenitic and ferritic stainless steel alloys, which have poor cyclic stress
performance, can be utilized and are expected to have radiation lifetimes 1in
excess of 20 MWyr/m2 at operating temperatures <500°C. A shorter lifetime
(i.e., IWT = 16 MWyr/mz) is assumed in the economic analysis of Sec. 7. This
lifetime is consistent with solid breeder blanket changeout requirements

related to °Li burnup, as well as being attractive from the points of view of

maintenance, availability, and overall plant factor.
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The last of the important MSR features affecting blanket design is
disruption—-free operation. This benefit lends considerable freedom to choose
the limiter location. For tokamak applications, it is desirable to locate the
limiter in a region unlikely to receive a large portion of the energy during a
major plasma disruption. Hence, present designs usually locate it on the
outer midplane. It will be seen later that this flexibility in limiter
location permitted excess blanket/shield space to be used as a vacuum pumping

plenum and coolant manifold region.

5.3.2. Reference First-Wall/Blanket/Shield Design. An adaptation of the

STARFIRE design! to the MSR geometry is used to define the FW/B/S. A
comparison of relevant reactor parameters is given in Table 5.3-2. Also
listed are conditions for the STARFIRE/DEMO“ and the UWTOR-M2 designs. These
parameters are similar for STARFIRE and the MSR, except for the choice of
breeder material. A description of each of the FW/B/S components, a
justification for the design choice, and the expected performance is described
below.

The STARFIRE/DEMO first-wall design is adopted for the MSR and is shown
schematically in Fig. 5.3-3. This FW design differs in several respects from
that proposed for STARFIRE: the most significant differences are that the
corrugated surface of the coolant panels faces away from the plasma and the
beryllium coating has been increased from 1 to 10 mm. The first change does
not adversely affect thermal hydraulic performance and does improve

fabricability, whereas the coating thickness increase extends the first-wall

TABLE 5.3-2
COMPARISON OF REACTOR PARAMETERS

STARFIRE! DEMO" UWTOR-M? MSR
Fusion power Py (MW) 3500 920 4247 3500
Neutron current, I (MW/m2) 3.6 1.8 1.6 1.9
Thermal power, Py (MW) 4300 1050 4360 4200
Structural Material PCASS $S8-316 HT-9 PCASS
Breeder Material LiAl0, Li,0 Liy7Pbgq Li,s0
Coolant Pressurized Water Steam Pressurized

water

Impurity control Pumped Limiter Divertor Pumped

limiter or limiter

divertor
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Fig. 5.3-3. First wall design (from Ref. 4).

lifetime against sputtering erosion and improves tritium breeding. Neutronic
calculations showed the tritium-breeding potential of the Li,0 blanket
increased from about 1.2 to 1.4. The improvement is especially important here
because of the limited blanket coverage for the MSR.

A cross section through the reference blanket design is shown in
Fig. 5.3-4, and the important features are listed in Table 5.3-3. Additional
structural details and dimensions are shown in Fig. 5.3-5. The FW/B/S
materials chosen for the MSR are similar to those proposed for STARFIRE,
except for the breeder material, which is L1,0 rather than LiAl0y. The oxide
was chosen because of its higher breeding potential (higher Li density). In
addition, the concerns about tritium solubility and the consequent high
tritium inventory in Lis0 have been relieved by more recent data. The primary
disadvantage of the oxide is its more limited operating temperature range
(410-660° C) and the presence of corrosive LiOT and LiOH.

It can be seen from Figs. 5.3-4 and 5.3-5 that the blanket is divided
into two symmetrical sections, each located on either side of the plasma ma jor
axis. This configuration was necessary to maintain at 1least 0.75 m of
high-density shielding between the plasma and the coil casing; the casing
itself adds an additional 0.10 m of shielding. The two blanket sections are
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Fig. 5.3-4. Reference MSR conceptual blanket design.

TABLE 5.3-3

REFERENCE MSR BLANKET DESIGN FEATURES
Breeder material Li,0 (70% dense)
Coolant Pressurized water (15 MPa)
Structural material PCASS
Neutron multiplier Be (70% dense)
Breeder zone thickness (m) 0.45
Reflector material Graphite
Reflector zone thickness (m) 0.15
Blanket solid angle fraction 0.75
Tritium recovery Low Pressure (~0.1 MPa) He Purge
Blanket inlet temperature (K) 553
Blanket outlet temperature (K) 593

connected by coolant lines and tritium collection channels which run through
the 0.20 m shield space between the first wall and the edge of the removable
module. The resulting coolant flow path 1lengths through the two blanket
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Fig. 5.3-5. MSR blanket/shield cross section.

sections and the movable shield regions is ~10 m, about twice as 1long as in

STARFIRE, requiring that the pipe ID be increased from 0.01 to 0.012 m.

The tritium removal system consists of low pressure helium flowing in

channels drilled through the Li,0 ceramic. These channels empty into thin gas

plena connecting the two blanket sectors at either end. The tritium
collection boundary is then formed by the walls of those plenum zones and the

outer blanket structure.
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The two options available for impurity control are the pumped limiter and
the magnetic divertor. Divertor action 1is provided by the formation of a
magnetic separatrix at a location suitable for the insertion of a particle
collector and coolant system. For the MSR, with two poloidal field periods,
the separatrix is formed along the plasma major axis and in the present design
lies in the shield region. Conceptually, additional coils could be added to
shift the separatrix, but the resulting engineering complexity in a modular
arrangement would be very great. Moreover, as 1indicated above, shield
thickness cannot be sacrificed because it is currently only marginal.

These considerations led to the choice of the pumped limiter for impurity
removal and plasma exhaust for the MSR. The basic limiter design adopted is
that of STARFIRE, a cross section of which is shown in Fig. 5.3-6 with
relevant design parameters listed in Table 5.3-4. Of the total of 700 MWt of
alpha power, only 90 MWt, (13%) appears as incident particle energy (both
charged and neutral). This is in contrast to INTOR,® for which particle
energy accounts for nearly 70% of the alpha power. This reduction in particle
surface heat 1load on the limiter surface is accomplished by adding a high-Z
poison (e.g., iodine) to the plasma edge. This enhances the plasma radiation
loss, which is distributed uniformly over the entire first wall surface. The
resultant average surface heat load on the limiter is ~2.5 MW/m2.

A similar, preliminary analysis using common assumptions has been
performed for the MSR-IIB case 1in order to verify the adaptability of the
STARFIRE pumped-limiter design. The alpha-particle power, Py = 740 MWt
divides into a bulk-plasma Bremsstrahlung loss, Ppr = 79 MWt, and a radial-
transport loss, Py, = 661 MWt, to the plasma edge region. Introduction of
impurities into the plasma edge is assumed to result in a fraction, frap (=
90%), of Py being radiated (Pg) to the first-wall surface area (A, = 1480 m?)
with the remaining 66 MWt being deposited on the limiter surfaces by charged
particles. If the limiter surface area is taken to be a fraction, f;, of the
first-wall surface area, a simple balance equation using the above assumptions

requires that the power to the limiter, P;, be given by

()
[

= IQLAwa . (5 03—2)
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where IQL(MW/mz) is the design value for the (uniform) limiter surface heat
deposition, taken here to be 2.5 MW/m?. Solving Eq. (5.3-1) for f; vields
0.022, which is rounded to 0.025 for convenience to give AL = f1A, = 37 m? of
required limiter surface area. This approach leads to a design choice of ~1
m? of limiter surface per each of the 36 center modules, or with 2 Ilimiter
panels per module, a (square) limiter panel measuring approximately 0.75 x
0.75 m results, Limiters could be incorporated into the end modules to reduce
the surface heat-load constraint or to provide spares.

It can be seen from Fig. 5.3-5 that the excess space available between
the blanket and shield forms the vacuum plenum zone for the limiters. This
approach provides a simple, convenient, high-pumping-conductance arrangement.
The plenum zone is also utilized for all of the manifolding for the blanket

coolant and tritium removal systems. The welds and connections, which are

TABLE 5.3-4
STARFIRE PUMPED-LIMITER DESIGN(2) PARAMETERS
Coolant Water
Reference structural materials Ta-5W, AMAX~-MZC,
F$-85, or
V~20T1
Low-Z coating material Beryllium

Total heat removed from limiter (MW)

(90 MW transport, 56 MW radiation plus 200
neutrals, and 54 MW nuclear)
Average surface heat load (MW/m2) 2.3
Peak surface heat load(a) (MW/m?2) 4
Coolant inlet temperature (K) 388
Coolant outlet temperature (2-pass) (K) 418
Coolant pressure (MPa) 4.2
Coolant channel size (mm X mm) 8 x 4
Wall thickness (mm) 1.5
Maximum temperature (K) Ta-5W AMAX-MZC FS-85 V-20Ti
Water side 466 455 465 464
Coating side 563 469 677 722

(a)Includes transport load (3.4 MW/m2) plus load from radiation and charge-
exchange neutrals.
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particularly sensitive to radiation damage and subsequent failure are thereby
removed to a low-radiation region.

A view of a typical center modular (from a three-module sector),
illustrating the appearance of the plenum and plasma regions, is shown in
Fig. 5.3-7. The vacuum boundary is formed by the module walls and the plate
that covers the sector hatch opening between magnets. The plenum and plasma
regions line up between adjacent modules with a rotational step, A6 = 6.67°,
between adjacent modules, as illustrated in Fig. 5.1-5. Only the center

module contains vacuum—pumping ducts.

A typical side module, with the round section that extends under the
ad jacent magnet, is shown in Fig. 5.3-8. Both end modules are also wedge
shaped, as illustrated in the figure. The module mass is ~60 tonnes.

An isometric cross-section view, 1illustrating a center module and one
side module positioned inside the stationary shield, is shown in Fig. 5.3-9.
The modules are supported from the stationary shield by means of bolts passing
through the module flange and into the shield step. The additional holes
shown provide vacuum sealing of the hatch cover. A view through the hatch

cover opening and between adjacent magnet coils is shown in Fig. 5.3-10.

VACUUM DUCT
He PURGE PIPES
COOLANT PIPES

_—MANIFOLD AND
| PLENUM ZONE

50 m EES

Fig. 5.3-7. MSR center module configuration.
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MANIFOLD AND
" PLENUM ZONE

Fig. 5.3-8. MSR end module configuration (typical).

The solid angle fraction subtended at the plasma center by the blanket is
0.75. For an  assumed poloidally wuniform neutron distribution, the
tritium-breeding-ratio potential, based upon STARFIRE/DEMO 1-D calculations,
is 1.05. This result is probably insufficient when calculational uncertainty,
penetrations, and other losses are taken into account. To enhance tritium
production, a 0.05-m-thick beryllium-multiplier/reflector =zone was placed
immediately behind the first wall in the plasma major axis end regions. It is
estimated that this will increase the tritium breeding ratio to approximately
1.2.

The shield material used throughout is Fe 1422, which is an iron alloy
containing 12 w/o manganese, 2 w/o nickel, and 2 w/o chrome; this alloy has
excellent shielding properties and good radioactive decay characteristics and
is relatively inexpensive and not limited in resource. Except for the region
behind the beryllium multiplier, the shield is cooled by low-pressure,
low-temperature water containing 0.7 w/o dissolved boron. The movable portion
of the shield behind the beryllium multiplier, as well as the multiplier
itself, is cooled by the high-pressure, high-temperature water flowing between

the blanket sections. The shield described is, of course, the bulk magnet
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Center
Module

——Stationary Shield

Fig. 5.3-9. Positioning of MSR modules inside stationary shield (typical).

shielding. Additional shielding around penetrations will be required, as well

as the biological shield.

5.3.3. Neutronics. Detailed neutronics computations for the MSR

FW/B/S/C system per se were not performed. Some preliminary scoping
calculations, described here, were initiated to anticipate possible design
modifications and iterations truncated by the study termination. The material
densities and corresponding nuclear number densities of all of the FW/B/S
constituents are listed in Table 5.3-5. As an aid in setting up neutronics
calculations, Figs. 5.3-11 through 5.3-13 show the compositions and dimensions
of the various material zones in the transport problem. Figure 5.3-11 is

applicable to all of the first wall, whereas Figs. 5.3-12 and 5.3-13 apply

262




Side Modules Center Module

. . "I . Py /\. <
. Stationary
Shield
. Flange
Coolant (Water) |.
Inlet/Outlet
Pipes
. Vacugm
Helium Pumping
Stream .
o *
nou R'ing .
Seals

Bolt Holes for
Hatch Cover Plate

Fig. 5.3-10. View of MSR module tops through a hatch cover opening.

only to cuts along the plasma semimajor (i.e., from the plasma center,
horizontally to the right in Fig. 5.3-4) and semiminor axes (i.e., up or down
from the plasma center in Fig. 5.3-4), respectively. Although zone
dimensions change in the poloidal direction, the zone constituents remain
unchanged. Although a proper neutron/gamma transport analysis requires of a
multidimensional code, one-dimensional neutronics calculations were performed9
by Los Alamos Group T-2 using the ONEDANT discrete-ordinates transport codell
in the SgPq approximation. A multigroup, coupled cross section set (30
neutron + 12 gamma ray), XSLIBA, was used for the calculations. XSLIBA is a
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TABLE 5.3-5
DENSITIES OF MATERIAL CONSTITUENTS (FW/B/S)
NUMBER DENSITY

MATERTAL DENSITY (100%)  (at/barn cm)(2)

Liy0 2.023 0 0.04078

Li 0.08156
Be 1.85 Be 0.1236
Pressurized H,0 0.73(b) H 0.0489

0 0.0245
Borated H,0 1.0 H 0.0670

0 0.0335

108 9,639(10)~°
11 3,954(10)~%

C 1.6 C 0.08023
Fe 1422 7.9 Fe 0.06953
Mn 0.01219

Ni 1.580(10)73

Cr 1.848(10)73

c 2.309(10)73
PCASS 7.86 Fe 0.05499

Ni 0.01290

Cr 0.01274

Mn 1.7237(10)73

Ti 2.9657(10)%

Mo 9.9868(10)™%

c 1.9718(10)~%

(a)l at/barn cm = (10)30 at/m3.

(b)Density of pressurized water at approximately 300° C and 15 MPa.

35-element (a few isotopes are included) library compiled by G. L. Woodruff at
the University of Washington. Data for kerma factors, dpa, and H and He
production were retrieved from the KERMA8 file compiled by D. J. Dudziak of
Los Alamos Group T-l. These data are mainly derived from the ENDF/B-IV
evaluated nuclear data file. An additional calculation was made in which

ENDF/B-IV tritium production data for ’Li was replaced with recent Los Alamos
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Fig. 5.3-11. MSR first wall dimensions and compositions.
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Fig. 5.3-13. Radial build along the MSR-IIB semiminor plasma axis.

tritium production data for ‘Li.l! Activation cross sections were prepared
from data contained in the GAMMON activation library.!?

Normalizations for the three models used in the calculations were
different because of the different plasma radii and geometries used. For
example, for the minor radius cylindrical problem, a wall 1loading, I, of
1 MW/m?2 at a radius of 0.7 m corresponds to 4.398 MW (1.0 x 21 x 0.7) per
meter of height at the first wall, or 43.98 kW/cm of height. Converting to

MeV/s, an energy current of 2.75(10)17 MeV/s is obtained.
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Based on a value of 14,06 MeV/neutron, the source current at the first
wall is 1.952(10)1® neutrons/s, which is the normalization factor input to
ONEDANT. In a similar manner, a normalization factor of 5.201(10)16
neutrons/s was computed for the major-axis infinite cylinder model and a
normalization factor of 3.11(10)!% neutrons/s was computed for the slab
problem.

Because of the difficulties of applying these one-dimensional results to
obtain meaningful conclusions about the actual three-dimensional system, only
the 1limited results shown in Tables 5.3-6 and 5.3-7 are given. Most of the
results are for the infinite cylinder calculations. Only the breeding ratio
is given for the slab problem and only the breeding ratio is given for the
problem using the new Los Alamos 7Li data evaluation. Complete results for
all three problems, however, are available. Heating, displacement, and gas
production rates are higher along the semimajor because of the marginal shield

thickness in this direction.

TABLE 5.3-6
MSR NEUTRONICS RESULTS (INFINITE CYLINDER)
NORMALIZED TO I = 1 MW/m2

Semiminor Semima jor

Breeding ratio (BR) 1.390¢@) (1.350)(b) -
Power deposition MW/m:

FWl 0.245 0.764

FW2 0.150 0.799

FW3 0.182 0.800

Blanket 4,599

Cylinder reflector 4,554-02

Plenum 2.554-02

Fe shield 3.427-02

Be reflector 2.697

Movable shield 13.493

Stationary shield 1.537

PCASS 1 9.150-07 2.170-03

Coil 1 3.356-07 9.314-04

Coil 2 2.280-09 7.354-06

Coil 3 9.642-11 3.239-07

PCASS 2 1.273-11 4.369-08

Incident on FW 4.398 11.310

TOTAL 5.282 20.094

Neutron multiplication, MN 1.20 1.78

Blanket of efficiency, eg 1.0 1.0

(@)BR for = slab = 1.434.
(b)BR for Los Alamos National Laboratory 7Ti data set. 267



TABLE 5.3-7
DISPLACEMENT AND GAS PRODUCTION RATES IN MSR COILS

Semiminor Semima jor
Max dpa/yr 9.97-08 3.04-04
Max appm He/yr 1.46-08 1.20-04
Max appm H/yr 2.14-09 2.26-05

5.3.4. Maintenance. The MSR design envisages routine maintenance of the

FW/B/S components without requiring movement of the modular-coil set. Access
between the coils to the underlying FW/B/S modules is provided through ports
located above the reactor midplane, as illustrated in Fig. 5.3-14. MSR module
features impacting the maintenance approach are summarized in Table 5.3-8.

As shown on Fig. 5.1-3, access ports in the vacuum vessel have different
configurations and orientations around the torus. Module removal and
replacement schemes will be complicated, because all modules cannot be
inserted or withdrawn from the same poloidal angular 1location. Module
insertion varies from vertical through a series of angles approaching the
horizontal. As shown in Fig. 5.3-1, the module is stored on a support
pedestal. For the series of figures, a center module 1is wused. For module
installation, a 1ifting fixture is bolted to the module that is vertically
oriented in the support stand.

The procedure for module replacement is illustrated in Figs. 5.3-15
through 5.3-19. In Fig. 5.3-15 a typical central reactor module, tested out
of the reactor, rests on its support pedestal with an overhead lifting fixture
attached (step 1). The 1lifting fixture is designed to hold the module in
roughly the appropriate orientation for subsequent insertion into the reactor
torus itself, as typified by the sequence between Fig. 5.3-16 (step 2) and
Fig. 5.3-17 (step 3). The module mass is ~60 tonnes.

A keyway in the slide is provided to mate with the alignment fixture keys
so that the module 1is properly positioned for installation. The module is
then slid into the vessel (by 1lowering the crane hook) until the module
support flange contacts the vessel port support flange as shown in
Fig. 5.3-19. With the module lowered into place, as shown in Fig. 5.3-19
(step 5), the lifting fixture can be decoupled and removed together with the
alignment slide. With vacuum seals made and coolant connections

re—established, the reactor is ready for operation. The module removal
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VACUUM VESSEL

Fig. 5.3-14. Typical MSR maintenance access port at the top of the MSR torus.

sequence is accomplished by essentially reversing the steps described above.
An alternate concept would use a special stiff leg overhead crane design to
eliminate the multiple handling fixtures. This concept remains to be fully
evaluated.

An integral neutron wall loading of 16 MWyr/m?, a neutron wall load of
2 MW/m2, and an overall plant availability of 76% yield a first-wall 1life of
approximately 10.5 calendar years. The maintenance plan calls for replacing

12 of the 108 modules during each annual maintenance period in the 1last 9
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TABLE 5.3-8
MSR REPLACEABLE MODULE FEATURES

® Three modules fit between coil centerlines.

® Central module of each three carries movable pumped limiters and
RF posts/antennae for startup heating.

® Modules provide all tritium breeding.
® Modules provide vacuum vessel shielding.

® Module seals to vacuum vessel are in low temperature, low radiation
area.

® All coolant, control, instrumentation lines are sealed within the
modules.

® All connections are made in shielded zone above port.

years of a 10-yr cycle. Three such cycles comprise the assumed 30-yr plant
life.
5.3.5. Summary and Conclusions. A preliminary conceptual design of the

FW/B/S for the MSR, as derived from the STARFIRE/DEMO designs, has been

presented. The design conforms to the unique geometry of the £ = 2 modular,
stationary magnet stellarator. Based upon present information, this design is
likely to satisfy all of the FW/B/S requirements in terms of tritium
production, shielding, heat removal, lifetime, and maintainability. The most
limiting design feature appears to be the marginal shield space available
along the direction of the plasma cross sectional major axis, resulting from
the  highly elongated plasma shape. Multidimensional neutron transport
calculations to confirm expected performance should be performed before
proceeding to the next level of design detail.

An additional area of uncertainty, common to all solid breeder blankets,
is the question of tritium extraction, particularly under irradiation. Based
upon present data, there does not appear to be a clear-cut advantage for
either the so0lid breeder or the LiPb blanket concept in the present
application and a choice will have to await the result of test programs
currently in place.

Interim engineering conclusions, based on work up to the point of

contract termination are summarized below.
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Fig. 5.3-15. MSR blanket module stored on support stand - step l.

CONNECTED
TO OVERHEAD <« — ADJUSTABLE
CRANE —pr—*" / COUNTERWE I GHTS

oy

“a—> GUIDANCE KEYS

Fig. 5.3-16. MSR blanket module being lifted off support stand - step 2.
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Fig. 5.3-17. MSR blanket module moving to reactor — step 3.
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Fig. 5.3-18. MSR blanket module guided by alignment slide - step 4.
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Fig. 5.3-19. MSR blanket module installed in vessel - step 5.

® permanent fixed coil arrays appear feasible,

® permanent fixed vacuum vessel and bulk shield appear
feasible,

® vacuum seals can be made in low-temperature, low-radiation
area,

® vacuum seals can be made either remotely or direct
contact,

® vacuum seals can be soft metal, elastomer, or welds,
® routine maintenance can be partially direct contact,

e first wall, 1limiter, blanket, and primary shield can be
combined in modular assemblies,

relative to tokamaks, the coils
- exhibit lower centering forces
- have no overturning moment and

—- pose more difficult design problems resulting from
lateral distortion.
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5.4. Coil Structural Analysis

Preliminary structural analysis of a typical MSR-IIB modular coil was
performed using the magnetics parameters of Sec. 4.3, as modified by the
coil cross-sectional configuration proposed by Westinghouse for the He-I
cooled case {Sec. 5:2¢2¢) Iteration to a final, self-consistent
coil/structure design was interrupted by the contract termination. Hence,
only preliminary analytic and numerical results using the three-dimensional
ANSYS13 FE computer code are presented here. The detailed discussionl® will
only be summarized here.

For purposes of the FE computation and computer graphics, the modular-
coil structure/dewar casing illustrated in Fig. 5.2-3 was modeled by 29 nodes
as illustrated in Fig. 5.4-1. A three-dimensional, 8-node isoparametric FE
was used, as shown in Fig. 5.4-2. Pressure loads that simulated the

electromagnetic forces that would be experienced by the coil casing were

25— ® °
26 27 28 290
209 21® 220 23® 249
159 169 ‘:; 918 193 r
z
CONDUCTOR

119 129 139 14+

6 7‘* 8% 9l I1o
—e —e -
1 2 3 4 5

Fig. 5.4-1. Notation for spline numbering system used in computer graphic
generation of the MSR-IIB coil cross section.
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Fig. 5.4-2. An isometric plot of the generated modular-coil mesh with hidden
lines removed.

provided by Los Alamos for MSR-IIB key coil (No. 9) and were subsequently
adapted to the FE mesh as nodal-point pressures for input into the ANSYS code.

An input file,lq

of the conductor on the 1inner surface of the casing
(Fig. 5.1-2) was prepared for this mesh with electromagnetic pressure load,
dead weight, and 3/radial supports, which simulated bucking ring and vertical
supports. Initial analytic calculations indicated that 4/lateral

(coil-to-coil) supports were sufficient. The location of these supports was
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chosen to coincide with the position of the maximum lateral pressure, which
occurs near the points of maximum lateral distortion of the coils. Two ANSYS
static runs were made. In the first run, each lateral support was simulated
as one row of nodes. In the second run, a more realistic simulation was used
that resulted in lower levels of stress and strain. In this case, the
supports were assumed to be one element thick.

The results of this preliminary study indicate that the present
configuration for the coil casing could withstand the electromagnetic forces
without excessive stresses and strains. The highest stress and strains
occurred at 6 = 789 at the coil midplane and a combined torsion and bending
and hoop stress were present. The strain 1levels in the vicinity of the
superconductor were about 0.367%, while the stress for this portion was about
660 MPa. These results are preliminary, however, and more favorable levels of
stress could have been obtained in subsequent iterations by changing lateral
support positions and increasing wall thickness in high stress areas.

Two cases were studied before the project was halted. 1In the first case,
the lateral supports were modeled by a single row of nodes fixed 1laterally.
This unrealistic case was replaced by a second run in which an entire set of
elements at four locations was fixed in lateral direction, this modification
resulted in an average reduction of about 25% in the stress level. Other
reductions could be obtained by changing the location of the lateral supports.
In the second run, the supports were located at segments with maximum lateral
pressure. For the key coil (No. 9), the modification was quite favorable,
because a large access port was provided in the outside region of the magnet.
However, to insure the same result for all of the coils, a complete study
would be required in which the same accessibility in all nine coils in the
field period would be assured. The results of FE stress analysis for the
section with the highest stresses and strains are shown in Fig. 5.4-3.

The MSR-IIB <co0il was within acceptable stress limits with the external
backing ring of 0.47-m thickness to sustain the radial forces. The analysis
showed that the side walls of the coil case required a 0.20-m structural
thickness to withstand the twisting and side loads imposed by the four lateral
supports assumed in the analysis. The inner ring of the coil was sized at
0.10 m. Although the stresses in the coil are adequate, it is possible with
further iterations to optimize the side wall stresses and thickness by moving

the support points.
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42.7 MPa 90.3 MPa 361 MPa 728 MPa
0.00035 0.00053 0.0015 0.00340
6,192 psi 13,090 psi 52,345 psi 105,560 psi
114 MPa 487 .4 MPa
0.00066 CONDUCTOR 0.0020
16,530 psi 70,673 psi
45.5 MPa 423 .4 MPa
0.00038 0.0017
6,500 psi 61,670 psi
18.7 MPa 238 MPa 475.4 MPa 863 MPa
0.00038 0.00119 0.0021 0.00369
2,700 psi 34,500 psi 68,900 psi 124,700 psi

Fig. 5.4-3. MSR-IIB key coil (No. 9) section exhibiting the highest stresses

and strains.
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6. TECHNICAL ASSESSMENT

Reactor design studies have identified competitive fusion systems on the
basis of generally conservative physics assumptions and engineering design
constraints. This chapter summarizes the assessment of key physics and
technology issues for the stellarator reactor approach.

6.1. Physics

Detailed magnetics computations have demonstrated several coil
configurations with good rotational transform, positive shear, and adequate
volume utilization (i.e., rp/rc). Equilibrium/stability computations indicate
that beta values approaching 107 are credible for stellarators. Simulations
show 2907 retention of alpha-particle energy, which is adequate for ignited
operation. The absence of net parallel current should make stellarators
immune from Mirnov and sawtooth oscillations as well as major disruptions,
thereby providing more assurance for projections of oscillation-free, steady-
state operation.

The conclusions! from the studies of ion thermal transport are a) earlier
estimates based on oversimplified models of transport in a rippled tokamak are
not valid; b) transport does not increase markedly in the low-collisionality
regime but remains at most a few times the "plateau'" value; c) optimization of
the magnetic configuration from a transport viewpoint appears possible and may
serve to distinguish between good and bad configurations; and d) the principal
present limitation is a lack of sufficient studies of a complete range of
configurations. The neoclassical bootstrap current, which might otherwise act
to limit the attainable beta wvalue, is calculated to be much smaller than
first predicted and has not been found in any experiment. In summary, the
theoretical outlook now appears much more favorable than it did a few years
ago; and for plasma aspect ratios of about 10 or more with electrostatic
effects included, thermal transport in stellarators now appears manageable.

Critical information that is presently missing includes

® experiments in low-collisionality regimes,

® detailed theoretical studies of low—~collisionality
regimes, to match the relevant experiments, and

® a comparison of transport in various stellarator
confinement configurations.
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6.2. Engineering

Coil design and access/maintenance options remain critical issues.
Recent reactor studies have made considerable progress in identifying viable
solutions to these problem areas. A qualitative summary of coil features is
given in Table €.2-1. The construction of £ = 2 modular coils is similar to
that of yin-yang mirror coils, which have been successfully built and tested
in moderate size. Except for the out-of-plane winding, the internal §/T/H
coil technology 1is comparable to other recent superconducting fusion reactor

system designs.

TABLE 6.2-1

QUALITATIVE COMPARISON OF MAGNETIC SYSTEMS
FOR STELLARATOR REACTORS (Ref. 1)

Continuous Modular with Twisted
Helices Windbacks Rehker/Wobig Heliac
(Torsatron) (Torsatron) (Stellarator) High Beta
Magnetic field limit High Moderate Moderate High
Rotational transform
production High High High High
Flux surface quality Good Good Good Good
Magnetic volume
utilization Moderate Moderate Moderate Moderate
Modularity No Yes Yes —-——
Support/force restraint Rel. Easy Difficult Difficult -—-
Ease of construction Moderate Difficult Difficult -
Blanket maintainability Difficult Moderate Rel. Easy ——

Magnet maintainability  Very
Difficult Moderate Rel. Easy —-—
For purposes of this study, design effort was concentrated on the modular
embodiment of the stellarator. The generally superior (except for stored
magnetic energy) magnetics performance of the continuous~helical-coil

(torsatron) embodiment was established in Sec. 4.3. However, this
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superiority may be overridden in practice by the engineering aspects of

initial fabrication, including the following features

@ coils are physically large (54-m across by 8-m high),

® because of size, site fabrication is required,

® fabrication time is ~2-3 yr,

® fabrication in place is not practical because of
interference with other construction and clean conditions
are impractical,

® size requirements for fabrication include

- temporary clear span building ~250‘ x 250’ x 50’

temporary concrete roadway ~180° wide

temporary containment opening ~180° x 30’ high
- weight to be moved is 10,000 - 20,000 tonnes, and

® financial risk in fabrication exceeds 0.5(10)° dollars.

In addition to allowing the stellarator to achieve the same or higher
power density as a low~aspect-ratio tokamak when both systems are constrained
by the same beta and same peak-coil-field limit, the moderate aspect ratio
allows good access. Routine maintenance schemes, allowing for movable coils
or fixed coils, are entirely consistent with those of other superconducting
fusion systems. Coil design, fabrication, and support appear tractable for
the MSR. Credible approaches to remote maintenance are available.

The engineering development needs for the stellarator have been compared
to those of other systems.z"+ The «critical issues for stellarators are

summarized in Table 6.2-2.

TABLE 6.2~2
FUTURE ENGINEERING/TECHNOLOGY NEEDS OF STELLARATORS (Ref. 2)

PLASMA ENGINEERING SYSTEMS

® Better resolve/understand the effects of magnetics on
beta/transport/stability/equilibrium and crucial inter-
dependence on FW/B/C engineering design and system

econonmics.
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Minimum—-power startup procedure that properly adjusts flux
surfaces as beta increases to ignition.

Maximize plasma filling fraction for noncircular shapes
(toroidal ripple, limiter versus divertor).

Understand role of ambipolar electric fields on transport
and stability/equilibrium.

NUCLEAR SYSTEMS

Stability/equilibrium/beta-dictated magnetics may require
thin, sub-breeding B/S directly under coils, 1like bumpy
tori.

Engineer, support, install, maintain helically arrayed
FW/B/S, divertor, and coil systems.

MAGNET SYSTEM

Need for accurate coil alignment, as for the bumpy tori
and for similar reasons.

Effect of field fluctuations associated with high-powered
RF startup on magnetic island formation, vertical field
and confinement.

The proximity of opposing current conductors and the
associated forces not as serious as for bumpy tori but the
problem nonetheless exists for S/T/H. Need arises for
methods to achieve desired magnetics with less massive
(costly) coil sets.

Adjust/tune magnetics as plasma beta is increased during
startup to maintain stability/equilibrium condition.

Need better engineering understanding of B versus on-axis
B tradeoff between bumpy tori and S/T/H. For same RB?
(plasma power density), S/T/H has higher B for a given
limit imposed on the c¢oil field, and a 1lower B8 is
possible, compared to bumpy tori.

Nonplanar coil fabrication and winding required, cannot
wind modular coils under tension, unlike yin-yang coils

for tandem mirrors.

REMOTE MAINTENANCE SYSTEMS

Maintenance scheme similar to bumpy tori wherein the more
complex S/T/H coils (400-500 tonne each) remain fixed, but
system is lower aspect ratio and perhaps more open and
amenable for FW/B/S module extraction.




TABLE 6.2-2 (cont)

® Impact on maintenance scheme of realistically design
coil-support and  bucking-ring systems, as well as
divertor/vacuum system, must be better resolved.

® Maintenance problems on a modular but helically arrayed
system of FW/B/S segments need better resolution.

® The key issue of fixed modular coils versus fixed
continuous-helical coils with respect to maintenance of a
segmented/modular FW/B/S must be better resolved.

The larger aspect ratio of the S/T/H allows larger on-axis field strength
for a common peak field limit when compared to a tokamak. Net-current~free,
steady-state operation allows a relaxed FW/B/S/C design, not requiring
mitigation against disruptions and thermal-cyclic fatigue. The S/T/H allows
lower recirculating power fractions by eliminating current drive (as for
STARFIRE and RFPR) and ring drive (as for EBTR). Beta values approaching 10%
appear feasible but must be confirmed. Beta is the key driver of overall
S/T/H reactor viability.

Certain advanced stellarator coil configurations (e.g., heliac) are
projected, on the basis of preliminary investigations, to have a potential for
reaching beta values of 15-207%. Improved beta values enhance any fusion
reactor conceptual design. For beta above 157%, it even becomes possible to
consider resistive copper-coil systems, thereby reducing the neutron shield
and thus achieving compact high-power-density operation. Confirmation of the
possibility of stable high-beta operation, and detailed engineering designs 6f
the novel coil configurations required for these systems are not yet available
but a strong incentive exists to pursue this possibility. The conventional
superconducting version of this concept would tend to produce large power
output unless the magnetic field was lowered below the wusually applied
engineering constraints. A general rationale for pursuing the high power
density approach can be found in Ref. 5.

Several unresolved technology issues remain. Startup procedures that
minimize power requirements must be identified in conjunction with unresolved
transport theory. The magnetics performance of modular coils is inferior to
that of continuous-helical coils, but modular coils reduce the financial risk
and technical problems of on-site winding of monolithic helical coils, whose

integrity for the life of plant cannot be guaranteed.
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7. ECONOMICS

7.1. Cost Basis

Although detailed conceptual point designs of the flagship stellarators
are not available, preliminary cost estimates were made to assess the relative
economic performance of these systems. In addition, because the economic data
base used here is generally well calibrated to that used in the more detailed
STARFIRE! and EBTRZ studies, a broader set of comparisons is allowed.

The stellarator cost estimate is specific to this system and reflects the
unique ground rules applied to this truncated study. It is expected, however,
that many of the results can be used to assess economic trends for many other
magnetic fusion concepts, and the data base has been calibrated by other
recent studies. When comparing results with an estimated cost of an existing
power plant, it should be emphasized that the stellarator design 1is
preconceptual, with most subsystems not fully defined 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 Pressurized
Water Reactor (PWR) fission systems, and this similarity should enhance the
cost credibility. The direct capital cost estimates associated with the
reactor plant equipment (RPE), the BOP equipment, land, and all the related
structures and site facilities, are based upon supplier quotes, historical
data, and costs of analogous systems.l™3 The indirect cost estimates related
to construction are based upon DOE recommendations3 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
estimate 1is determined. These costs are presented in both constant (1980)
dollars and then-current (1990) dollars reflecting the assumed 10-yr
construction time, which represents a nominal facility cost for the first year
of operation.

This section 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 are discussed. The

capital cost accounts summarized in Table 7.1-1 generally follow the DOE
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guideline33 and provide a uniform evaluation/accounting tool by which possible
comparisons can be made with other studies. The estimated costs for
stellarators are discussed, with any significant influencing factors or
components highlighted. Table 7.1-2 shows the total bus-bar energy cost
components for fusion—-generated energy. These values are higher than are
currently being projected for new fission plants, but stellarator fusion power
plants will become competitive as the cost of fissile fuel continues to

escalate compared to the negligible cost of the fusion fuel.

TABLE 7.1-1
SUMMARY OF STANDARD CAPITAL COST ACCOUNTS (Ref. 3)
Cost Account Title

Direct Costs:

20. Land and Land Rights

21. Structures and Site Facilities
22. Reactor Plant Equipment (RPE)
23. Turbine Plant Equipment
24, Electric Plant Equipment
25, Miscellaneous Plant Equipment
26. Special Materials
Total Direct Cost (TDC)
Unit Direct Cost (UDC) ($/kWe)

Indirect Costs:

91. Construction Facilities, Equipment, and Services
92. Engineering and Construction Management Services
93. Other Costs

Total Base Cost

Unit Base Cost ($/kWe)
94, Interest During Construction (IDC)
95. Escalation During Construction (EDC)
99. Total Cost

Total Unit Cost ($/kWe)
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TABLE 7.1-1 (cont)

Annual Costs:

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 Miscellaneous

50. Annual First Wall/Blanket Component Replacement
51. Annual Replacement of Other Reactor Components
02. Annual Fuel Cost

03. Annual Fuel Cycle Materials Cost

TABLE 7.1-2
TOTAL BUS-BAR ENERGY COST COMPONENTS

Annualized Cost of Capital (Account 99)
Operations and Maintenance (Accounts 40-47)
Scheduled Component Replacement (Accounts 50-51)
Fuel (Accounts 02-03)

Total Annual Cost

Cost of Electricity (COE) (mills/kWeh)

7.1.1. Economic Guidelines and Assumptions. To assure a consistent,
3

uniform and complete economic evaluation of stellarators, the DOE guidelines
for costing fusion systems were adopted to the maximum extent for this study.
This procedure assists in an evaluation of stellarators that is consistent
with procedures used for alternate energy systems. To insure that all data
are consistent and easily comprehended, the study guidelines follow those of
the EBTR study? unless otherwise noted. These guidelines apply both to design

and economic analyses. All costs quoted in this report are referenced to 1980
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dollars wunless defined otherwise. It is assumed that the user of the power
plant will be an investor-owned utility.

7.1.2. Level of Technology. The stellarator 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 thermal-cycle efficiency consistent with the use of
three stages of moisture separation for the steam turbine rather than the
current practice of wusing one stage; for this study the stellarator turbine
cycle efficiency is assumed to be Ny = 0.35. For the construction time frame
envisaged, it 1is 1likely that this improvement would be a then-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 stellarator 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
EBTR building cannot be adapted for stellarator use because of the smaller
major radius of the latter systems, precluding placement of steam generators
inside the reactor torus. All other buildings are also considered to be of
conventional design.

As with the EBTR, three levels of technology compose the RPE. 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 Radiocactive Waste Treatment and Disposal
system, and most of the Other Reactor Plant Equipment. The second 1level of
technology represents technologies that have been demonstrated in existing
power plants, but the application, design, and/or configuration is new or
unique. This 1level 1is 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, rf-heating/startup system components,
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cryogenic cooling, tritium processing and storage, and special remote
maintenance equipment).

Another aspect of the 1level 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 the stellarator,
like EBTR and STARFIRE, 1is not the first—of-a-kind fusion power plant.
Specifically, it has been assumed that these systems are the "10th-of-a-kind"
power plant based on a specific design technology and that all systems have
been proved thoroughly. 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 stellarator fusion power plants.
Learning curve design allowance and site assumptions are consistent with EBTR
and STARFIRE.

A contingency allowance 1is added to a cost estimate 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
stellarator estimate uses the recommended value of 157 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 is 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
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inventory should be increased to assure adequate supplies if lead times are
unusually 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 Spare-Parts Allowance
21, 22, 23 27
24 4%
25 3%
Others 07

7.1.3. Indirect Cost Allowances. The indirect cost allowances are

expenses resulting from the support activities required to design, fabricate,
assemble, and check out 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).
Appendix G of Ref. 2 gives additional detail for specific items included in
each account.

Construction Facilities, Equipment and Services (Account 91) is somewhat
different from fission plants in that more modular plant equipment is planned
for EBTR with assembly and major checkout being conducted offsite. These
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%Z 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, with the clear exception of a continuous torsatron coil.

Engineering and Construction Management Services (Account 92) consists of
the expenses for reactor and plant engineering and construction management
services. The 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 10th-of-a-kind reactor

will require reduced engineering services. The only engineering services
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being considered are those which are necessary for site development, wutility
requirements, new or wupdated regulatory guides, and design improvements.
Services required of the construction management will be eased somewhat
because of familiarity with the PWR systems and the assumed nine prior
stellarator systems. Offsetting those advantages is the management of the
construction of a large reactor building, the handling of large and expensive
equipment, and 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 87 of the TDC.

Associated with other costs (Account 93) are taxes, insurance, staff
training, plant startup, and owner’s General and Administrative (G&A) costs.
Most of these items scale directly with the direct capital expense, and the
stellarator estimate, therefore, adopted the recommended 5% of the Total
Direct Cost for Other Costs.3

7.1.4. 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) 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
current-1980-dollar price levels. The time distribution of the capital
expenditures 1is dependent upon the construction schedule, the construction
techniques, the material and equipment purchases and progress payments, and
the checkout and startup schedule. The expenditure pattern3 shown in
Fig. 7.1-1 is adopted by this study. At a point 60% through the construction
period, one-half of the direct costs have been incurred.

The aggregate interest rate 1is representative of a privately owned
utility. The following assumptions3 are used as a basis for determining the

cost of capital:
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Fig. 7.1-1. Fusion power plant expenditure pattern.3

® Utility is investor owned.

@ Capital structure is 537% debt financing and 47% equity (common
stock) financing.

® Nominal cost of debt financing is 8% per year.
® Nominal cost of equity financing is 147 per year.
® Power plant economic lifetime is 30 yr with no salvage value.

® C(Cost escalation and general inflation is 5% per year.

Given these assumptions, the nominal cost of capital is 107 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
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capital is 5% per year. The second analysis uses the "then-current-—dollar"
mode which assumes that purchasing value changes over time (inflation rate is
not zero). The cost of capital for this mode is 10%Z per year, and the
escalation is 57 per year. Figure 7.1-2 illustrates the means by which
interest and escalation are additive to the direct and indirect cost of
capital. Alternative schemes are available.* The specific values assumed for
interest and escalation have been standardized3 for comparison purposes with
other fusion studies and are not intended to reflect actual interest and
inflation fluctuations. The multipliers of the direct cost as a function of
construction time are illustrated in Fig. 7.1-3. All costs reported in

Accounts 20 through 26 and 91 through 93 are presented in 1980 dollars, and
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Fig. 7.1-2. Comparison of constant and then-current dollar analyses for a

5-yr construction period.*
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Fig. 7.1-3. Factors used for Interest During Construction (IDC) and
Escalation During Construction (EDC) as a function of
construction duration.

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.3 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
stellarator to that of other energy sources. 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 as a result of inflation. Therefore,

any comparison should only consider new starts on alternative energy sources.
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Also, the preliminary nature of the present stellarator cost estimates, based
on incomplete engineering designs, is again emphasized.

7.1.5. Key Design, Performance, and Operational Features. Several key

features of a power plant directly influence the capital and operational cost.
Table 7.1-3 lists the major design, performance, and operational features that
can significantly affect the power plant economics.

The stellarator design philosophy reflects a mature fusion energy
industry (i.e., 10th of a specific design). Several design features reflect
this philosophy: steady-state operation, enhanced maintenance access, rf
heating rather than neutral—-atom beams, and limiter/vacuum impurity-control
system. These features remain to be thoroughly demonstrated, but they have
been shown to be feasible and would be typical of the design features to be
found on a mature fusion power plant.

Steady-state operation of the stellarator reactor 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 mnot required in experimental devices or demonstration machines.

The stellarator design incorporates accessible and maintainable wall/blanket

TABLE 7.1.3
KEY STELLARATOR DESIGN, PERFORMANCE, AND OPERATIONAL FEATURES
Tenth-of-a-kind of a specific design technology
Moderate aspect ratio device
Enhanced maintenance access
Steady—-state operation
Lower hybrid heating (LHH) for plasma startup
Limiter/vacuum impurity-control system
Stainless steel first-wall and blanket structural material
Moderate neutron wall loading
Reactor thermal power output of 4000-5000 MWt
Pressurized-water primary coolant
No intermediate coolant loop
High efficiency steam turbine generator

High plant availability

Low fuel cost
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sectors, as well as providing adequate space around the reactor for
maintenance equipment. The decision to incorporate fully remote maintenance
in the 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 undergoing rapid
development, and it 1is anticipated that the necessary equipment has been
developed and is being utilized. The wuse of rf heating in place of
neutral-atom beams and the use of limiter/vacuum impurity control in place of
a magnetic divertor were selected for reasons of design simplification,
enhanced maintainability and improved performance. Added benefits of these
approaches are systems that are less expensive than the alternatives.2

It has been shown that power reactors exhibit an economy of scale; larger
reactors have lower COE. Three important utility considerations, however,
limit the desirable power rating. The first consideration is the difficulty
of raising the capital for 1larger power plants. The second consideration
relates to the cost of reserve electric power capacity that 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 consideration 1is 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 desirable power rating at
present, therefore, is in the range of 3000-4000 MWt [~1250 MWe(net)] for
electrical power;l’2 the power level for the higher beta stellarator designs
was targeted within this range. The low-beta stellarators violate this
constraint.

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 STARFIRE design,! which
concluded that a fluence limit of 16 MWyr/m2 for 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
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potentially 1lower cost. This obvious correlation underlines the motivation
for developing designs with higher neutron wall loadings. Limitations exist,
however, on the ability to produce and 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 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 1loading and the
resultant short wall 1lifetime must be weighed against the economic gain
realized by designing a small size reactor.

Plant availability is one of the most economically influential features
of any power plant. A reduction in availability from a nominal 76 to 757%
increases the COE almost 1.0 mills/kWeh for a capital-intensive facility 1like
the stellarator. The reactor design was developed to permit all scheduled
maintenance to occur during the maintenance of the BOP that typically operates
with an availability of 60 to 807%. System redundancy, steady-state operation,
ease of component replacement, and development of reliable components should
permit the assumed overall plant availability of 76% for the stellarator
designs. This plant availability also includes a major 120-day shutdown every
10 yr. Steady-state operation of the stellarator should considerably improve
reliability for the application of economically optimum engineering safety
factors. 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 1007 of the time at design power level. The
availability is reduced from 100% because of outage time for scheduled, te,
and unscheduled, t,» maintenance periods. The plant availability equals
(365-tu-ts)/365, where t and t  are expressed in days. The scheduled outage
time has been estimated as 28 days per year for reactor and BOP and 120 days
every 10 yr for turbine generator overhaul and TF-coil anneal. To achieve the
target availability of 767, the unscheduled outage is set at 48 days per year.
The availability factor has a strong influence on the COE,

The periodic first-wall and blanket replacement is an important
operational feature. An integral neutron wall 1loading of 16 MWyr/m2, a

neutron wall load of 2 MW/m2, and an overall plant availability of 76% yield a
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first-wall 1life of approximately 10.5 calendar years. The maintenance
procedure calls for replacing 12 of the 108 modules during the annual
maintenance period in the last 9 yr of any 10-yr cycle. This expenditure is
taken into account under the Annual Scheduled Component Replacement costs.
The remote maintenance equipment 1is 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.

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 $2000/kg.3 If
the reactor consumes 0.5 kg/day, 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, The future tritium 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.

All the prior analyses are utilized in preparing the necessary data to
calculate the bus—bar cost of energy available from the stellarator fusion
power plant. This energy cost is the most important evaluation tool to
compare alternative energy sources. Both constant-1980 and then-current-1990
dollar analyses are used to evaluate the stellarator economic parameters. The

general equation for bus-—bar energy cost is given by

P

COE = , (7.1-1)
(PC)(PR)(1073)
where
COE = Cost of electricity in constant or then-current dollars
(mills/kWeh).
Cpc = Annual capital cost charge = total capital cost multiplied by fixed

charge rate (0.10 for constant-~dollar analysis or 0.15 for then-
current-~dollar analysis).
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CO&M = Annual operations and maintenance cost = C40 + Chp t oo + Cuye

CSCR = Annual scheduled component replacement cost = Cgg + Cgpe

Cp = Annual fuel costs = Coo and Cpj.

E = Escalation rate equals 0.0 for constant-dollar analysis and 0.05
for then-current—-dollar analysis.

P = Construction period (years).

PC = Plant capacity (kWeh).

Pp = Plant availability factor (%/100).

The degree of detailed design effort applied to the STARFIRE and EBTR
allowed itemized cost estimates beyond the level available to the present
stellarator reactor study. For the present effort, homogenized wunit-cost
averages were applied to the first-wall/blanket, shield, and coil subsystems
of the Fusion Power Core (FPC). The assumed stellarator unit costs (1980
dollars) are displayed in Table 7.1-4 and compared with the comparable numbers
derived from the STARFIRE and EBTR designs.

TABLE 7.1-4
FUSION POWER CORE HOMOGENIZED UNIT COSTS ($/kg)
STARFIRE! EBTR? STELLARATOR
First-Wall/Blanket 53.3 41.2 42.0
Shield 13.9 14.6 15.0
Coils 20.8 21.3 25.0
Total 19.0 19.0 22-24

The stellarator FW/B/S values are similar to but slightly higher than those
for the EBTR. The unit cost for stellarator coils is somewhat larger than for
the other two systems to reflect the additional cost of out-of-plane winding.
In addition to the general commonalty of unit costs indicated here for the
FPC, the BOP cost models are essentially identical functions of thermal
power.3>5 The cost data base, as summarized in Table 7.1-5, has also been
found to be comparable to that implemented independently in the Westinghouse
COAST code.®
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ACC. NO

20.

21.
21.1
21.2
21.3
21.4
21.6
21.5
21.6
21.7
21.98
21.99

22.
22.1
22.1.1
22.1.2
22.1.3
22.1.4
22.1.5
21.1.6
22.1.7
22.1.8
22.1.9
22.2
22.3
22.4
22.5
22.6
22.7
22.98
22.99
23.
23.1
23.2
23.3
23.4
23.5
23.6
23.7
23.98
23.99
24,
24.1
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TABLE 7.1-5
SUMMARY FUSION REACTOR COST DATA BASE(2)
ACCOUNT TITLE

Land and land rights

Structure and site facilities
Site improvements and facilities
Reactor building
Turbine building
Cooling structures
Miscellaneous buildings
Power supply and energy storage
Miscellaneous buildings
Ventilation stack

Spare parts (2%)

Contingency (15%)

Reactor Plant Equipment
Reactor Equipment
Blanket and first wall
Shield
Magnets
Supplemental heating
Primary structure and support
Reactor vacuum
Power supply (switching & energy storage)
Impurity control
Direct energy conversion
Primary coolant
Auxiliary cooling
Radioactive waste treatment
Fuel handling and storage
Other reactor plant equipment
Instrumentation and control
Spare parts allowance (27)
Contingency allowance (157)
Turbine plant equipment
Turbine-generators
Main steam system
Heat rejection systems
Condensing system
Feed heating system
Other turbine plant equipment
Instrumentation and control
Spare parts allowance (2%)
Contingency allowance (15%)
Electric plant equipment
Switchgear

(M$, 1980)
3.3

11.15,
7(10)74v
3.4y
7.13(Pgp/1000)0+3
76.5
9.16
76.5
1.81

-2
4.2(10)72 Mgy
1.5(10)72 Mg
2.5(10)"2 Mg

9.65(10)73 Pry
1.09(10)72 Py
23.41

59.9 (Pg/1000)0+7
4.80 (Popy/2860)
0.8
33.0 (Pgy/2860)
13.8 (Ppp/1000)0+7
7.55 (Prp/2860)
40.9 (Pgy/1000)0+6
7.80 (Ppp/1000)0+3



TABLE 7.1-5 (cont)

ACC. NO ACCOUNT TITLE (M$, 1980)
24,2 Station service equipment 18.0 (PET/IOOO)
24.3 Switchboards 5.4 (PET/IOOO)
24 .4 Protective equipment 2.11
24.5 Electrical structures and wiring containers 17 .4
24.6 Power and control wiring 35.99
24.7 Electrical lighting 8.2

24,98 Spare parts allowance (4%)
24 .99 Contingency allowance (15%)

25, Miscellaneous plant equipment

25.1 Transportation and 1lifting equipment 15.68
25.2 Air and water service systems 12.35
25.3 Communications equipment 6.22
25.4 Furnishings and fixtures 1.12

25.98 Spare parts allowance (3%)

25.99 Contingency allowance (15%)

26. Special Materials

90. Total direct cost (TDC)

91. Construction facilities, equipment, and services (10%)
92. Engineering and construction management services (8%)
93. Other costs (5%)

94. Interest during construction, IDC (10%/yr)

95. Escalation during construction, EDC (5%/yr)

99. Total reactor cost

(a)Gross electric, Ppm, net electric, Pgs and total thermal, Prys powers
given in MW. Volumetric V(m3) abbreviations or corresponding mass M(tonne)
costs for the fusion power core (FPC) and related items are given as

Reactor building, Vg = 201r(RT +r. + 15)2.
Blanket, MBL

Shield, MSHD
Magnet, MC

Structure, V

Vacuum, VVAC = ZnRanwz.
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Stellarator annual costs (operations and maintenance, fuel, and component
replacement) are estimated to be 2% of the total reactor cost.3 More detailed
analyses in Refs. 1-2 suggest this is a reasonable, conservative estimate for
preliminary cost analyses such as the present effort.

7.2. Cost Estimates and Comparison with Other Fusion Systems

The cost data base summarized in the previous section has been used to
estimate the costs of the four flagship stellarator design points. Results
are summarized in Table 7.2-1 and compared with the STARFIRE! and EBTRZ study
results. It is again emphasized that the stellarator estimates are based on
much more poorly detailed design points and must, therefore, be considered
preliminary estimates. The conservatively assumed stellarator construction
time is 10 yr in contrast to 6 yr for STARFIRE and 5 yr for EBTR. It may be
noted that the recommended value3 is 13 yr and that long construction times
exert a considerable multiplication of the direct costs in determining the
total costs (Fig. 7.1-3).

The <B> = 0.04 cases, MSR-IIA and TR-A, have higher output (Ppy = 5.1
GWt) than the <8> = 0.08 cases, MSR-IIB and TR-B (Pyy = 4.0 GWt), and,
therefore, exhibit an economy-of-scale advantage in wunit costs and COE.
Substitution of the continuous-helical-coil set of the TR-A case for the
modular-coil set of the MSR-IIA case results in somewhat higher costs. No
specific optimization or "tuning" of the TR-A design point was performed. 1In
contrast, the TR-B3 case was tuned to take advantage of the common Bey = 12 T
peak—-coil~-field 1limit, resulting in lower values of coil radius, mass, and
consequently lower costs. Both <B> = 0.08 cases result in lower direct costs
than those found for the STARFIRE and EBTR systems, as was generally
anticipated by the Ref. 13 parametric studies. The assumed longer
construction time of the stellarator system results in higher relative total
costs, particularly for the then-current—-dollar—analysis option. The lower
recirculating-power fractions for the stellarators (e = faoyx = 0.07), when
0.06)] and
the EBTIR with ring drive [(e = 0.15) (fpyx = 0.07)], result in comparable COE

|

contrasted to the STARFIRE with current drive [(e = 0.167) (fAUX
estimates. This effect may be interpreted to allow the 1longer construction

times without incurring a COE penalty or a clearer advantage for stellarators

constructed more quickly than in a decade.
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TABLE 7.2-1

FUSION REACTOR COST COMPARISON(2)

ACCOUNT TITLE STARFIRE! EBTR2 MSR-IIA TR-A MSR-ITB TR-B3
20. Land and land rights 3.3 3.3 3.3 3.3 3.3 3.3
21. Structures 346.6 289.8 286.3 286.3 255.0 250.5
22, Reactor plant equipment 968.6 1425.7 1686.8 1899.2 967.6 792.9
23, Turbine plant equipment 249.,7 249,7 298.0 298.0 249.9 249.9
24. Electric plant equipment 117.3 100.5 143.8 143.8 129.1 129.1
25. Miscellaneous plant equipment 40.8 39.6 41.8 41,8 41.8 41.8
26. Special materials 0.3 0.3 0.3 0.3 0.3 0.3
Direct cost 1726.5 2108.8 2460.3 2672, 1647.0 1467.8
91. Construction, facilities, equipment,
and service (10%) 172.7 210.9 246.0 267.3 164.7 146 .8
92. Engineering and construction
management service (8%) 138.1 168.7 196.8 213.8 131.8 117 .4
93. Other costs (5%) 86.3 105.4 123.0 133.6 82.4 73.4
Base Cost 2123.6 2593.9 3026.1 3287.5 2025.9 1805.4
Construction time, P (years) 6 5 10 10 10 10
94. Interest during construction
[52/yr(10Z/yx)]} 276.7(671.7) 278.1(650.8) 668.8(1948.9) 726.5(2117.2)  447.7(1304.6) 399.0(1162.7)
95. Escalation during construction
[0%/yx(5%/yr)] 0.0(462.6) 0.0(403.1) 0.0(1022.9) 0.0(1111.2) 0.0(684.7) 0.0(610.2)
99, Total Cost 2400.3(3197.9) 2871.9(3647.7) 3695.0(5998.0) 4014.1(6515.9) 2473.6(4015.2) 2204.5(3578.4)
Recirculating power fraction, € 0.167 0.15 0.07 0.07 0.07 0.07
Plant availability factor, Pg 0.75 0.76 0.76 0.76 0.76 0.76
Net electrical power, Py (MWe) 1200 1214 1660 1660 1302 1302
Unit direct cost ($/kWe) 1439 1737 1482 1610 1265 1127
Unit base cost ($/kwe) 1770 2137 1823 1980 1556 1387
Total unit cost {($/kWe) 2000(2665) 2366(3005) 2226(3613) 2418(3925) 1900(3084) 1693(2748)
10%Z/yr(15%/yr) capital return
(mills/kWeh) NA NA 33.5(81.5) 36.4(88.6) 28.6(69.6) 25.5(62.0)
2%/yr operating cost (mills/kWeh) NA NA 5.8( 9.3) 6.4(10.1) 5.1( 8.0) 4.6( 7.3)
Cost of electricity (mills/kWeh) 35.1(67.1) 38.9(71.7) 39.3(90.8) 42.8(98.7) 33.7(77.6) 30.1(69.3)

(a)Paired entries indicate constant (1980) and then-current (at end of construction) costs. Units are M$ for entries above Account
99.



A more detailed comparison of reactor fusion power core (Account
22.1.1-3) masses and costs is presented in Table 7.2-2. Included are the mass
utilization, defined as the mass, M, of the fusion power core mnormalized by
the total thermal power output, Pry; the fractional cost of the FPC relative
to the RPE and TDC is also shown as is the UDC. When reactor net power output
is normalized to Pp = 1000 MWe, a strong linear correlation between mass
utilization and UDC has been identified, as is shown on Fig. 7.2-1. The UDC
increases linearly with M/Ppy, as expected, with an average unit FPC cost
being $30/kg. The mass wutilization 1is apparently a good indicator of
increasing plant cost. The equipment and structural mass (including rebar in
both physics and technology) for the BOP is 10-15 tonne/MWt. A FPC mass
utilization of 10 tonne/MWt approximately doubles the plant mass (again,
excluding concrete), and a commensurate doubling of direct cost is expected.
The correlation of UDC with mass utilization was used in Ref. 13 to motivate
the search for stellarator design points with <B> =~ 0.08, consistent with
M/Ppy = 5 tonne/MWt to be competitive with the mainline STARFIRE tokamak
design. The greater elongation of the plasma cross section at <> = 0.08 when
compared with <B> = 0.04 implies that the MSR-IIB mass cannot be reduced
relative to the MSR-IIA as much as can the TR-B3 mass compared to the TR-A.
Elliptical-bore modular coil would help the MSR-IIB in this respect. More
vigorous application of the correlation motivates the investigation of compact
fusion system55 with mass utilizations, power densities, and unit direct costs
approaching those of contemporary Light Water Reactor (LWR) fission central
power stations.

It 1is concluded on the basis of this preliminary economic analysis based
on a somewhat preconceptual design that stellarator reactors will require <B>
= 0.08 to be economically competitive with the mainline fusion systems. Lower
recirculating power fractions for the stellarators offset some of the higher
direct costs to give more comparable values of COE. However, design effort
was insufficient in this study to distinguish between modular and torsatron
stellarator configurations on the basis of cost in order to choose a preferred
development route. However, important engineering considerations (Sec. 5.)

dictate a preference for the modular approach at the commercial reactor level.
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Mass (tonne):
First Wall/Blanket
Shield
Coils
Total FPC Mass, M
Mass Utilization, M/PTH (tonne /MWt)

Cost (MS$):

21.1.1 First Wall/Blanket
21.1.2 Shield
21.1.3 Coils

Total FPC Cost

Cost Figures of Merit:

FPC/RPE
RPE/TDC
FPC/TDC
UDC ($/kWe)

TABLE 7.2-2

FUSION POWER CORE COMPARISON(2)

STARFIRE!

1574
13360
8240
23117
5.7

82.4
186.1
171.6
440.1

0.45
0.56
0.25
1439

EBTRZ

4116
13110
26150
43376

10.8

174.5
191.5
556.9
922.9

0.65
0.68
0.44
1737

MSR-ITA

5151
16272
21233
42656

8.4

228.4
244 .1
530.8
1003.3

0.59
0.69
0.40
1482

TR-A

5987
22254
20740
48981

9.6

264.6
333.8
518.5
1116.9

0.59
0.71
0.42
1610

MSR-IIB TR-B3
2060 1699
10275 5859
14149 12037
26484 19595
6.6 4.9
91.1 74.5
154.1 87.9
353.7 300.9
598.9 463.3
0.62 0.58
0.59 0.54
0.37 0.32
1265 1127

(a)Paired entries indicate constant (1980) and then—current (at end of construction) costs.
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Fig. 7.2-1. Correlation of mass utilization factor, M/PTH (tonne/MWt), w1th
unit direct cost (UDC). Reactor design points shown are: LWR;
Compact Reversed-Field Pinch Reactor (CRFPR) ; 5 Reference
Reversed-Field Pinch Reactor, RFPR;® STARFIRE tokamak reactor;!
NUWMAK tokamak reactor; 9 Tandem error Reactor (TMR); 10 Modular
Stellarator Reactor (MSR) WITAMIR-III; UWTOR-M; 12 and ELMO Bumpy
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(typically 23%), interest during construction (IDC), or
escalation during construction (EDC).3 Reactor unit costs have
been normalized using a 0.4 power law to a common net electric
output Pyprn = 1000 MWe. ‘

308



REFERENCES

‘ 1. C. C. Baker, M. A. Abdou, D. A. DeFreece, C. A. Trachsel, D. W. Graumann,
et al., "STARFIRE - A Commercial Tokamak Fusion Power Plant Study,"
Argonne National Laboratory report ANL/FPP-80-1 (September 1980).

2. C. G. Bathke, D. J. Dudziak, R. A. Krakowski, W. B. Ard, D. A.
Bowers, J. W. Davis, et al., "ELMO Bumpy Torus Reactor and Power Plant

Conceptual Design Study," Los Alamos National Laboratory report
LA-8882~-MS (August 1981).

3. S. C. Schulte, W. E. Bickford, C. E. Willingham, S. K. Ghose, and M.
G. Walker, "Fusion Reactor Design Studies - Standard Unit Costs and Cost
Scaling Rules," Pacific Northwest Laboratory report PNL-2987 (September
1979).

4, D. L. Phung, "A Method for Estimating Escalation and Interest During
Construction," Institute for Energy Analyses, Oak Ridge Associates
Universities (October 1977).

5. R. L. Hagenson and R. A. Krakowski, "Compact Reversed-Field Pinch
Reactors (CRFPR): Sensitivity Study and Design-Point Determination,” Los
Alamos National Laboratory report LA-9389-MS (July 1982).

6. D. A. Sink and E. M. Iwinski, "User’s Manual for COAST-4, A Code for
Costing and Sizing Tokamaks," Westinghouse Electric Corporation report
WFPS: TME-79-023 (September 1979).

7. C. Komanoff, Power Plant Cost Escalation (Komanoff Energy Associates, New
York, 1981).

8. R. L. Hagenson, R. A. Krakowski, and G. E. Cort, 'The Reversed-Field
Pinch Reactor (RFPR) Concept," Los Alamos Scientific Laboratory report
LA-7973-MS (August 1979).

9. B. Badger, K. Audenaerde, H. I. Aveci, J. Beyer, D. Blackfield, R.
W. Boom, et al., "NUWMAK - A Tokamak Reactor Design Study," University
of Wisconsin report UWFDM-330 (March 1979).

10. G. A. Carlson, "The Design of Tandem Mirror Reactors with Thermal
Barriers,'" Proc. 4th ANS Top. Meeting on the Technology of Controlled
Nucl. Fus. III, 815-824 (October 14-17, 1980).

11. B. Badger, K. Audenaerde, J. B. Beyer, D. Braun, J. D. Callen, G.
A. Emmert, et al., "WITAMIR-I: A Tandem Mirror Reactor Study,"
University of Wisconsin report UWFDM-400 (September 1980).

12. B. Badger, I. N. Sviatoslavsky, S. W. Van Sciver, G. L. Kulcinski,
G. A. Emmert, et al., "UWTOR-M: A Conceptual Modular Stellarator Power
Plant," University of Wisconsin report UWFDM-550 (October 1982).

13. R. L. Miller, R. A. Krakowski, and C. G. Bathke, "Parametric Systems
‘ Analysis of the Modular Stellarator Reactor (MSR)," Los Alamos National
Laboratory report LA-9344-MS (May 1982).
309 / 3/0



8. CONCLUSIONS

A number of recent reactor studies of the stellarator concept have
addressed the fundamental physics, engineering, and economic implication
aspects of these systems. These generally conservative studies, taken
collectively, demonstrate credible, competitive solutions to the crucial
lingering problems that contributed to the de-emphasis of stellarator reactor
work about a dozen years ago. Guidance has been provided to the near-term
theoretical and experimental program indicating parameter sets and design
direction that would seem to promise an attractive fusion power system worthy
of vigorous pursuit. The crucial coupling between specific coil designs
(i.e., torsatron versus modular, winding law, aspect ratio, etc.), resultant
magnetics performance (i.e., rotational transform, shear, well, ripple etc.),
and beta as limited by equilibrium/stability is the key driver in fixing the
optimum stellarator reactor configuration.

The following conclusions have emerged from the MSR study.

® Modular-coil configurations sacrifice magnetics performance
relative to continuous—-coil configurations [rotational
transform (~2% less), shear (comparable at high transform),
volume utilization (~2% less), peak coil field (~10% higher for
same Bo), BCM/Bo (~10% less), etc.] in return for
fabrication/maintenance advantages and lower stored energy.

® Radial forces are 1larger for the torsatron, while lateral
forces are smaller when compared to modular coils. Access is
diminished primarily proportionally to the lateral forces; the
modular-coil approach is adversely affected most by the lost
access as B is increased but has the option of coil movement as
part of the routine maintenance scheme.

® Access to first-wall/blanket components for fixed modular or
torsatron systems 1is comparable, suggesting a similar routine
maintenance scheme that does not require coil movement.

® Modular-coil and torsatron configurations with similar plasma
performance (size, field, beta, etc.) are comparable in terms
of access and cost. Modular coils are preferable 1if 1life-of-
plant (LOP) coils cannot be assumed. Availability of LOP coils
and desire to maximize plasma performance (beta) would favor
torsatron coils. Availability of breakable joints without LOP
coils favors torsatron coils. Marginally competitive MSR
designs are available for <B> as low as 0.04 at 225% higher
power. Designs that are competitive with STARFIRE at 1lower
power output would require <B> of at least 0.08. The magnetics
performance of simple, modular coils raises questions about
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obtaining the latter, based on current understanding of
stability/equilibrium beta limits.

@ Beta remains the major issue for S/T/H reactors from the
viewpoint of stability and equilbrium.

- If high transform and shear are required, torsatron or
advanced modular configurations (e.g., M&S or Heliac) are
preferable.

- Reactor performance is critically coupled to the
magnetics performance of the coil set.

® Startup using modest power from the electrical grid avoids the
cost of rarely used on-site power sources but constrains the
startup transient. This critical aspect of the MSR study was
not investigated.

® As for many MFE approaches, energy confinement projections for
S/T/H reactors are subject to large uncertainties, 1leading to
uncertainties in startup trajectories as well as reactor size
and power density. Plasma performance evaluations should
include the effects of the self-consistent ambipolar electric
fields on orbits and transport, which may lead to significantly
reduced plasma and reactor sizes.
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APPENDIX: Table of MSR-IIB Design Parameters

This table contains the comprehensive and uniform design data for the MSR-IIB.
The format of this table follows the DOE/OFE guidelines.1 Superscripted numbers

in parentheses refer to notes found at the end of this table.

TABLE OF REACTOR DESIGN PARAMETERS
Parameter Unit Value

1. Characteristic Machine Dimensions

1.1. Reactor envelope(l)

1.1.1. Height (coil outside diameter) m 9
1.1.2. Width (coil outside diameter) m 9
1.1.3. Length (major circumference) m 145
l1.1.4. Volume of reactor envelope m3 6677

1.2, Plasma chamber

1.2.1. Major radius, Ry m 23.0
1.2.2. Minor radius m 0.5 to 1.4
1.2.3. Plasma volume, Vp m3 298

1.2.4. Plasma chamber volume (actual) m3 468

1.2.5. Wall surface area (actual) m? 1480
1.2.6. Number of sectors, N - 36

2. Plasma Parameters (Steady State)

2.1, Plasma dimensions

2.1.1. Major radius, Ry m 23.0
2.1.2. Average minor radius, L m 0.81
2.1.3. Minor radius at coil plane, Tep m 0.82
2.1.4. Minor radius at midplane, Typ m 0.84
2.2 Average ion density, ng 1020/m3 3.64
2.3 Average alpha-particle density, n, 1020/m3 0.2
2.4 Energy confinement time, Tp s 0.94
2.5 Electron confinement time, Tpe s 1.9
2.6 Ion confinement time, Tpi s 1.9
2.7 Average Lawson parameter, n;Tg 1020 g/m3 3.4
2.8 Average toroidal beta(za), <B> - 0.08
2.9. Average plasma toroidal current MA 0.
2.10. Average ion temperature, <T;> keV 8.0
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Parameter Unit Value

2.11. Average electron temperature, <T > keV 8.0 ‘
2.12. Average alpha-particle energy, <Ta> keV 80
2.13. Effective %%%ima ion
charge INT: - 1.1
2.14. Reactor cycle
2.14.1. Burn pulse length s Steady state
2.14.2. Total pulse length s Steady state
2.15. Fuel cycle - DT/Li
2.16. Plasma heating method - TBD
2.16.1. Plasma heating power(zc) MW TBD
2.16.2. Plasma heating frequency(Zd) GHz TBD
2.17. Plasma energy gain(Zh), Qp - o (ignited)
3. Power Output
3.1. Plasma fusion power, Pp MWt 3713
3.1.1. 14.1-MeV neutron power, Py MWt 2963
3.1.2. 3.5-MeV alpha-particle power, P, MWt 740
3.2. Reactor thermal power MWt 4000
3.2.1. Power to first wall MWt 660
3.2.2. Power to limiter MWt 90
3.2.3. Power to blanket MWt 3620
3.2.4. Power from blanket (MN = 1.1) MWt 3910
3.2.5. Power to shield MWt TBD
3.3. Blanket power amplification
factor, MN - ~1.1
3.4. Plasma chamber power density
(total cycle time average)(3a) MWt /m3 7.9
3.5. Plasma power density(3b) MWt /m3 12.4
3.6. Engineering power density(3c) MWt /m3 0.60
3.7. Blanket power density(3d) MWt /m3 6.3
3.8. Total thermal power to
conversion cycle(3e), Prg MWt 4000
3.9. Plant gross electrical output, Ppp MWe 1400
3.10. Plant net electrical output, Pg MWe 1302
3.11. Thermal cycle efficiency, nqy - 0.35
3.12. Net plant efficiency, N, = npg(1l-¢€) - 0.33
3.13. Recirculating power fraction, ¢ - 0.07
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Parameter Unit Value
‘ 4, Reactor Coolant System

4,1. Blanket coolant -~ HZO(liquid)
4,2. Blanket outlet temperature K 593
(hot leg)
4.3. Blanket inlet temperature K 553
(cold leg)
4,4. Blanket outlet pressure MPa TBD
4.5. Blanket inlet pressure MPa 15
4.6. Blanket coolant flow rate (total) kg/s TBD
4.7. Blanket coolant-tube material(#a) - Modified PCASS
4,8, First-wall coolant type - Hy0
4,9. First-wall outlet temperature K TBD
4,10. First-wall inlet temperature K TBD
4.11. First~wall outlet pressure MPa TBD
4,12, First-wall inlet pressure MPa TBD
4,13, First-wall-coolant flow rate (total) kg/s TBD
4.14. Total number of blanket-
coolant loops - 4
4.15. Type of blanket coolant circulator Vertical, 1 stage
4,16. Power input to each circulator(Ab) MWe 4.25

4,17, Peak temperature in case
of loss—-of-coolant-flow

4,17.1. First wall K TBD
4.17.2. Blanket multiplier K TBD
4.17.3. Breeder K TBD
4.18. Energy storage J Not required
5. Intermediate Coolant System Not required
6. Steam Generation (SG) System
6.1. Steam outlet temperature K TBD
6.2. Steam outlet pressure MPa TBD
6.3. Steam flow rate (total) kg/s TBD
6.4. Feedwater temperature K TBD
6.5. Number of steam generators (SG) - 1
per loop
6.6. Number of reactor sectors per SG - 9
(2 modules/sector)
‘ 6.7. SG materials, shell/tube - Low carbon steel/

Inconel 600
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7.

Parameter

Shield Coolant System(7a)

7.1. Total 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

8.1. Vacuum pumping system

8.1.1. Plasma chamber pressure(ga)

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 speed (per pump)

8.2. Magnet cooling system

8.2.1.
8.2.2.

Helium cooling load (total)

Nitrogen cooling load

8.3. Plasma-heating—-system cooling load

8.4. Plasma fueling system

8.4.1. Type

8.4,2., Fuel composition
8.4.4., Pellet diameter
8.4.5. Pellet injection frequency

8.5. Tritium processing and recovery system

8l5.1.

8.5.2. Vulnerable tritium inventory

Total tritium inventory

8.6. Impurity Control System

9.

Reactor Components

9.1. First wall/blanket

316

9.1.1.
9.1.2.

Structural material

Breeding material

Unit

MPa

kg/s

kWt
kWt

kg
kg

Value

50
Hy0
333
316
0.34
0.48
700

1073
468
TBD

72 (36 on-line,
36 regenerating)

2
TED

TBD
TBD
TBD

DT Pellet
50% D, 50Z T
TBD

TBD

TBD

TBD
TBD

Pumped limiter

Modified PCASS(4@)
LiZO (natural Li)




Parameter

9.1.3. Neutron multiplier material
9.1.4. Breeding ratio(92)
9.1.5. Number of modules (3 per sector)
9.1.6. Weight of modules (3 per sector)
9.1.7. Weight 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
9.1.9.2. Alpha-particle flux
9.1.9.3. Radiation, charge-exchange,
and conduction power
to first wall
9.1.9.4. Radiation, charge—exchange,
and conduction/convection
power to limiter
9.1.9.5. First-wall life
9.2. Shielding
9.2.1. Material
9.2.2. Number of modules (3 per sector)
9.2.3. Weight of each module
9.2.4. Weight of largest single component
9.2.5. Dimensions of largest component
9.3. Magnets
9.3.1. Superconducting
9.3.2. Conductor material
9.3.3. Structural material
9.3.4. Operating temperature
9.3.5. Coolant
9.3.6. Mean stress in coil
9.3.7. Maximum force transmitted to
building
9.3.8. Maximum field
9.3.9. Field on axis (coil-plane)
9.3.10. Field on axis (midplane)

Unit

tonnes
tonnes

m

MW /m?
MW /m?

MW /m?2

MW /m?
MWyr/m?

tonnes
tonnes

m

MPa
MN

5 x 4 x 1.5

2.0
TBD

0.44

2.5
16

W/Pb, 304 SS,
TiB, TiH,,H,0
108

60

NA

5x 4 x 1.5

yes
Cu/NbTi/Nb3Sn
316L SS

4.0

He-I1

TBD

TBD

11.6
6.5
6.4
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10

10.1.
10.2.

318

9.3.11.
9.3.12.
9.3.13.
9.3.14.

9.3.15.

9.4,

Parameter

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

9.5. Plasma heating

9.5.1.
9.5.2.
9.5.3.
9.5.4.
9.5.5.
9.5.6.
9.5.7.
9.5.8.
9.5.9.
9.5.10.
9.5.11.
9.5.12.

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

. Electrical Power Requirements

10.2.1.
10.2.2.

10.2.3.
10.2.4.
10.2.5.
10.2.6.
10.2.7.
10.2.8.

Cold-plasma startup-power from grid

Auxiliary power requirements

(normal operation)
Electrical energy storage

Magnet power supply (other
than energy storage)

First-wall/blanket circulators
Limiter-coolant circulators
Shield-coolant circulators
Refrigeration system

Vacuum system (roughing)

Miscellaneous reactor plant
auxiliaries

Unit

m

GJ

tonnes

m

GHz

=

2588 %8

in

8

MWe/s

MWe
MiWe

Value

36
3031
108

390
7 x 7 x 4

Not required

Required on%g
for startup e)

LHH
TBD
TBD
TBD
TBD
TBD
TBD
TBD
TBD
TBD
4 (90° around torus)

TBD

TBD

98

none required

TBD
TBD
TBD
TBD
TBD
TBD

TBD



Parameter

10.2.9. Feedwater pump system

10.2.10. Condensing system
10.2.11. Heat rejection system
10.2.12. Miscellaneous BOP auxiliaries
11. Buildings
11.1. Reactor Building
11.1.1. Characteristic dimensions
11.1.2. Enclosed volume
11.1.2.1. Free volume(lla)
11.2.1.2. Total volume

11.1.3. Minimum wall thickness for
shielding

11.1.4. 1Internal pressu
normal/accident

(1iv)
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(123)

12.2. Radioactive material storage for

life of plant (30 yr)

12.2.1. Total long-term storage
(>> 30 yr)

Unit Value

MWe not required
(turbine driven)
MWe TBD
MWe TBD
MWe TBD
m ~85(diam) x ~10(ht)
m3 TBD
m3 110,000
m 1.5
MPa TBD
m 110 x 50 x 35
m3 192,500
m 110 x 69 x 24

Tritium handling, radwaste,
hot cells, cryogenics and
helium storage, maintenance
and storage

% area/yr 11
m?/yr 165
tonnes/yr

m3/tonnes 870/6900(1'2b)
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Parameter Unit Value

12.2.2. Remaining recycled blanket

storage m3/tonnes TBD
12.2.3. Total recycl?? reactor
equipment {12¢) (after
plant decommissioning) m3/tonnes TBD
12.3. Reactor availability TBD
12.4. Overall plant availability 0.76

Footnotes for Reactor Design Table

1. Characteristic Machine Dimensions

The reactor envelope encloses the modular coils and has the dimensions
given with a circumference (length) of 145 m (at the major toroidal radius
of 23 m).

2. Plasma Parameters

(a) Includes average alpha-particle pressure.

(b) Based only on steady-state alpha-particle density.

(¢) Startup only, overall system efficiency to be determined.

(d) Frequency varied to optimize startup efficiency as temperature varies.
(e) Design point specifies Qp + o,

3. Power QOutput

(a) Based on fusion power (3703 MWt) divided by vacuum chamber volume (468
m3).

(b) Based on fusion power (3703 MWt) divided by plasma volume (298 m3).

(¢) Based on total thermal power (4000 MWt) and net volume (6677 m3) enclosed
by and including magnets.

(d) Based on blanket volume (624 m3) and thermal power actually delivered to
primary coolant (3692 MWt).

(e) Includes a portion of primary-coolant pumping power.

4. Reactor 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.
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7. Shield Coolant System

(a) Following EBTR parameters (Ref. 2).
9. Reactor Components

(a) Theoretical breeding ratio; does nmot include losses, decay, first-wall

area reduction.
1. Buildighe

(e) Includes thﬁhﬁ of Peactar hall shd primary-coolant component room; value
ened t6 cdlculdte overpressute in event of coolant line rupture.

(b) Mormal operdtlhg pressure fe slightly less than atmospheric, as in the
present-day mklvar power plants. The accident condition is assumed to be
tHe 1688 of prilbey coolest into the containment building.

12, Reectet Magntebiiepd

(a) Based on replacing 1/9 of first wall and blanket (i.e., 12 of 108 total

W/B/S modules) during each of the last 9 yr of a 10-yr cycle.

(b) Includes first-wall, blanket, and limiter PCASS components.
(c¢) Includes blanket and first wall, all shielding, modular coils, primary
structure and support, limiters, and vacuum cryopumps but excludes 1long

term storage in Item 12.2.1.
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