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Executive Summary

The UWTOR-M conceptual modular stellarator power reactor study was initi-
ated in October 1980 in an attempt to evaluate the feasibility and competi-
tiveness of stellarator reactors with modular coils.

The stellarator offers a distinct alternative to the mainline approaches
to magnetic fusion by being the only magnetic confinement concept that can
maintain an ignited steady-state fusion plasma without external power input.
The primary advantages of stellarators are steady state magnetic fields and
continuous plasma operation. This removes complications associated with
pulsed fields such as pulsed power storage and switching, enormous pulsed
loads and fatigue problems on magnet structures, eddy currents in super-
conductors, thermal fatigue on blanket components and finally, it obviates the
need for a thermal flywheel to even out the 1oad on the power cycle. Since
plasma heating is only required at startup, there is no recirculating power
and because startup is on existing magnetic surfaces, plasma control is vastly
simplified. Further, the stellarator has a natural divertor, thus offering a
demonstrated impurity control mechanism. Finally, since there is no net
current in the plasma there are no identified plasma disruptions.

Experiments with net current free operation which has been achieved with
neutral beam injection and with RF heating have shown no MHD activity, no
major disruptions, an extremely low level of small-scale turbulence and trans-
port losses which are smaller than in ohmically heated discharges of similar
plasma conditions.

The modular coil approach to stellarators has removed the main objection
to the feasibility of extrapolating this concept to a power reactor, namely

maintainability of the coils.



The initial constraints on the study were coil modularity and a magnetic
divertor topology. Modularity seems to be essential for the reactor to be
maintainable. A magnetic divertor, giving a demonstrated impurity control
mechanism, would be a definite advantage.

It was decided to assume a B of 6% for the UWNTOR-M study. Although this
assumption is not quantitatively coupled to any stability/equilibrium model,
the design goal was to maximize rotational transform and shear, avoid island
formation and provide an adequate magnetic volume within a practical coil
system,

A nominal power output of ~ 5000 MWth was selected. Magnetic field line
calculations using a winding law for modular 2=3 stellarator coils were per-
formed to generate the magnetic surfaces and determine the rotational trans-
form. Many iterations were performed before a self consistent set of para-
meters evolved and was adopted for the base case. The performance of the
plasma with these parameters was calculated by using a transport code which
solves a set of fluid equations for the density and temperature profiles. The
transport coefficients are an input to this code. The DT power is then deter-
mined by specifying the volume averaged B, the average density and the pellet
injection velocity. Ignition can be achieved with ICRF heating at a level of
80-100 MW for about 5 seconds. Plasma control is achieved with two small
poloidal field coils located on the outer radius of the device. Table I lists
the primary parameters for UWTOR-M.

The reactor has 18 modular twisted coils arranged in a toroidal configu-
ration as shown in Fig. I. It should be noticed that there are only two dif-
ferent coil geometries in the coil set. The reactor is housed in a toroidal

reactor building as shown in Fig. II, which is a cross section through one of



Table I Important Parameters for UWTOR-M

DT fusion power - MWth

Major radius - m

Minor coil radius - m

Plasma aspect ratio

Assumed avg. B-%

Rotational transform on edge
No. of field periods

No. of coils

Field on axis - T

Max. field on the cond. - T
Avg. ion density - m=3

Avg. ion temp. - keV

Ion energy conf. time - s

nt avg. through plasma - sm™3
Centerline Z,¢¢

Ave. neutron wall flux - MW/m2
Global breeding ratio

Blanket energy multiplication
Total thermal power MWth

Gross electric power MWe

Net electric power MWe

4300
24.09
4.77
14

1.13

6

18

4.5

11.6

1.46 x 1020
9.8

3.7

5.4 x 1020
1.28

1.41

1.08

1.15

4820

1898

1836
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TOP VIEW OF UWTOR-M

Figure I Top view of UWTOR-M coil set.
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the modular coils. A1l the components of the reactor are shown in this
figure. The reactor building is evacuated by pumping stations appropriately
located around the toroidal enclosure. It is capable of evacuation down to
107 torr which is consistent with space simulation chambers much larger in
size. Thus, it is steel lined and reinforced to withstand 1.5 atm. of over-
pressure.

The magnets constituted a major challenge in the design of the reactor.
It should be mentioned at the outset that the choice of an £=3 magnet set with
a large lateral deformation was prompted by a desire to méximize the rotation-
al transform. In many ways, this choice has placed a great burden on the
magnet group. One might say that we have chosen perhaps the most difficult
case as far as modular stellarator coils are concerned, and have come up with
a design which at least on paper seems credible and feasibile with minor
extrapolation of present day technology.

The construction difficulty derives from the fact that the coils will be
large (11 m in OD) and heavy (~ 960 tonnes). Once the technology of handling
such coils is secured, the actual winding will be similar to that of yin yang
coils and in some ways may be easier, since the poloidal bore of the coils is
circular.

The forces on the coils during operation come from two sources, the self
force due to their own field and the mutual attractive force between adjacent
coils. In the regions where the coils come close together (at the twist
extremities) the mutual attractive forces dominate causing large toroidal
forces. The poloidal components of these forces when integrated around the
coil produce a net centering force. The self field produces radial forces

which attempt to expand the coil radially.



Calculations of the magnetic field and the forces were performed with the
EFFI code. Extensive finite element stress analysis was performed using the
SAP-4 code. It was found that the best way to react the radial forces was
with an external structural ring circumventing the coil at the midplane. The
ring will be welded to the coil frame at the points of intersection and will
be enclosed within its own dewar. The coil is operated at 1.8 K with Hell and
has NbTiTa in the high field region (11.6 T). This superconductor has proper-
ties similar to NbTi but has a higher critical field at 1.8 K. Results of the
stress analysis show that the stresses can be kept below 2/3 of the yield
1imit for 304 LN SS in both the coil case and the structural ring.

The centering force on the coils is reacted by the structural ring bear-
ing against a central support structure. Toroidal forces are reacted by
allowing the coils to make contact with each other at the twist extremities.

The helical shape of the flux surfaces can be tracked by the reaction
chamber with stepwise poloidal rotation of adjacent blanket segments. This
simplifies the geometry of the blanket.

The blanket in UWTOR-M is made of ferritic steel HT-9 and the breeding
material is Li;;Pbgy (35% enriched 6L1'). The breeding material is static and
has steam cooled tubes immersed in it. Adjacent blanket modules are not
sealed to each other. This is made possible by the fact that the reactor
building is evacuated. The steam enters at 330°C and exits at 500°C. Figure
ITT shows the steam distribution manifolds and the headers connecting them to
the blanket. Tritium is allowed to diffuse into the steam and then is removed
in the same way as heavy water is extracted. The resulting T, inventory in

the blanket is only 180 gq.
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Impurity control is achieved with the magnetic divertor. The natural
divertor in the stellarator occurs as a consequence of the magnetic separatrix
bounding regions of closed nested flux surfaces. Inside the separatrix, mag-
netic flux links all the coils, but outside it, the flux links only some of
the coils. Thus, some of the flux must emerge between magnets, but for flux
conservation must reenter the toroid at some location. This divertor is modu-
1ar in a modular stellarator. Flux bundles are discrete and well focused.

Divertor targets are used to recover the energy at a high temperature and
to prevent neutron streaming through the divertor slots. This is achieved
with cylindrical actively cooled shields surrounded with a rotating (100 RPM)
cylindrical graphite surface. The neutralized exhaust is vented into the re-
actor building and is recovered by the vacuum pumps. Energy from the graphite
is radiated to cooled surfaces in the divertor target housings and is con-
verted at a high efficiency in the power cycle. The space for bearings and
drives is made possible by the discreteness of the flux bundles. It would be
impossible to use such a scheme on any other magnetic fusion system.

The neutronics and photonics analysis was carried out by one and three
dimensional calculations. The thickness of the blanket, reflector and shield
was optimized for adequate breeding (1.08), high energy multiplication (1.15)
and protection of the superconducting coils where the peak dpa indicates that
the coils will not have to be annealed during the lifetime of the reactor.

Neutron streaming through the divertor slots was accomplished with Monte
Carlo calculations as was the radiation streaming through the pumpout ports.

A 3.1 m thick biological shield was found to result in an acceptable dose of

2.4 mrem/hr in the toroidal service hall during reactor operation.



As was mentioned earlier, the T, from the blanket is recovered from the
primary cooling steam. The reactor is fuelled with DT pellets and the un-
burned fraction, including the He ash which goes through the divertor system,
is exhausted into the reactor building and is pumped out by cryopumps. The
impurities are separated by a fuel cleanup unit and the hydrogen species then
go to an isotope separation system. Total T, inventory in the plant, includ-
ing a day's supply of fuel (14.9 kg), is 16.7 kg.

The power cycle depends on a steam to steam heat exchanger in which steam
from the blanket exchanges heat with the steam which drives the turbine. In
this way, Tp is confined to the primary steam side. The secondary steam has a
temperature of 454°C and a pressure of 13.8 MPa. This gives a gross thermal
efficiency of 40% and a gross electric output of 1898 MWe. Pumping power for
the stream is estimated at ~ 80 MW and is taken off the steam turbine shaft.
Additional household requirements are estimated at 62 MWe, giving a net
electric power output of 1836 MWe.

The blanket in UWTOR-M is estimated to have a life of three full power
years, which at 75% availability, is four actual years. It is expected that
1/3 of the blanket segments would be changed out every 16 months.

Blanket changeout will require radial extraction of every other coil from
the reactor building. Thus, the reactor building is designed with an access
door spaced every other coil. Radial extraction of a coil makes it possible
to remove blanket segments from either side, both from the extracted coil and
the remaining one. Figure IV is a perspective view of a removed blanket seg-
ment. Removing 1/3 of the blanket will necessitate the extraction of only
three coils. A downtime of four weeks is designated for this operation.

Divertor targets are maintained at the same time.

10
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This maintenance scheme automatically provides for the servicing of the
coils. It is assumed that spares will be available should a failure occur in
one of the coils.

Economic analysis of UWTOR-M was performed using DOE guidelines. The
magnets account for 52.4% of the reactor plant equipment cost. Furthermore,
the reactor plant equipment comprises 67.4% of the total direct costs.

The unit plant cost for UWTOR-M is found to be $2034/kWe in 1982 dollars.
This compares favorably with STARFIRE, which had a plant cost of $2000/kWe in
1980 dollars. Busbar costs for UWTOR-M are 36 mills/kWh as compared with 35.1
mills/kWh for STARFIRE. This indicates that modular stellarators with 8 of 6%
are competitive with other magnetic confinement fusion reactors.

Major Conclusions

© The most critical engineering issue of modular stellarators are the coils.
Apart from being physically large and heavy, we have not identified any
fundamental problems that cannot be solved with minor extrapolations of
present technology.

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

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

e 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 stand-

point.

12



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

Modular stellarators of 8 ~ 6% and power output in the range of 4000-5000
MWth are economically competitive with tokamaks and other magnetic fusion

reactor concepts.
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I. Design Philosophy

I.1 Introduction

In the last ten years, there have been numerous conceptual fusion reactor
design studies, primarily in the area of tokamaks and more recently in tandem
mirrors, bumpy tori and various kinds of pinches. Although the stellarator
concept is the oldest of all these devices, reactor studies based on it have
been limited to minor efforts of a scoping nature, many of which were per-
formed outside the USA.

Recent encouraging experimental results and new developments in modular
coils have renewed interest in the stellarator. The modular coil approach to
the stellarator is studied in two places, one at the University of Wisconsin
and the other at Los Alamos. In this chapter we will set forth the guidelines
and constraints under which the UWTOR-M study has been conducted.

1.2 Scope of the Study

The UWTOR-M study is a self-consistent stellarator reactor design with
special emphasis on the engineering problems, in particular:
* A credible coil configuration.
+ Maintainable system components.
+ A workable divertor.
The study does not inciude a balance of plant design. Instead the BOP was
scoped out only to the extent of obtaining a reasonable cost estimate.

1.3 Design Evolution

The initial phase of the study involved the investigation and selection

of a coil configuration. Coil configurations considered were the following:
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1. Continuous Helices.
2. Modular Torsatron Coils.
3. Twisted (Rehker-Wobig) Coils.

Since a main objective of the study was to have a maintainable system, it
was decided to forego continuous helices on the premise that they would be
difficult if not impossible to maintain. Although attempts have been made(l)
and continue to be made at making demountable joints in large superconducting
magnets, it was felt that for the present, questions about the credibility of
such joints are still prevalent.

Modular torsatron coils(l) with windbacks were also considered. At the
initiation of the study, available designs of modular torsatron coils were
extremely Targe and had a very low magnetic volume utilization. Furthermore,
there were some serious questions as to the quality of the flux surfaces pro-
duced. Since then, some new ideas with respect to modular torsatron coils
have emerged.(Z) These coils are much smaller, simpler, have good magnetic
volume utilization and appear to generate good flux surfaces. There may be
good justification for basing a reactor design on these new modular torsatron
coils.

As the study focused on twisted stellarator coils the question arose
whether to pursue an £ = 2 configuration such as proposed by Rehker-Wobig(3)
or the £ = 3 design with a larger lateral deformation proposed by J. Derr(4)
at the UW. Since the 2 = 2 configuration was already being investigated at
Garching (FRG) and at Los Alamos, it seemed reasonable that an alternate
approach would be appropriate. Furthermore, the 2 = 3 Proto Cleo continuous
coil stellarator at the UW was in the process of being outfitted with a modu-

lar coil set (IMS)(4) based on the Derr configuration. Experience gained in
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investigating the best configuration available could be directly applied to
the UWTOR-M design. This reasoning led to the adoption of the coil configu-
ration used in this design study.

One of the main advantages of the stellarator is that it has a built-in
divertor as a natural consequence of its magnetic topology. Tokamak designers
have been struggling for years to incorporate divertors without unduly compli-
cating the design and reducing the magnetic volume utilization. Driving a
null at certain points in the plasma necessitates close placement of poloidal
field coils which often leads to the so-called Gordian Knot, where a set of
coils is trapped within another set. In fact, the pumped limiter method for
impurity control was invented to circumvent some of these difficulties. Thus
a major design goal was to determine if system integration would allow the use
of the divertor for impurity control.

Additional design goals which have an impact on the credibility of the
assumed 6% B were:

*+ A high rotational transform.

*+ An effective magnetic volume utilization.
* High shear on the plasma edge.

+ No magnetic islands.

1.4 General Guidelines

Other general design guidelines assumed for the UWTOR-M study are:

1. It is a "near term" commercial DT fusion power reactor which will operate
in the 2020-2030 time frame.

2. It is a tenth of a kind and thus draws from a well-established and experi-

enced fusion economy.
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3. It should have a power output in the 1200-1800 MWe range.

4. The economic analysis will follow recommended DOE guidelines.
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II. Overview

I1.1 Parametric Considerations

Magnetic field line calculations using a particular winding law for the
modular coils were performed to generate the magnetic surfaces and determine
the rotational transform. This was done for various coil aspect ratios using
a filamentary model for the windings. This winding law produces a magnetic
separatrix with what is effectively a helical bundle divertor outside the
separatrix. Thus the hot, confined plasma is assumed to be bounded by a mag-
netic separatrix. The divertor is utilized in the UWTOR-M design for impurity
control.

Figure II.1-1 shows the rotational transform at the separatrix and mag-
netic volume utilization (fraction of the volume inside the coils which is
also inside the separatrix) as a function of the coil aspect ratio for 5, 6,
and 7 field periods. Configurations near the peak of the rotational transform
curve generally have good magnetic surfaces and good magnetic field line
behavior in the divertor region. One also needs space, however, between the
outside of the divertor scrape-off zone and the coils for the blanket and
shield. Figure II.1-2 shows the plasma aspect ratio and the minimum plasma
size such that there is adequate space between the plasma and the coils for
the blanket and shield. Generally, one wants the plasma volume not too large
so that the thermal power output of the plant is not excessively large. Based
on these considerations, a design point with the parameters given in Table

II.1-1 was chosen.



Fig. II.1-1 Rotational transform at the separatrix and magnetic volume
versus coil aspect ratio for 5, 6, and 7 field positions.
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Fig. II.1-2. Plasma aspect ratio and minimum plasma volume versus coil aspect

ratio for 5, 6, and 7 field periods.
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Table II.1-1

Major radius, m 24.10
Coil aspect ratio 5.05
Plasma aspect ratio 14
Multipolarity 3
Number of field periods 6
Rotational transform at edge 1.13
Rotational transform at center 0.16
Plasma volume, m3 1400

II.2 Plasma Analysis

The performance of the plasma using the design parameters given in Table
IT.1-1 was calculated using a plasma transport code. This code solves a set
of fluid equations for the density and temperature profiles. The transport
coefficients are an input to this code; it is described further in Chapter VI.
In order to determine the DT power output, one has to specify the volume-
averaged beta, the average density and the pellet injection velocity. The
volume-averaged beta was taken to be 6% for this study; this is considered to
be reasonable, but it has not been checked by three-dimensional MHD calcu-
lations. The average density and pellet velocity were varied to determine the
conditions for maximum power output without excessive peaking of the profiles
and the beta at the magnetic axis. From this study, the plasma parameters
given in Table II1.2-1 were obtained. The DT fusion power output is 4300 MW.
The steady-state density and temperature profiles are shown in Fig. II1.2-1.

The "flat" ion temperature profile results from the high ion thermal conduct-
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Fig. 11.2-1. Plasma temperature and density profiles versus minor radius.
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Fig. 11.2-2. Central temperature during startup.
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Table II.2-1. Steady State Plasma Parameters for the UWTOR-M Design Point

» Average Electron Density 1.52 x 1014/cm3
* Average Electron Temperature 9.5 keV
 Average Ion Temperature 9.8 keV
* Average Toroidal Beta 6.0%
+ Xenon Concentration (deliberately introduced to
lower the electron temperature) 3.3 x 1010/cm3
» Particle Confinement Time 4.0 sec
« Energy Confinement Time 1.5 sec
+ Fractional Tritium Burnup 4.4%
+ Net Toroidal Current 0
* D-T Fusion Power 4300 MW
+ Edge Field Ripple 23%
* Power Radiated to First Wall ~ 470 MW
+ CX Power to First Wall ~ 70 MW
+ Power to the Divertor ~ 320 MW

ivity at the edge due to magnetic ripple; this is the dominant transport
mechanism at the edge.

Startup of UWTOR-M is accomplished by ICRF heating at the second harmonic
of deuterium. Approximately 90-100 MW of ICRF power is required to ignite the
plasma. Figure II.2-2 shows the increase in the ion and electron temperature
during startup.

II.3 Magnets

The reactor has 18 modular twisted coils arranged in a toroidal configu-
ration as shown in Fig. II1.3-1. It will be noticed that the coils have a
rather large lateral deformation. The main reason for this is a desire to

maximize the rotational transform in order to better justify the assumed 6% 8.
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Fig. I1.3-1. Top view of UWTOR-M coil system.
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This decision has led to some difficulty with respect to the design of the
structure needed to react the radial forces in the coils. The coil set pro-
duces a field of 4.5 tesla on axis and gives a respectable rotational trans-
form on the plasma edge of 1.13.

The reactor parameters which impact the magnet design are listed in Table
I1.3-1. There are three coils per field period, two of which are identical,
only rotated 180° about the radial axis. Thus, the entire reactor gains
simplicity by having two coil types (12 of one and 6 of the other). The mag-
nets are discrete superconducting coils operated in the steady-state mode. No
pulsed coils are evident. These considerations allow for a rather traditional
coil design with the one requirement that the operating temperature of the
coils be reduced to 1.8 K, utilizing superfluid helium cooling. This latter
requirement is dictated by the maximum field at the conductor which is 11.6 T.

The modular coils are designed with superconductor composite windings
which are supported by the coil case structure. Under normal operating con-
ditions, the interaction of the coil current with the field results in steady-
state magnetic forces which must be resisted by the coil structure. The
calculations of magnetic field and forces are carried out using the MFE net-
work EFFI code. Each coil is approximated by 89 straight segments at equal
poloidal angles.

The magnetic forces on the coil can be thought of as being comprised of
two principal components, the self force due to its own field and the mutual
attractive force between adjacent coils due to the interactive fields. In the
regions where the coils come close together, the mutual attractive forces
dominate, causing large toroidal forces. The radial force component is about

560 MN/m, while the total force has a maximum around 150 MN/m.
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Table II.3-1.

Reactor Coil Design Parameters

Number of coils 18

Number of field periods 6

Number of coil types 2

Central field (B) 4.5 T

Peak field (B,,) 11.6 T

Major radius (Rp) 24.1 m

Coil minor radius {A.) 4.77 m

Total coil current (NI) 31.2 MA-turns
Structural material 304-LN-SS

Maximum design stress
Conductor

Operating temperature
Overall current density

533 MPa (80 ksi)
NbTi in copper
1.8 K

11.6 MA/m?

The coil support scheme employs a 304 LN-SS reinforcing ring outside the
coil case to resist the expansion due to the radial component of the force.
The ring is welded directly to the outer surface of the coil case forming a
coil-ring assemblage and both are surrounded with an insulating vacuum. The
coil case and structural ring are both maintained at liquid helium tempera-
tures. To maintain the cryogenic independency, separate dewars are required
for each coil and ring assemblage.

The stress distribution over each cross section of the coil case and ring
is obtained from the SAP4 finite element stress analysis code. The effective
stresses at twelve critical points are calculated and checked against the
yield stress and allowable design value. The maximum effective stresses in
the coil case and the ring are shown in Fig. 1I.3-2. It can be seen that the

2/3 yield 1imit value of 550 MPa for 304 SS at 4.2 K is exceeded only at the
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connection points between the coil case and the ring. This is simply an arti-
fact of the code which assumed a point contact between the two components. In
the actual fact, the coil case and ring contact is made over a large area and
thus the stresses will be considerably lower. Everywhere else the stresses
are well below this limit.

I11.4 Divertor

The stellarator family of toroidal confinement systems possesses a
natural helical divertor. This divertor is characterized by a magnetic
limiter or separatrix, which isolates the confinement region of closed nested
toroidal flux surfaces from the surrounding divertor region and the wall of
the reaction chamber. Inside the separatrix the enclosed magnetic flux links
all of the coils, but outside the separatrix, the flux links only some of the
coils. Thus some of the flux must emerge from the spaces between magnets, but
to conserve flux, it must reenter the device at some other location as shown
in Fig. Il.4-1. It is this property of the magnetic flux external to the
separatrix which forms the basis for the magnetic divertor and is typical of
any toroidal magnetic confinement system characterized by a magnetic separa-
trix. The difference between the stellarator family and the other toroidal
magnetic systems is that the null, and therefore the separatrix, occur
naturally in the stellarator, while other systems such as the tokamak have to
drive the null artificially by special placement of poloidal field coils.

There are only two impurity control mechanisms under serious consider-
ation for magnetic fusion reactors, namely magnetic divertors and pumped
limiters. The effectiveness of magnetic divertors has been demonstrated on

several experimental devices.
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Early in the UWTOR-M study it was decided that an attempt should be made
to utilize the magnetic divertor for impurity control. It was recognized that
this decision may mean a somewhat more complicated reaction chamber geometry,
necessitated by the need to provide slots for the emerging flux bundles. As
the study progressed, it became obvious that the nature of the modular di-
vertor was such that the complication of the reaction chamber geometry was not
that severe. Tracking of the helical flux surfaces could be accomplished by
stepwise rotation of the adjacent blanket segments. Furthermore, the divertor
slots are toroidally oriented and discrete.

The uncertainty for stellarators with respect to impurity control is the
contention by some scientists that confinement near the axis of the device is
so good as to prevent impurities from migrating to the plasma edge where di-
vertor action will remove them from the reaction chamber. This is in contrast
to the tokamak which apparently has demonstrated an anomalous diffusion of im-
purities to the edge of the plasma. If this contention is true, then neither
magnetic divertors nor pumped limiters would be useful in removing the impuri-
ties. Some mechanism, which would promote radial transport of impurities
without affecting confinement of the fuel species, will have to be incorpo-
rated into the system. This may take the form of RF waves which would excite
the fundamental or some harmonic frequency of the impurities. It is hoped
future stellarator experiments may be able to test impurity transport and
determine the auxiliary means for promoting radial transport of impurities.
Table II.4-1 gives the advantages of the UWTOR-M divertor.

The modular divertor is the adopted impurity control mechanism in UWTOR-M.
There are 18 coils and 108 divertor slots. Each divertor slot has two

cylindrical divertor targets designed to recover the energy in the divertor
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Table II.4-1. Advantages of the UWTOR-M Divertor

No additional coils required

Compatible with the blanket and shield

Modular, localized collection regions

Effective for trapped particles

Well defined scrape-off zone

Low stray fields

Compatible with desired large rotational transform

RNy O BNy
e« o e e e e e

Compatible with a practical coil configuration

region at a high temperature so that it can be converted at a high efficiency
in the power cycle. The stationary cylinders are made of actively cooled
shield material which prevents neutron streaming though the slots. A graphite
surface cylinder rotates about the stationary cylinders at a nominal speed of
100 RPM. The particles striking the rotating surface are neutralized and
pumped out. The surface energy is radiated to the cooled surrounding housing
and the cooled stationary shield cylinders. Figure 11.4-2 is a cross section
of the reactor showing the locations of the divertor targets and the surround-
ing housings. These housings are self-contained units which can be removed as
a whole for maintenance purposes. They include apertures for venting neutral
gas into the containment building and steam lines for cooling the surfaces
which almost completely surround the two targets.

A11 of the divertor targets are cylindrical with an outside diameter of
60 cm, and are about 2.5 m long. The central core, which has an outside di-
ameter of 55.6 cm, does the bulk of the neutron shielding and is actively

cooled by steam. The rotating shell is separated from the core by a 1 cm
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vacuum gap and is supported by bearings at both ends. The shell receives the
full brunt of the particle flux along with a small amount of neutron heating.
At a nominal rotational speed of 100 RPM the concentrated surface heat load is
spread over the shell's external surface to give an average heat flux of 30
W/cmz. The surface temperature of the graphite will be between 1500-1600°C and
will fluctuate 30-300°C with each revolution. The fluctuation depends on the
conductivity of the graphite and can be controlled by judicious choice of
materials and directional orientation. Figure I1.4-3 is the model used in the
heat transfer calculation.

Surface sputtering of about 2 mm per full power year is estimated. Thus
a graphite layer of 1-2 cm would be more than adequate to last between
scheduied blanket changeouts when the graphite layer will be replaced as well.

The reactor is contained within an evacuated building. Neutral gas from
the divertor targets is exhausted into the building through ports in the di-
vertor housings and then is pumped out by 12 pumping stations uniformly distri-
buted along the toroidal building. Table 11.4-2 gives the vacuum system

design specifications.
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Fig. I1.4-3. Model used in heat transfer calculations for the divertor

targets.
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Table II.4-2. Vacuum System Design Specifications

Number of pumping stations 12

Active cryopanel area per station (m2) 35

Total cryopanel area per station (m?) 70

Dy, Tp, DT throughpﬁt (torr-2/s) 1007

He throughput (torr-%/s) 47

Dy, Tp, DT pumping speed (2/s) 2.5 x 107
He pumping speed (2/s) 8.3 x 10°
Equilibrium Dy, T, pressure (torr) 4 x 107°
Equilibrium He pressure (torr) 6 x 1076
Liquid He consumption (1iters/day) 110 x 103
Liquid Ny consumption (1iters/day) 750 x 103
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I1.5 Blanket Design

The UWTOR-M blanket concept is relatively new. The blanket contains
static molten Lij7Pbg3z as the breeding material within a structure of HT-9
martensitic stainless steel. It is cooled with steam going through HT-9 tubes
immersed in the Lij;;Pbgs.

Li17Pbg3 is an attractive candidate for the breeding material due to its
Tow tritium solubility, good neutronic properties and relative inertness to
water and air. The structural material HT-9 is chosen for its greater resist-
ance to radiation damage and good thermal characteristics. It is anticipated
that it will also be more compatible with Li17Pbg3 than austenitic steels
because of its lower Ni content. High pressure steam is proposed instead of
helium gas for its larger volumetric density (pCp), such that the required
pumping power will be one half that of helijum.

Li,7Pbg3 has been proposed for use both as coolant and the breeding ma-
terial for several fusion reactors. The main advantage of such a blanket
design is implicit since it does not require a heat exchanger inside the
blanket. The problems, however, are corrosion, corrosion product transport,
MHD pressure drops and tritium confinement. For UWTOR-M, the MHD pressure
drop problems can be very severe, due to the irregular blanket geometry.

Fluid distribution will be very difficult and hot spots will form at the stag-
nation points. For this reason, a static LijyPbg3 blanket with active cooling
has been considered to eliminate the problems associated with a flowing
Li;7Pbg3 blanket. To take advantage of the low tritium solubility and, conse-
quently, high tritium partial pressure, we propose that the tritium permeate
the primary coolant from which it can be recovered. Steam is a good sink for

tritium which forms HTO. Furthermore, the Ho0 inventory in the primary
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loop is moderate, such that tritium recovery is feasible with only a moderate
tritium inventory in the primary loop.

The primary steam temperature range is 330-500°C. This steam exchanges
heat in a steam generator to obtain secondary steam at 450°C and 13.8 MPa
which drives the turbine. A gross efficiency of 40% is achievable. To im-
prove the power cycle, pumping power is taken as MWip, from the steam turbines.

The tritium is recovered by using a liquid phase catalytic exchange
(LPCE) and cryogenic distillation process. This process is expected to be
simpler than the vapor phase catalytic exchange (VPCE). The process is being
developed in a pilot plant in the Chalk River Nuclear Facility in Canada.
Table II.5-1 gives the thermal hydraulics parameters and Table II.5-2 the
power cycle parameters for the UWTOR-M blanket.

Figure I1.5-1 is a cross section through a modular coil showing the tri-
angular plasma characteristic of an £ = 3 stellarator. The blanket segment is
divided into three regions filling out the space between the plasma and the
inner surface of the reflector and separated by the divertor slots. The outer
perimeter of the blanket segment is circular. The three blanket regions with-
in a segment are interconnected to allow draining of breeding material through
a line attached to the lowest point in the segment. Thus, the blanket seg-
ments are always empty of breeding material prior to initiation of any mainte-
nance procedure. For protection against steam line leaks into the blanket, a
rupture disk will also be provided which will permit a quick routing of breed-
ing material into a dump tank.

Each blanket region will have two supply and two return steam headers
connected to common distribution manifolds. These manifolds are shown in Fig.

I1.5-1 as circular with the headers radiating inwards to the blanket,
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Table II.5-1. UWTOR-M Thermal Hydraulic Parameters

Blanket power

Divertor zone power

Total thermal power

Coolant inlet temperature

Coolant outlet temperature
Coolant pressure

Coolant velocity in pipe

Coolant heat transfer coefficient
Coolant flow length

Coolant pressure drop in pipe
Maximum structural temperature
Coolant tube arrangement

Minimum distance between tubes (center to center)
Coolant tube 0.D.

Coolant tube wall thickness
Maximum Liq7Pbg3 temperature
Coolant flow rate

Coolant pumping power

[1-23

4340 MW

480 MW

4820 MW

330°C

500°C

5 MPa

35 m/sec

0.23 W/cm2-°C
5m

0.07 MPa

530°C
Triangular pitch
1.40 cm

1 cm

1 mm

570°C

4.8 x 107 kg/hr
75 MW



Table II.5-2. Power Conversion System

A single wall, once through steam to steam generator

Gross thermal power 4820 MW
Primary coolant inlet temperature 500°C
Primary coolant outlet temperature 330°C
Steam temperature 454°C
Steam pressure 13.8 MPa
Reheat temperature 454°C
Feedwater temperature 280°C
Pumping power requirement 75 MW
Net thermal power 4725 MW
Cycle efficiency 40%
Power output 1898 MW

resembling the spokes of a wagon wheel. The headers in turn supply manifolds
within the segments to which the cooling tubes are attached.

Figure 11.5-2 shows a plan view and a cross section of a blanket segment.
The tubes are shown traversihg the segment from supply to return mainfolds and
are spaced proportionately to the amount of nuclear heating. The first wall
and other areas exposed to surface heating are covered with close packed
arrays of tubes supplied by the same manifolds.

Figure II1.5-3 is a perspective view of a blanket segment where the shaded
area indicates the end plates of the three blanket regions. Note that the
divertor slot is toroidal and that the inter-region connections are on the
opposite side from the header penetrations. The inter-region connections

actually fall in the middle of a modular coil, where there is no divertor
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Fig. 1I1.5-3. Perspective view of a blanket segment.
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action. The headers are thus connected on the opposite side to avoid making
large slots in the reflector/shield. The second segment in the coil module
will be a mirror image of the one shown but with the triangular shape of the
reaction chamber and divertor slots rotated poloidally.

One of the most difficult problems in any blanket design is that of
making seals between adjacent segments. Plasma experiments operating at base
pressures on the order of 1076-10-7 torr have no choice but to provide vacuum
tight first walls. Reactor grade plasmas, however, can operate at higher
pressures, perhaps as high as 104 torr. This relaxation in pressure opens up
design possibilities which are not available in current plasma experiments.
Thus, recent designs have considered placing the vacuum barrier at the back of
the shield where it is both accessible and protected from radiation damage.

In principle such a design would be possible in UWTOR-M, but it would entail
the use of large omega bellows at the shield interface between modules.

To avoid the complication of using bellows and mechanical or welded
seals, we have decided to enclose the whole reactor in an evacuated building,
thus avoiding seals between blanket segments altogether. This decision has
enormous significance in the maintainability of the reactor. Making a vacuum
tight building, however, is not easy, especially since it would have large
access ports. Experience with space simulation chambers, however, has shown

that it is possible. Table II.5-3 gives the general blanket parameters.
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Table II1.5-3. UWTOR-M Blanket Parameters

Fusion power 4300 MW
Blanket power 4340 Mw
First wall area 2318 m?
Neutron wall loading 1.41 MW/m2
First wall surface heating 23 W/cm2
Maximum nuclear heating 22.5 W/cm3
Total heat transfer surface area 5.5 x 104 m?
Nominal flux to coolant tube 8 W/cm2
Structural material HT-9
Breeding material Li,7Pbgs
Coolant Steam
Tritium breeding ratio 1.08

Tritium breeding rate 8.3 x 1073 g/sec

I11.6 Neutronics

The neutronics and photonics analysis of UWTOR-M was carried out using
one and three-dimensional calculations. The breeding blanket consists of
three segments having different cross-sectional areas as shown in Fig. 11.6-1.
The radial neutron source density distribution peaks at the center of the tri-
angular plasma zone. Some of the source neutrons will stream through the di-
vertor slots which occupy ~ 5% of the solid angle. A significant number of
lower energy secondary neutrons that have been moderated in the blanket and
reflector will also stream out from the slots along with some gamma photons
that are produced in neutron interactions with different materials. Therefore
shielding materials are used in the divertor regions to protect vital compo-

nents in the toroidal hall against streaming radiation.
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The 1ithium enrichment in the LijsPbg3 breeder and the material structure
of the reflector and its thickness were varied to achieve an overall tritium
breeding ratio greater than one with the largest energy muliplication. The
results show that the only way to increase the energy multiplication without
having a drastic reduction in the breeding ratio is to lower the enrichment
and keep the structural content in the blanket to its minimal value while
meeting structural demand. In order to increase the fraction of energy
recovered from the reflector, the Fe 1422 steel was used as structural materi-
al and its thickness was increased up to 40 cm to intercept most of the
neutron and gamma energies before leaking into the shield. The three-
dimensional results show that an enrichment of 35% gives an adequate overall
tritium breeding ratio of 1.08 and an energy multiplication of 1.15. More
than 98% of the breeding is contributed from 6 i and about 54% of the total
nuclear heating results from gamma heating.

The bulk shield composition was optimized to provide adequate protection
for the superconducting magnet. The radiation dose in the magnet was found to
be the design driver for the shield as other magnet components are further
protected by the 25 cm structural case. An attempt was made to heterogenize
the shield to efficiently utilize the shielding capability of the materials.

A series of one-dimensional calculations was carried out in which the thick-
nesses of the steel, B4C, and lead shield layers were varied one at a time to
determine the optimum shield configuration. The optimization study reveals
that a substantial amount of B4C is required to minimize the dose in mylar.
The optimized shield configuration results in an acceptable dose in mylar and

epoxy insulators after the estimated 24 FPY reactor lifetime. In addition,
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the peak dpa rate in the Cu stabilizer implies that no magnet annealing is
required during the whole reactor lifetime.

The effectiveness of the bulk shield is reduced by the streaming of radi-
ation through the divertor slots. The calculational procedure for the radi-
ation streaming calculations was divided into two parts by modeling the geo-
metrical configuration of the reactor in two separate problems. The blanket,
reflector, and shield are considered as one problem and the divertor targets
and associated shield are the other. Trapping surfaces were located at the
entrance of the three divertor regions where all particles crossing the
surfaces are counted according to angle and energy bins. This information was
then stored to serve as surface sources in later modeling of the divertor
region itself.

For each D-T fusion event, the total neutrons and gamma photons streaming
through the divertor slots are 0.214 and 0.024, respectively, carrying a total
power of 176 MW which represents 5% of the neutron fusion power; fortunately
most of it is recovered by the divertor targets. About 20% of the streaming
neutrons are primary neutrons, and they carry 83% of the streaming energy.

Radiation streaming through the pumpout ports of the divertor regions has
a large impact on the operation and maintenance of the reactor and its sensi-
tive equipment. The divertor region was modeled to obtain information about
radiation exiting each pumpout port through the use of trapping surfaces and
also to estimate the amount of energy recovered by the divertor targets. The
pumpout ports are located appreciably off the direct line of sight of the
flowing particles from the divertor entrance. This is of importance in re-
ducing radiation streaming through the ports. The results indicate that con-

siderable attenuation and spectrum softening result from neutron interactions
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with divertor targets which, as a result, recover 91% of the energy streaming
into the divertor region. The total power carried by radiation streaming
through all ports of the divertor regions is 6.12 MW representing only 0.18%
of the neutron fusion power.

Due to the necessity of penetrations in the shield, radiation streaming
raises the biological dose level outside the reactor. A 3.1 m thick biologi-
cal shield was found to result in an acceptable dose of 2.35 mrem/hr in the
toroidal service hall during reactor operation.

II1.7 Materials

There are 5 classes of materials in UWTOR-M that must be considered with

respect to radiation damage from neutrons. They are:

1. Blanket structure (HT-9)

2. Reflector structure (Fe 1422)

3. Shield (Fe 1422, Pb, B4C)

4. Divertor liners (C)

5. Superconducting magnets (Cu, NbTi, Polyimide).

Figure II.7-1 shows the damage-temperature relationship for these materials.

In general it can be concluded that

1. The maximum dpa rate in the first wall is 53 dpa/FPY which corresponds to
~ 5 MW-y/m? per FPY.

2. The damage rate quickly falls to 0.02 dpa/FPY at the front of Blanket II
region and to 0.004 dpa/FPY at the start of the reflector.

3. The maximum damage in the shield is 1074 dpa/FPY.

4. The maximum damage in the carbon liner of the divertor targets is 1.4-2.1

dpa/FPY depending on location.
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5. The maximum damage rate in the Cu stabilizer is 6.5 x 107 dpa/FPY and
about the same in the NbTi. The peak dose in the epoxy is 8 x 100
Rads/FPY.

IT1.8 Tritium System

The tritium systems in UWTOR-M are designed to purify and recycle the
tritium and deuterium fuel for the reactor. Tritium production and recovery
from the blanket are discussed in Chapter IX. The tritium systems are
patterned after information available from the Tritium Systems Test Assembly
at Los Alamos National Laboratory.

The UWTOR-M reactor is fueled by injection of 14.9 kg-T/d and 9.71 kg-D/d
as cryogenic DT pellets. The inventory in the pellet injection system is 23 g.
The reactor produces 4300 MW of fusion power by burning 0.656 kg-T/d and 0.437
kg-D/d which corresponds to a tritium and deuterium burn fraction of 4.40% and
4.50%, respectively. The exhaust gases exit through divertor slots, strike
rotating graphite targets and scatter into the evacuated reactor building.

The exhaust and impurity gases are pumped by cryopumps and the tritium inven-
tory in the pumps is 1.2 kg for a 2 hr on-line time. Helium ash (0.875 kg/d)
is separated from the fuel during regeneration of the cryopumps.

The graphite divertor targets are operated under conditions where hydro-
carbon production is minimal, although physical sputtering of graphite is
anticipated. Other impurities in the exhaust will include hydrogen, which
permeates from the steam cooling tubes, xenon, which is added to the plasma,
and oxygen and nitrogen, which outgas at low levels from construction materi-
als. These impurities are separated from the hydrogen isotope stream by the
fuel cleanup unit (FCU). This unit consists of molecular sieve beds at 75°K

which condense impurities. The inventory on the sieve beds is estimated as
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120 g for a 12 hr operation cycle. The beds are regenerated by heating and
the impurities then pass through an oxidizing unit which forms HTO and tritium
free compounds. The HTO is electrolyzed and the hydrogen isotopes are sent to
the Isotopic Separation System (ISS).

The ISS consists of a 2 column unit with one equilibration cell. It pro-
duces a waste hydrogen stream with less than 1 Ci/d vented to the atmosphere
and a purified DT fuel stream. The tritium inventory in the columns is esti-
mated as 270 g.

The total estimated inventory in the fuel recycling system is 1.6 kg of
tritium. There is also a 1 day fuel supply of 14.9 kg of tritium kept in
storage on uranium beds.

The reactor building serves as a primary containment vessel and must be
designed to maintain a tritium release rate of < 10 Ci/d.

Table II.8-1 gives the Tp inventory in the primary loop and Table II.8-2,

in the fuel processing system.

Table II.8-1. Primary Loop Tritium Summaries

Tritium inventory in Lij7Pbgs 712 ¢

Tritium partial pressure 2 x 1072 torr
Tritium inventory in coolant 100 g

Tritium dissolved in blanket structure 4 g

Tritium concentration in blanket 6 wppb

Tritium concentration in coolant 50 wppm
Tritium loss from primary coolant loop < 10 curies/day
Total blanket system tritium inventory 176 h
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Table 11.8-2. Summary of Tritium Inventories in

Fuel Processing Systems for UWTOR-M

Subtotals (kg):

Pellet Injector 0.023
Cryopumps 1.2
Fuel Cleanup 0.120
Distillation Columns 0.270
Fuel and Exhaust Systems Total (kg): 1.6
Storage (1 Day Fuel Supply) (kg): 14.9

II.9 Maintenance

The philosophy for maintaining the blanket in UWTOR-M entails the radial
extraction of nine of the eighteen modular coils. This has been necessitated
by two aspects of the design:

1. The use of grossly twisted modular coils for maximizing rotational trans-
form, thus requiring external support structure.
2. The decision to utilize the magnetic divertor for impurity control.

The reasons for adopting these design aspects have been elaborated on
earlier in the chapter. The consequences are a somewhat more difficult
maintenance requirement entailing the moving of heavy and rather cumbersome
modules.

One major advantage of this maintenance scheme is that it automatically
provides for the capability of servicing the magnets. There is a danger that
coil maintainability can be compromised on the theory that nothing will ever

go wrong with them.

11-36



In UWTOR-M, radial extraction of the coil modules is, therefore, central
to the maintenance scheme. It provides for:

1. Maintenance of the blanket segments with the extraction of one-half of the
coil modules.

2. Maintenance of the coils by either straight radial extraction or initial
circumferential, then radial extraction (in the case of coils not moved
for blanket maintenance).

3. Maintenance of divertor targets in the same way as the blanket.

Figure II.9-1 is a top view of the reactor inside the reactor hall, show-
ing access doors located behind every other coil. A complete coil module, as
viewed from the back, is shown in Fig. 11.9-2 without the transporters and
rails. Blanket segments with the steam manifolds attached come out of each
side of the module. Such a blanket segment, shown in Fig. 11.5-3, weighs
~ 45 tonnes and can be easily handled with an overhead crane.

Specially designed carriages will enter the space vacated by a coil
module. They will have the capability of removing the blanket segments within
the stationary modules. In this way, only 50% of the modules need to be moved
for routine blanket and divertor target maintenance. Table II.9-1 gives a
breakdown of the masses in a single coil module.

In summary, the following points can be made about the maintenance of
UWTOR-M:

+ The reactor is enclosed within an evacuated reactor hall.

*+ No seals are employed between blanket segments.

. Coolant connections are minimized.
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Fig. 11.9-2
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Table II.9-1. Breakdown of Masses in a Single Coil Module

Tonnes
Coil and support ring 1175
Blanket structure 90.5
Reflector 451
Shield 254
Divertor targets (6 sets) 52
Steam manifolds 3.5
Support structure 19
Total 2045

» One-half of the coil set (9 coils) can be extracted radially out of the
reactor hall providing access for maintaining all the blanket segments and
divertor targets.

. In the event of a coil failure, the remaining coils can be extracted by
initial circumferential, then radial movement.

IT1.10 System Economics

The economic analysis for UWTOR-M conforms to the guidelines provided in
the DOE "Fusion Reactor Design Studies - Standard Accounts for Cost Esti-
mates."”

The two modes of analysis used are the constant dollar and the current
dollar. The constant dollar mode defines general inflation rates and compo-
nent escalation rates equal to zero. All costs, regardless of the time of
incurrence, will be reported in present year price levels. In the current
dollar mode, cost escalation on the estimated capital is assumed to exist and

is taken as a single escalation during construction account.
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Figure I1.10-1 shows the percentage breakdown of the reactor plant equip-
ment costs. The cost of the magnets exceeds all the other reactor equipment
put together.

Construction facilities, equipment and services were taken as 10% of
direct costs, engineering and construction management as 8% of direct costs
and other costs were taken as 5% of the direct costs. The direct and indirect
costs are listed in Table II.10-1.

For the constant dollar mode, interest on capital was taken as 5% and
escalation was zero. In the current dollar mode, interest was 10% and esca-
lation 5%. An eight year construction period was assumed. Table II.10-2
gives the total capital cost summary.

The busbar energy cost in mills/kWh is the expense which a utility incurs
in generating a kilowatt-hour of electricity. When the utility sells this
electricity to the customer it adds a quantity to account for profit.

The expenses which make up the busbar energy costs are:

1. Fixed charge rate.

2. Annual operating and maintenance.

3. Scheduled component replacement.

4. Annual fuel costs.

Other elements needed to determine busbar costs are plant capacity and plant
availability. Plant capacity at 75% availability is 1.206 x 1010 kwn/year.

Table II.10-3 gives the plant costs and busbar costs for UWTOR-M and
compares them with STARFIRE in 1980 dollars. It can be seen that UWTOR-M is

quite similar to STARFIRE both in plant as well as busbar costs.
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Table II1.10-1. Total Capital Cost Summary

Acct. No. Description Cost ($ x 109)
20 Land and land rights 3.30
21 Structures and site facilities 355.36
22 Reactor plant equipment 1764.99
23 Turbine plant equipment 301.62
24 Electric plant equipment 137.03
25 Miscellaneous plant equipment 45.48
26 Special materials 3.50
TOTAL DIRECT COSTS 2611.28
91 Construction facilities 261.13
92 Engineering and construction management 208.90
93 Other costs 130.56
TOTAL INDIRECT COSTS 600.59
TOTAL DIRECT AND INDIRECT COSTS 3211.87

Table I11.10-2. Total Capital Cost Summary

Constant Current
Acct. No. Description Dollar Dollar
94 Interest during construction
Fipc (constant dollar) = 0.170 546.02
Fipc (current dollar) = 0.466 1496.73
95 Escalation during construction
Fepc (constant dollar) = 0 0.00
Fepe (current dollar) = 0.261 838.30
TOTAL CAPITAL COSTS 3757.89 5546.90
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Table II.10-3. Comparison of Plant Costs and

Busbar Costs Between UWTOR-M and STARFIRE

Constant Dollars Current Dollars
Plant Costs
UWTOR-M ($/kWe) 2034 (1982) 3001 (1990)
STARFIRE ($/kWe) 2000 (1980) 2665 (1986)
Busbar Costs
UWTOR-M (mi11s/kWh) 36 (1982) 76 (1990)
STARFIRE (mills/kWh) 35.1 (1980) 67.1 (1986)

The following conclusions can be drawn from the cost estimate:

« A reasonably detailed cost analysis indicates that modular stellarators
are competitive with other magnetic fusion systems.

+ To be competitive, indications are that modular stellarators must be in
the 4000-5000 MWy, range.

+ Risks associated with the magnets are higher for modular stellarators be-

cause they comprise a higher fraction of the reactor plant equipment.
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II1. Historical Background

A chart of stellarators in the world today is shown in Table III.1-1.

An historical perspective of stellarator devices can, in many ways, be
Tikened to a novel. First invented in the United States by Lyman Spitzer of
Princeton University in the 1950's, the then Atomic Energy Commission in the
United States abandoned stellarators in 1969 after converting the last
stellarator, Model C, into a tokamak.

It remained for the National Science Foundation to begin the experimental
program in stellarators, five years later in 1974, with the purchase and
moving of the Proto-Cleo Stellarator from the United Kingdom to the University
of Wisconsin. After 1976, when the large stellarator experiments, Wendlestein
VII A at Garching, Cleo at Culham, and L-2 at the Lebedev Institute began
giving dramatic results with confinement parameters comparable to tokamaks,
some renewed interest on the part of the U.S. Department of Energy appeared.

Since that time interest in stellarators has mushroomed. Groups advo-
cating such devices have appeared at MIT, Princeton, Oak Ridge, Los Alamos as
well as at Wisconsin, with the competition for eventual devices being very
fierce. As of this writing, no new large device has been commissioned, but
the University of Wisconsin is constructing a modular stellarator, IMS, which
is the same size as the Proto-Cleo stellarator, but built in modular form to
test the operation of such a device.

The earliest reactor studies in the United States in stellarators began
with the proposal for the Model D stellarator, which was to be a reactor if
the Model C device had worked properly. Subsequently, studies have taken
place at MIT and are now being examined at Los Alamos in addition to the

present study at Wisconsin.
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Table III-1. Present Stellarator Devices

The following is a list of stellarators, operating or under construction as per end of
1980.

NAME LOCATION COMMENTS
R = major radius;
r = radius of last closed magnetic surface;
B¢ = toroidal magnetic field;
£ = number of poloidal field periods.
Wendelstein II1-A Bochum, FRG R=50cm r=5cnm, B¢ ~ 8 kG, £ = 2. RF plasma.

Wendelstein II-B Garching, FRG R=50cm r=>5cm, B¢ ~ 7.5 kG steady state, 15
kG, pulsed mode, 2 = 2.

Wendelstein VII-A  Garching, FRG R =200 cm, r = 10 cm, B¢ ~ 40 kG, 2 = 2.

Heliotron DM Kyoto, Japan R=50cm, r =5 cm, B¢ ~ 10 kG.

Heliotron D Kyoto, Japan R =105 cm, r = 10 cm, B¢ ~ 5 kG.

Heliotron E Kyoto, Japan R =220 cm, r = 21-40 cm, B¢ ~ 20 kG, £ = 2.

JIPP-I Nagoya, Japan R=50cm, r=17cnm, B¢ ~ 4 kG, 2 = 2 and 3.

JIPPT-II Nagoya, Japan R=91cm, r =17 cm, B¢ ~ 30 kG, ¢ = 2.

Cleo Culham, UK R=90cm, r =13.5 cnm, B¢ ~ 20 kG, 2 = 3.

IMS Madison, USA R=40cm, r =5cm, B max = 6 kG, £ = 3. Modular
stellarator, under construction.

Proto-Cleo Madison, USA R=40cm, r = 5 cm, B¢ ~5kG, £=2and 3, 2 =3
torsatron.

Chrystall-2 Kharkov, USSR R=236cm r=28.7cm B, =25 kG, £ = 3.
Torsatron, superconducting, under construction.

Uragan-11 Kharkov, USSR Race track of length 1035 cm, r = 10 cm, B¢ = 20 kG.

Uragan-111 Kharkov, USSR R =100 cm, r = 17 cm, B, = 30-45 kG, 2 = 3.
Torsatron, under construction.

Sirius Kharkov, USSR Race track of length 600 cm, r = 10 cm, B¢ = 20 kG.

Saturn-1 Kharkov, USSR R=236cm, r = 8.7 cm, B¢ = 10 kg.

VINT-20 Kharkov, USSR R=31.5¢cm r=17.2cm, B¢ = 20 kG torsatron, 2 = 1.

M-8 Kurchatov, USSR  Figure-8 device, r = 8 cm.

L-2 Lebedev, USSR R=100 cm, r = 11 cm, B¢ = 20 kG, ¢ = 2.

R-0 Sukhumi, USSR R=50cm, r =5 cm, By max ~ 8 kG, 2 = 3.

RT-2 Sukhumi, USSR R=65c¢cm, r=14cn, B¢ max ~ 20 kG, ¢ = 2.
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IV. Magnetic Topology

IV.1 Introduction

In order to generate closed magnetic surfaces in a torus to compensate
outward drifts and to provide MHD equilibrium, it is necessary to keep the
magnetic field 1ines from closing on themselves after one pass around the
torus by introducing a twist in the poloidal direction. Figure IV.1-1 shows a
coordinate system useful for describing these configurations. We call the
angle theta the toroidal angle and the angle phi the poloidal angle.

Tokamaks provide the necessary twisting of the magnetic field lines by
passing a current in the toroidal direction through the plasma. Stellarators
. provide the twisting by means of either deformation of the torus itself, e.g.,
twisting the torus into a figure 8, or by utilizing a set of twisted helical
coils. Figure IV.1-2 shows an artist's view of the similarities and differ-
ences between a stellarator and a tokamak.(3)

Examination of Fig. IV.1-2 shows that stellarators will require toroidal
field coils. This can be seen physically as follows. In the stellarator
shown in Fig. IV.1-2 the currents in adjacent helical windings flow in oppo-
site directions. A qualitative picture of the magnetic fields generated by
these helical windings can be obtained by noting that a helical winding is
really a loosely wrapped solenoidal winding. That is, a single helical wind-
ing generates a toroidal field and vertical field of its own as well as a
poloidal field. The vertical field appears because the helix is not only a
loosely wrapped solenoid, but a loosely wrapped vertical field coil as well,
as can be seen by looking down on the torus. Therefore, currents flow-ing in
opposite directions in adjacent helices (of the same pitch) cancel out each

other's vertical fields and toroidal fields on the average. Thus, the need
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Figure IV.1-1 Toroidal coordinate system.
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Figure IV.1-2 Artist's sketch of a stellarator and a tokamak.
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for a separate set of toroidal field coils exists. The toroidal field is
needed to provide a magnetic "connection" between adjacent sections of the
torus and to provide the basis for generating the toroidal magnetic surfaces.
What is not cancelled from the helical windings are the poloidal fields
and fluxes. The combination of the poloidal fields from the helical windings
and the toroidal fields from the separate set of toroidal field coils results
in a net flux which twists the magnetic field 1ines as they pass around the
torus. Figure IV.1-3 shows a trajectory of a field line as it passes around
the torus, projected on a fixed poloidal p]ane.(4) Figure IV.1-4 shows the
same trajectory looking at the side of the torus. Each time the line moves
downward it is passing near a helical coil carrying current in the "+"
direction, but there is a net drift of the 1ine in the poloidal direction in
the direction of the "wrapping" of the helical windings. The net drift occurs
because the toroidal field of the helical coils alternately adds to or sub-
tracts from the external toroidal field without affecting the poloidal field,
thus changing the direction of the field 1ine as shown in Fig. IV.1-4. 1If the
stellarator windings are designed properly, the magnetic field line can pass
many times around the torus before it closes upon itself and can thus generate
a toroidal closed surface, which is called a magnetic surface. Figure IV.1-5
shows the intersection (not the projection) of the particular field 1ine of
Fig. IV.1-3 with a fixed plane. This intersection is what the magnetic
surface looks 1ike at that plane. This surface rotates as the field line
moves around the torus as seen in Fig. IV.1-2. The trajectory of the line
always lies between two circles; the inscribed and circumscribed circles of

the magnetic surface shown in the figure. Due to toroidal effects these
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Figure IV.1-3 Trajectory of field line projected to a poloidal plane. The
numbers 1, 2, 3 in the figure are the same as those numbered
locations in Fig IV.1-4.
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Figure IV.1-5 A magnetic surface (the triangular shaped structure) generated
by the field line shown.
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circles are not concentric, however. Figure IV.1-6 is a 3-dimensional plot of
the magnetic surface.

Each magnetic surface is generated by a different magnetic field line.
Often the amount of twist of each field line is different from that of other
field 1ines. Optimization of the magnetic configuration will result in a set
of nested toroidal magnetic surfaces. Figure IV.1-7 shows several types of
magnetic surfaces that can be generated by stellarator windings.

The four different surfaces in Fig. IV.1-7 are labelled 2 =1, 2 = 2,

2 =3, and & = 4 surfaces, respectively. The % numbers refer to the apparent
symmetry of the magnetic surfaces in the minor cross section. For example, an
2 = 2 magnetic surface exhibits 2-fold symmetry in the minor cross section.

It can be seen from Fig. IV.1-7 that for a stellarator configuration, the
number of helical windings passing through the poloidal plane is exactly equal
to twice the 2 number. The shaded areas in Fig. IV.1-7 are the regions in
which closed magnetic surfaces are generated and presumably inside of which
plasma is confined. At the corner of the last closed magnetic surfaces, a
magnetic “stagnation point" is reached (the twisting of the magnetic field
line at this point matches the pitch of the helix), and "divertor action" may
occur. This means that particles passing through this region may suddenly
find themselves outside the last closed magnetic surface and on the surfaces
that wrap around the helical conductors, where they may be collected. Outside
of the last closed magnetic surface, the field lines wrap around the individu-
al conductors.

Often, the last closed magnetic surface is called a separatrix. Strictly
speaking, however, this only can exist in the 1limit of infinite toroidal

aspect ratio because toroidal effects tend to spread the last closed magnetic
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A top view of a complete magnetic surface.

Figure IV.1-6.

IV-9



LAST
(:AIA%SNESHC STAGNATION
, P
SURFACE OINT
@) @ ©

DIVERTOR
LINE
MAGNETIC

AXIS

®

{£=3 P=4

Figure IV.1-7 Four sets of magnetic surfaces. In each figure the magnetic
field is directed out of the paper and the helical coils are
wrapped over the top of the torus from the outside and along

the direction of the field line. "+" means the current flows
into the paper.
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surface into a broader region of "ergodic" (not well behaved) magnetic field
lines. In Fig. IV.1-7, the toroidal field is assumed to point out of the
paper, and the helical windings wrap from the outside to the inside of the
torus over the top of the torus. The signs of the currents refer to their
direction with respect to the toroidal field. The net twisting of the mag-
netic field lines always occurs in the same direction as the wrapping of the
helical windings regardless of the direction of the toroidal field. In the
case of Fig. IV.1-7 the stagnation points occur beneath the conductors
carrying currents out of the paper ("-" sign).

If the magnetic surfaces are nested as shown in Fig. IV.1-7, there is
often a single line around which all of the magnetic surfaces appear to be
nested. Such a line is called the magnetic axis. The average angular ro-
tation in the poloidal direction made by a field 1ine in traversing once
around the toroidal direction is called the rotational transform, the angle of
which is measured with respect to the magnetic axis. Typical plots of the
average rotational transform angle for the four magnetic surface configu-
rations shown in Fig. IV.1-7 are shown in Fig. IV.1-8. The transform profiles
of the 2 = 3 and 2 = 2 devices begin at zero transform on the magnetic axis,
whereas £ = 1 and ¢ = 2 begin at non-zero va]ues.(S) In all cases, the trans-
form increases monotonically out to the last closed magnetic surface. Since
the 2 = 1 and 2 = 2 configurations have non-zero transform on the magnetic
axis, it is possible to design a device in which the transform is constant out
to a very large value of minor radius. Such a configuration is said to have

no shear. A convenient definition of the shear parameter is

R d -1

Ls = oF dF (1)
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Figure IV.1-8 Transform profiles for the four configurations shown in Figure
IV.1-7. Note that the £ = 1 and & = 2 configurations have non-
zero transform on the magnetic axis.
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In Eq. (1) 1 is the rotational transform value in radians. Often 1 is
normalized with respect to 2n and then written as {. When 1 is unity, the
transform is 2n and the field 1ine should close upon itself after 1 pass
around the torus the long way, provided that the minor radius of the field
line does not change when it completes the pass around the torus. Whenever {
is a rational number, the magnetic field line closes upon itself after a
finite number of passes and generates a closed line configuration (not a
closed magnetic surface). Often confinement is poor if there is no shear and
1 is rational, especially if { is an integer near unity. With shear, both
rational and irrational values of {/ appear and confinement tends to be
improved.

In contrast to tokamaks, { increases as minor radius increases. If it is
recalled that q = 1// then it can be seen that the q profile for stellarators
tends to decrease as minor radius increases. This means that the lowest value
of q tends to be on the outside of the plasma, and thus it is fairly easy to
avoid q = 1 surfaces appearing inside the plasma, which can lead to instabili-
ties and possible loss of confinement. However, if ohmic heating is added,
the transform profile gradually becomes more tokamak-1ike with increasing
ohmic heating current and eventually begins to decrease with minor radius as
shown for an £ = 3 stellarator in Fig. IV.1-9. If the ohmic and helical
transforms are made to oppose each other, it is likely that the point 7 = 0
will appear inside the plasma away from the magnetic axis. This will tend to
produce magnetic islands, secondary magnetic axes, instabilities, and possible
loss of confinement. A variation of this situation, presently called a re-
versed field ohmically heated ste]]arator,(G) attempts to reverse the trans-

form by passing through the point / = infinity, rather than f = 0.
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Figure IV.1-9 Rotational transform versus minor radius as a function of ohmic

heating current. As the current increases, the profile begins
to decrease with minor radius.
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Figure IV.1-10 shows the magnetic surfaces and the helical conductors for
a device called a torsatron.{(7,8) This configuration is a very similar type
of confinement system to a stellarator, but is simpler to construct. Both
devices have helical widings, but in a torsatron the currents in adjacent
helical windings flow in the same direction. This means that the helical
coils will now produce a net toroidal field (along with a net vertical field).
Hence, if a torsatron is designed properly, no auxiliary toroidal field coils
are required. The net vertical field, however, presents a different problem.
éThis field must be cancelled out by an auxiliary vertical field which points
in the opposite direction from the self-generated vertical field of the
helical coils. Typically, this is done by adding a separate vertical field
coil or coils. The Tocation at which the average vertical field is cancelled
defines the magnetic axis. If the vertical field could not be cancelled at
this point, the line defining the magnetic axis would not be able to close
upon itself after one pass around the torus. If the vertical field coils are
located outside of the helical coils and have a radius larger than the maximum
major radial position of the helical coils, then the current flowing in the
vertical field coils should be oppositely directed to that flowing in the
helical coils. If the vertical field coils are located towards the major axis
of the torus, then the current must go in the same direction as that in the
helical coils. It is also obvious that the currents in the vertical field
coils must be comparable to the currents flowing in the helical coils.

In the stellarator configuration, it is possible to adjust the ratio of
the poloidal and toroidal magnetic fields by varying the ratio of the currents
in the helical and toroidal field coils, respectively. As the helical coil

current is increased relative to the toroidal field coil current, the location
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Figure IV.1-10.

£ =3 TORSATRON

A torsatron magnetic surface configuration (2 = 3). The wrap-
ping is in the same direction as the sense of the helices in
Fig. IV.1-7, and in this case the toroidal field is out of the

paper. The reader should be able to verify this easily. "+
means into the paper.
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of the Tast closed magnetic surface shrinks and often a corresponding decrease
in the value of the rotational transform at the last closed magnetic surface
also takes place. Thus, it is possible to vary the value of the transform
along with plasma radius in this way.

In examining the magnetic surfaces of toroidal stellarators and torsa-
trons, it is obvious that the poloidal symmetry of these surfaces is not
strictly defined by poloidal harmonic number (2 - number). Spatial Fourier
decomposition of the minor radius of the last closed magnetic surface,(g) for
example, yields several harmonics, many of which have comparable magnitude to
that of the "main" harmonic number. If one can vary the values of the cur-
rents in the helical windings with respect to each other, then the harmonic
content of the magnetic surfaces can change. In addition, variation of the
magnitude of the compensating vertical field can shift the position of the
magnetic axis, change the harmonic content of the magnetic surfaces, and vary
the transform profile. Figure IV.1-11 shows the Fourier components of the
last closed magnetic surface of an 2 = 3 stellarator.

In addition to the absence of a separate set of toroidal field coils,
torsatrons also require only half the number of helical coils for the same 2
number as do stellarators. In fact, it is possible to create a torsatron with
only a single helical coil. Typically, a winding law for helical coils is of

the form:

mo . (2)

R
[}
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Figure IV.1-11 Fourier decomposition of the last closed magnetic surface of
an & = 3 stellarator. Note the very strong presence of an
&£ = 0 component.
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m is always a rational number, but not necessarily an integer. For
example, Table IV.1-1 Tists several possible and one impossible set of winding
laws for helical coils.

The column labelled # cond refers to the number of separate helical con-
ductors needed to generate a complete set of windings. The column #FP refers
to the number of field periods, that is, the number of times the magnetic
surfaces repeat in going around the major axis of the torus. One field period
is not, in general, a 360 degree rotation of the surface, but rather only a
poloidal rotation sufficient to have the shape of the surfaces repeat. Figure
IV.1-12 shows such a set of surfaces in perspective, together with a set of
torsatron helical windings. The number of field periods is exactly the
product of £ and m. Any of the stellarator configurations may be turned into
a torsatron configuration of the same 2 number provided that the currents in
the adjacent coils are shut off and, of course the toroidal field coils are
also shut off and a vertical field is added. (Otherwise the % number would be

doubled, if the currents all flow in the same direction.) Only a torsatron

Table IV.1-1

Configuration i3 m # cond #FP possible?
Stellarator 2 3 4 6 yes
Stellarator 3 7/3 2 7 yes
Torsatron 3 4 3 12 yes
Torsatron 2 13/3 - - no
Torsatron 3 13/3 1 13 yes
Torsatron 1 12 1 12 yes
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Figure IV.1-12 A torsatron magnetic surface inside the helical windings which
generate the surface.
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configuration, therefore, may be wound from a single conductor. Other winding
laws, such as constant pitch or other toroidal geodesics are also used, but
the basic relationship between the £ number and the number of field periods
remains the same. If a separate set of toroidal field coils is added to a
torsatron such a configuration is called a heliotron. (10-13)

A further interesting simplification of the torsatron configuration is
called the "ultimate" torsatron.(4) The winding law for the helices in the
ultimate torsatron differs from that shown in Eq. (2) in that the pitch is

modulated as per the following, but non-unique, relation

6 =mé + a sin @ (3)

The purpose of the modulation of the winding law is to produce a net compensa-
ting vertical field directly from the helical winding itself. Figure IV.1-13
shows the comparison between an ultimate and a conventional torsatron winding.
It is clear that the modulation results in a winding that is more like a
toroidal field coil on the outside and more 1ike a vertical field coil on the
inside of the torus than a conventional torsatron winding. Laying out both of
these windings on a graph (Fig. IV.1-14) in which the horizontal axis is pro-
portional to toroidal angle and whose vertical axis is proportional to poloid-
al angle, the conventional torsatron winding is a straight line. The ultimate
torsatron winding is the sinusoidal waveform shown in the figure. The top,
bottom, inside, and outside of the torus are marked. It can be seen that at
the top and bottom of the torus, the direction of the current in the con-
ventional winding is identical to the direction of the current in the ultimate

winding. However, at the inside and outside of the torus, the direction of
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Figure IV.1-13 Comparison between a conventional and an ultimate torsatron
winding.
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Figure IV.1-14 Drawing used to show how the compensating vertical field is
generated in the case of an ultimate torsatron.
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the current in the ultimate torsatron winding differs from the conventional
winding in just such a way as to produce a component of current in the same
direction as that of an appropriate compensating vertical field coil. This is
the case on both the inside and outside, since the net vertical field from
both deformed parts is in the same direction. An ultimate torsatron only
needs a small vertical field trim coil to be used to vary the transform
profile, etc., if desired.

Another method used to produce stellarator configurations is the

(15-19) Figure IV.1-15 shows a plan view of a

"twisted-coil" stellarator.
sketch of such a device. Basically, a twisted coil stellarator is made of a
set of deformed toroidal field coils, that are bent in such a way as to simu-
late a section of a continuous helix. The heavy Tine in the figure corre-
sponds to the trace of a single effective he1ix.(20) A potential reactor
advantage of this configuration is that the coils may be made in individual
modules, rather than in continuous helices as in the more traditional stel-
larator/torsatron configurations.

Figure 8 stellarators generate rotational transforms by deformation of
the torus into a "pretzel" or 3-dimensional figure 8 configuration.(21) These
devices tend to have Tow shear. The transform is proportional to the defor-
mation of the torus. A sketch is shown in Fig. IV.1-16. Extensions of this
concept have resulted in stellarators whose magnetic axis varies spatially
around a torus (Heliac).(22,23)

In addition to the magnetic surfaces shown in Figs. IV.1-6 and IV.1-10,
it is also important to determine the surfaces of constant magnetic field

(mod-B surfaces). Figure IV.1-17 shows the mod-B surfaces for a stellarator

and a torsatron. A distinct difference between them appears. Stellarators
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Figure IV.1-15 A twisted coil stellarator. The heavy line traces out an
effective helix.
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Figure IV.1-16 A figure 8 stellarator.

IV-26



MM A e e &a

-y v
| A 4B 4 v'vvv‘v_v"vr'v'vvvvvrvv‘v'vv'f

IS WIS S UWTEU FUWUUYE T

><

(::jii:;;‘\\t:)

aaastasasalassan

(S dalAldl hEAASLE ANE LM S AL D d e o ¢

.
7N\

. X g

4 %

[ - ‘ —xd ad aM s PO A -11

R(m)—25 26 27 28 29 30 3 32 33

S G S A s e e e n s 2o MAAMAAAC MM AN A S A S Se Aae o e . oy

T

\

Aaaldasl AAL‘A‘A]AAA(AIALA;.AALALAA‘LA‘ALAA

N (6]
IV Y~y

——
/‘v"[ v e 'r[v" i AA R el e nlhaleddd

’

—4 I -\\

| W . Bt b haa b Adbd A o s

W OTWwwY VWO WYY UY

R(m)—25 26 27 28 29 30 3| 32 33

Figure IV.1-17 Mod-B surfaces of a stellarator (top) and a torsatron
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tend to have local magnetic wells, while torsatrons have no such wells. These
wells are distinguished from the "flux-averaged wells" defined as the deriva-
tive of the function V' (V")

= 112 %‘ / §§- where L = [ d2 the distance along

the field Tine

vl

which exists in both stellarators and torsatrons. These flux wells also can
be changed into anti-wells (hills) by adjusting the currents in vertical field
coils in both the stellarator and torsatron configuration.

24) not only has local wells as shown in the

A maximum-B ste11arator(
figure, but will also have a global mod-B surface that is also closed, of
roughly the same area as the last closed magnetic surface. This is shown in
Fig. IV.1-18.

A final property of stellarators/torsatrons is observed in examining the
value of the magnitude of the magnetic field as a magnetic field line is
followed around the torus. Figure IV.1-19 shows a comparison between a toka-
mak, a stellarator and a torsatron.(zs) One can see that a toroidal magnetic
mirror appears in all three devices, but the latter two configurations have
both toroidal and local mirrors (helical mirrors). Although a tokamak may
have ripple that looks 1ike the ripple of a stellarator or torsatron due to
the fact that all tokamaks generate their toroidal field from spaced coils,
the ripple is really quite different, since only in the case of a stellarator/
torsatron is the ripple truly helical. (26) Table IV.1-2 shows a summary of
the various stellarator/torsatron configurations discussed in this section,
grouped into two categories - stellarators, characterized by no net dipole

moment and torsatrons, having a net dipole moment.
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Table 1V.1-2: Categories of Stellarator-Type Devices

Stellarators (Characterized by no net dipole moment)

A.

Conventional stellarators: currents in adjacent helical windings go in
opposite directions -- external toroidal field is required.

Modular stellarators: rotational transform is provided by a single set of
non-planar toroidal field coils, or elliptical cross-section toroidal
field coils, or a combination of both -- modular stellarator
configurations can also be achieved by adding torsion to a toroidal

magnetic field through geometry, as in a "figure 8" stellarator.

Torsatrons (characterized by a net dipole moment)

A.

Conventional torsatrons: currents in adjacent helical windings go in the
same direction, producing both toroidal and poloidal fields -- external
vertical field coils are required for surface formation.

Ultimate torsatrons: modulation of the conventional torsatron winding law
in such a fashion that the dipole field is removed in the region of plasma
confinement -- no vertical field is required.

Heliotron: torsatron with an additional external toroidal field.

Modular torsatrons: use of the windback (as all helical currents flow in
the same toroidal direction) to generate the required vertical field.
Heliac: planar toroidal field coils whose centers follow a helix, with a
circular loop of current along the minor axis -- modular except for the

possible linking of the toroidal field coils by the hardcore.
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V. Parametric Considerations

The process of determining the plasma parameters began with the coil
winding law and magnetic topology considerations discussed in Chapter 1IV.
Initial constraints for this work were that we use modular coils and utilize
the "natural” helical divertor associated with these coils. The choice of
modular coils was based on considerations of maintainability and is discussed
in Chapter XIII. The magnetic divertor property was utilized because it
"comes for free" and has a better experimental data base for impurity control
than the alternative of pumped limiters.

This decision, however, imposes a constraint on the coil system and the
design of the reactor. This means that the plasma is bounded by the magnetic
separatrix and cannot be bounded arbitrarily inside the separatrix surface, as
is the case with pumped limiters. Between the separatrix and the first wall
will be a scrape-off zone of about 20 cm in width. In addition, there must be
adequate space for the blanket and shield between the first wall and the inner
edge of the magnets. This drives the design to coil configurations for which
the madnetic volume utilization n, (the fraction of the volume inside the coil
radius which is occupied by the plasma) is reasonably small, if the reactor
size and power level is to be kept to a reasonable value.

The natural divertor in the stellarator family occurs as a consequence of
the existence of the magnetic separatrix bounding the region of closed nested-
flux surfaces. The existence of this separatrix can be proven for straight
stellarators with perfect helical symmetry.(l) Inside the separatrix, the
enclosed magnetic flux links all of the magnet coils. Outside the separatrix,
however, the flux 1inks some, but not all, of the coils. Thus some magnetic

flux must emerge from the device between adjacent coils. To conserve flux, it
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must re-enter the device at a different location. This property of the mag-
netic flux external to the separatrix is the basis for the magnetic divertor
topology, which can be found in any toroidal system characterized by a mag-
netic separatrix.

Although nonaxisymmetric toroidal configurations do not have simple
closed flux surfaces in terms of a rigorous mathematical existence, it can be
shown that in many cases, closed surfaces may be described asymptotically in
these devices.(2) Numerical tracing of magnetic field lines for such configu-
rations shows that for divertor applications, an effective separatrix may be
assumed to exist. Since modular stellarators can be shown to have such a
separatrix, they also may have naturally occurring divertors.

We have studied the properties of £ = 3 modular stellarators having coils
with large deflections from the poloidal plane. The divertors in these con-
figurations have been found to be highly localized and modular in nature,
resembling small bundle divertors distributed over the surface of the torus.

The stellarators studied consist of discrete modular coils arranged into
a torus having a number of field periods. The coils are very similar to
Rehker-Wobig coils,(3) but follow a modified winding 1aw(#) which produces
surfaces having greater rotational transform and a magnetic axis which is
shifted inward from the geometric axis of the torus. The coils are assumed to
be composed of filaments which follow curves on the surface of a circular

torus. The curves are defined by the expression

6n(¢) = :%45 sin [2¢ - E%ﬂ] + %%ﬂ s n=1,2,3, ..., 3m .

e"(¢) is the toroidal angle coordinate of the nth curve on the torus as a
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function of the bipolar poloidal angle ¢.(5) 2 is the poloidal multipolarity
of the coil, and m is the number of field periods; n is an index which labels
each coil. Note that there are three coils composing each field period of the
device.

Having defined the toroidal excursions of each coil as a function of the
poloidal angle, we may obtain the cartesian components (x,y,z) of the coil

filaments from the expressions

_ 2 2
a = Jﬁmajor - Rminor

cosh n = Rmajor/Rminor
sinh n = a/R _.
n / minor
inh
- as n

“ cosh n = cos ¢

7 = a sin ¢
cosh n - cos ¢

X =1r cos o

y =rsine.

This winding law produces magnetic surfaces nested about an axis with a radius
of approximately r = a, rather than r = Rmajor’ as is the case for the Rehker-
Wobig coils.

A systematic study of the winding law properties was made for £ = 3 con-
figurations having 4, 5, 6, or 7 field periods. The coil aspect ratio was

varied from three to ten, and the magnetic separatrix, its volume, and rota-
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tional transform were computed numerically for each case using the TORFIELD(G)
field line tracing code. Figure V-1 summarizes the results of the parametric
study. The upper figure shows the average rotational transform at the mag-
netic separatrix plotted as a function of the coil aspect ratio. For each of
the four configurations, the rotational transform is relatively low at low
coil aspect ratios, reaches a peak value at an intermediate aspect ratio, and
decreases at higher aspect ratios. Note that at a fixed-coil aspect ratio,
increasing the number of field periods in the configuration can either
increase or decrease the rotational transform at the separatrix.

The Tower figure shows the magnetic volume utilization for each configu-
ration also as a function of the coil aspect ratio. The volume utilization is
the percentage of the total torus volume which is enclosed by the magnetic
separatrix. For this winding law, magnetic volume utilizations approaching 50
percent were obtained at low coil aspect ratios. Note that at a fixed-coil
aspect ratio, increasing the number of field periods increases the magnetic
volume utilization for all four configurations.

The parametric study showed that a wide variety of different magnetic
configurations could be obtained with the winding law. These different con-
figurations are characterized by diverse separatrix shape, rotational trans-
form, and suitability for divertor utilization.

The low aspect ratio regime has a separatrix which shows evidence of both
% = 3 and 2 = 6 harmonic components in its structure. The rotational trans-
form is very low, and the configuration appears to be unsuitable for effective
utilization of the magnetic divertor, since the closed flux surfaces closely
approach the coil system, leaving little room for a scrape-off zone, shield-

ing, and coil support structure.



Figpre V-1 Rotational transform at the separatrix and magnetic volume
versus coil aspect ratio for 5, 6 and 7 field positions.
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The intermediate aspect ratio regime is characterized by high values of
rotational transform and cusp-like separatrix cross sections. It occurs at
the peaks in the curves on the upper plot of Fig. V-1. This regime has been
found to be quite suitable for utilization of the magnetic divertor, and has
been adopted for this reactor design study.

The high aspect ratio regime is characterized by magnetic surfaces and
rotational transform profiles which are very similar in shape to those ob-
tained in classical stellarators and torsatrons. The divertors in this
regime, though modular in nature, are also quite similar to those which occur
in the continuous helical devices.(7»8) This regime may be unsuitable for
reactor application due to the relatively high plasma aspect ratio; typically
twenty or greater. Devices in this regime must be very large to obtain a
sufficiently large plasma minor radius for confinement of a reactor-grade
plasma.

Figure V-2 shows a schematic illustrating the coil radius re and the
equivalent plasma radius o The Tatter is defined such that the volume
inside the torus of minor radius p and major radius R equals the actual
volume inside the magnetic separatrix, i.e. the actual plasma volume. Then

the magnetic volume utilization n, is

- plasma volume _ (EEJZ - (_EJZ

v coil volume r (V.1)

where A. is the coil aspect ratio R/r., and Ap is the plasma aspect ratio
R/rp. We neglect for simplicity in this discussion the shift of the magnetic

axis from the coil axis.
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Figure V-2 Schematic showing coil radius and equivalent plasma radius.
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The plasma radius rp is related to the coil radius re by

r.=r./n; . (v.2)

Imposing the requirement of adequate space for the blanket and shield gives

the relation

re > oy + 8, (v.3)
where the separation §,. is taken to be 3.05 m to allow for the blanket shield,
scrape-off zone, half the coil thickness, and required thermal insulation.

Equations (V.2) and (V.3) imply that, for a given ny and 8., there is a mini-

mum plasma volume, equal to

2.2 2.3 ApAg
V=R = ot —PC (v.4)
(Ap - Ac)

This is illustrated in Fig. V-3. Shown in Fig. V-4 is the plasma aspect ratio
and minimum plasma volume for the winding law used in Fig. V-1. It can be
seen that the minimum plasma volume decreases with increasing coil aspect
ratio, which also corresponds to increasing coil aspect ratio, which also
corresponds to increasing plasma aspect ratio. The normalization factor
(2n253) for the plasma volume equals 560 ms if 6. = 3.05 m; consequently the
plasma volume, and therefore the power output, can get rather large if a low
plasma aspect ratio is required. At a normal (and moderate) power density of
~ 3 W/cmd in the plasma, one needs to keep V (= Vp/(2n26§)) less than or about

three in order to keep the thermal power output < 5000 MW. For the UWTOR-M
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Figure V-3 Plasma radius versus coil radius and the range of
allowable sizes which have adequate room for the
blanket and shield.
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design, the point AC = 5.05, Ap = 14, with 6 field periods, and a plasma
volume of 1400 m3 was chosen. This point is at the peak of the rotational
transform curve, Fig. V-1, and therefore should have good MHD stability
properties, at least according to simple arguments. This, however, needs to
be checked by detailed MHD calculations. These are beyond the scope of this
study and have not been done.

The transport calculations done for this configuration are presented in
Chapter VI. Parametric studies of the power output versus mean density and
density profile effects are given there. Ideally, one would want to couple
those calculations with the considerations of this section through an itera-
tive feedback loop to better optimize the entire system. An important in-
gredient in this optimization, however, are the magnet and support structure
costs. Such an optimization study has not been done because it would be too
costly and of limited value because some of the important physics aspects (MHD
considerations, transport coefficients, etc.) are not sufficiently well estab-
lished. The design point chosen appears reasonable, at least in terms of

qualitative considerations.
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VI. Plasma Analysis

VI.1 Introduction

UWTOR-M is a six field period modular stellarator with a multipolarity of
three. The strong twist of the modular coils gives a strongly sheared ro-
tational transform profile with little transform on the magnetic axis of the
machine and a transform of slightly greater than one at the separatrix (Fig.
VI.1-1). This strong shear should allow a moderate value of beta to be
achieved. In this design a volume average toroidal beta of 6% has been
assumed, although this has not been substantiated by three-dimensional MHD
calculations. The plasma is assumed to be bounded by the £ = 3 magnetic
separatrix. Outside the separatrix, the field Tines map into the helical
divertor and thus form a scrape-off layer. The magnetic topology, including
the divertor, is described in detail in Chapter IV.

The machine has a large helical field ripple, strongly peaked near the
edge of the plasma where it has a value of 23% (Fig. VI.1-2). This ripple is
expected to produce an extremely high ion thermal conductivity near the plasma
edge. The effect is to produce an ion temperature profile which is much
flatter than is the case in tokamaks, with a high temperature at the plasma
edge. The energy loss from the plasma due to this high edge temperature,
while large, should not be excessive, being 1imited due to the fact that
particle transport is not overly large. The ions lost by the plasma are hot,
but the rate is moderate and so the energy loss is tolerable and ignited
operation is possible.

Measurements on Wendelstein VIIA and Heliotron-E lead one to expect a low
level of anomalous particle and electron energy transport in a zero net

(1,2)

current stellarator. In this study 1/5 of the Alcator scaling value has
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VI-2



PERCENT HELICAL RIPPLE

25 1 T T
HELICAL RIPPLE PROFILE

201

IS

IO

!5 |

0o 1 | |

o 50 100 I50

MINOR RADIUS IN cm

Figure VI.1-2 Helical magnetic ripple (in %) as a function of minor
radius.

VI-3



been used. This Tow level of electron energy loss coupled with the large ion

energy losses tends to produce a plasma electron temperature much higher than

the ijon temperature. This is an undesirable situation inasmuch as excessively
hot electrons will substantially increase the plasma pressure. Since the beta
that the device can tolerate is fixed, this leads to a lower allowable plasma

density, and thus to a lower power output.

To counteract this tendency, it is proposed that a small amount of a
high-Z impurity, nominally xenon, be added to the plasma. This will produce
large amounts of line radiation which will Tower the electron temperature and
will rather uniformly distribute the power of the plasma on the first wall of
the device. This impurity injection also allows a means of burn control. 1In
the transport calculations the machine is operated in what is apparently a
thermally unstable regime; feedback on the impurity concentration and/or
pellet injection in combination with gas puffing can provide control. Since
the plasma energy confinement time is on the order of a second, the feedback
can be on a leisurely time scale. In actuality, the chosen regime may not be
thermally unstable; increased transport as the beta 1imit is approached (an
effect not included in the transport code) might provide thermal stability.

The plasma is assumed to be pellet fueled. Simulation indicates that gas
puff fueling is ineffective at reactor temperatures and densities. Pellet
fueling and efficient divertors with low backstreaming also minimize the
neutral gas density near the first wall. This is important, as the high ion
temperature near the wall can cause excessive energy loss and wall damage if
the neutral density is not kept low. By altering the pellet velocity, the

desired density profile can be chosen.



UWTOR-M is optimally run at a somewhat low temperature compared to most
reactor designs. The central ion temperature is only 10.4 keV. This low
temperature reduces the effects of field ripple on the transport and for a
given beta allows a denser plasma which reduces the alpha particle slowing
down time and thus the pressure due to hot alphas.

Startup would be accomplished by ICRH heating. By slowly increasing the
temperature until ignition is achieved and then slowly increasing the density,
a gentle, steady power rise in the blanket may be maintained. The full power
state may then be continued indefinitely without the need of beam or rf
drivers. The machine would be shut down by reversing the startup procedure,
decreasing the density and slowly reducing the temperature with ICRH-assist.
In an emergency, faster shutdown could be achieved by stopping fueling, which
would shut the reactor down within a period of seconds, or by injecting
impurities, which would cause the energy of the plasma to be radiated immedi-
ately to the walls of the torus. Unlike in tokamaks, fast shutdown should not

produce a disruption and its attendant wall damage.



VI.2 Transport Model

To model plasma transport in UWTOR-M, an adapted version of the ORNL
WHIST tokamak transport code was used. (3,4) This code, called WHISTEL (WHIST
for STELlarators), is a one-dimensional radial fluid space-time code. (5)
Transport across flux surfaces is modeled by solution of one-dimensional

particle and energy transport equations of the form

an.
i__1d s 3
3T - T v dr Tig) t Srus, * Seeam, * Seas, * SeeL, — Vil
J J J J
3 (3 _1d ;3
3t FNeTe) = - Far [MQe + 3Tl 0] - Qg + "rus, ™ Prap * Ponm
+ P, +P - P )
RFe BEAMe NEUTe e
o (3 _1d 3
3t 2 0T) 7 - e (e - g 7 T+ 0y ¥ "rus, * Prr,
<>
* Poean, ~ Pheut, - V0,5

where
n; = density of Jth ion species
n; = total ion density
Ne = electron density
TesT5 = electron and ion temperatures
SFUSj = source or sink of ions of species j due to fusion
SBEAMj = source of ions of species j due to beam injection
SGAS . = source of ions of species j due to gas puffing
SPELj = source of ions of species j from pellet fueling
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Qe»Q; = electron and ijon energy fluxes perpendicular to the magnetic
flux surfaces

Qei = electron-ion re-thermalization

PFUSe’PFusi = power to the electrons and ions due to fusion

PrAD = power lost from the electrons due to radiation

PoHM = power to the electrons from ohmic heating

PRFe’PRFi = power to the electrons and ions due to rf heating

PBEAMe’PBEAMi = power to the electrons and jons due to neutral beam heating

PNEUTe’PNEUTi = power lost from the electrons and ions due to ionization and
charge exchange of neutrals

Plj = net flux of ion species j perpendicular to the magnetic flux
surfaces

Puj = net flux of ion species j along field 1ines in the divertor
zone

Qie’Qli = net electron and ion conduction energy fluxes perpendicular to
the magnetic flux surfaces

Que’Qui = net electron and ion conduction energy fluxes along field

lines in the divertor zone.

The electron density is computed as the ion density times the charge
state of each ion, summed over all jon species. Electrons due to impurity
species are included in the computation. The sources and sinks of particles
and energy from fusion explicitly take account of all reaction paths (i.e.,
D-D and T-T fusion as well as D-T fusion are taken into account). The loss of
hot fusion alpha particles born in unconfined orbits is included in the simu-
lation. It is assumed that /??7ﬁg'of the alphas are lost to the divertors.

Alphas that do not escape are assumed to thermalize on the flux surface on
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which they are born. The effects of beam-plasma fusion are also included.
The energy and particle source of the beams is computed using an analytic
pencil-beam routine which compares well with tokamak Monte-Carlo beam routines
but is much faster.(6) The source due to gas puffing is computed using the
fast one-dimensional slab neutral transport routine spupNuT.(7) A routine
PELLET is included to model peliet ablation. (8) The power input form of rf
heating is modeled as a Gaussian profile in a vertical slab with a linear
dependence on electron density. For ICRH, a fraction Tq(keV)/13.5 of the
energy is assumed to go to the electrons, the rest to go to the ions. The
radiation loss term includes bremsstrahlung, synchrotron, and impurity radi-
ation. The parallel particle and heat flux terms are taken from the bundle
divertor model by Emmert,(g) and adapted to properly model the helical bundle
divertors of this device.

The equations are discretized using finite differences to approximate the
derivatives. The noncircular flux surfaces of stellarators are modeled as
equivalent circles. The mapping is such as to preserve volume: the areas of
the actual and equivalent tubes of flux are the same (Fig. VI.2-1). This pro-
duces some underestimate of the areas of the flux surfaces and of the total
transport. The discretized equations are solved using a modified Crank-
Nicolson scheme, made more implicit (future-weighted) than the usual time-
centered formulation. Nonlinear effects can cause the time-centered Crank-
Nicolson scheme to be numerically unstable; slightly increasing the implicit-
ness makes the method stable while only slightly decreasing the numerical
accuracy. Time steps are chosen so that the temperatures and densities do not
alter excessively over a time step. A 60 mesh point radial grid was used

sd

having a smoothly varying grid spacing (grid spacing ~ r~S%", where sdr is a
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grid spacing parameter, typically 1-1.5) so that the grid was coarsest near
the center of the plasma and finest near the separatrix where the gradients
are sharpest. In the scrape-off zone the mesh was fine and uniform. Trans-
port coefficients were computed at points intermediate to the grid points and
at densities and temperatures extrapolated to a half a time step ahead so as
to preserve the accuracy of the differencing method.

In addition to the transform due to a toroidal current, the code allows
for an externally imposed rotational transform to be input. This transform is
a factor in the computation of the transport coefficients. During startup the
transform profile will vary due to the Shafranov shift of the flux surfaces.

A routine producing a fit to ¢ = 2 Chodura code results is included to allow
the modeling of this effect.

The perpendicular loss terms are modeled such that

r .= =D, EEJ—- D.. EIi—- D EIE
1) jn ar ji or je ar
an. oT., aT
Qq = =] Kii mes = Kis et = Ky s
i 5 ji or ii or ie 3r
an. 3T, oT
D A S e A e
e 3 ej ar ei ar ee ar
where Djn =D, kjj = xqny, and Kee = XeNa- The transport coefficients D and x

are calculated so as to include the contributions of axisymmetric (tokamak-
1ike) neoclassical transport, reduced anomalous transport, and ripple effects.
Bohm diffusion is assumed in the scrape-off layer.

This axisymmetric neoclassical contribution to the transport is deter-

mined using a diagonal mode1 (10) where
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Ry s the major radius, r is the local radius from the magnetic axis, By is

the toroidal magnetic field, Bpo is the poloidal magnetic field averaged over

a flux surface, and Kyp, K2, and Kqj are collisionality-dependent coefficients

approximated by the expressions

K. = 2.55
22 12 0.43 v, &>
1+ 0.45 Vg T 0.43 Vi * I77
1+ 0.43 Viaf
K, = 0.66 .
1/2 1.77 Vo€
1 +1.03 Vaj *0.31 vy, 4 372
1 +0.74 vy.e
1
Ky = 1.04 ’
1/2 0.518 v, e
1+ 2.01 Vig t1.53 Vig * 377

1 +0.89 v, ¢
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where

th m

Anomalous transport during current-free operation is considered to be
significantly reduced below the level found in tokamaks, as is indicated by
measurements on Wendelstein VIIA and He1iotron—E.(1’2) One-fifth the Alcator
scaling value is assumed. When an ohmic heating current is used, the anomal-
ous transport is calculated such that the additional anomalous transport is
proportional to the current and full Alcator scaling would result if all the

rotational transform were due to the current. That is
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_ (0.8 J + 0‘2) 1.0 x 107" cm
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where J is the toroidal current density and Jrgy is the current density that
would be needed to produce the same rotational transform in a tokamak, i.e.,
if there were no externally applied transform.

The transport due to helical ripple effects is taken to be that derived
by Conner and Hastie(ll) and amended by Shaing and Ca]]en.(12) The latter
have found that as very low levels of collisionality are approached the trans-
port ceases to rise and finally slowly falls. In the modeling a conservative
approach is taken and the transport is considered to plateau for Tow levels of
collisionality. The possible beneficial effects of collisionless detrapping

are ignored. The algorithm used is

3/2

_ 46.5 e : T )2
X o eBR_
ii eff

*
where e, is the peak to average helical ripple and Vii eff is the maximum of

4/27 n Z?e?ln A Ti 1
; 177377 and 88 Eh&ﬁﬂFJ =
mi Ti 0
3/2
Als0 D, =438 N e 21+ Ti)
’ gn = 43—
ei eff
3/2
D, = 4.3 N e 12 3.37 €
je v* eBRo * T;
ei eff



€ T n.
h e \2 i
Dji = 4.34 — (eBR ) 3.45-77
Vei eff 0 1
*
where Vei eff is the maximum of
4/27 n Z?e41n A T
€ and 32 ¢ (oo )-l
3 m1/2T3/2 h eBRo r°
e e

Bohm diffusion is assumed in the scrape-off layer, that is
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VI.3 Steady State Plasma Profiles

UWTOR-M is conceived as an ignited steady state device. Unlike tokamak
designs in which there is a 1imit to the pulse length due to the finite in-
duction possible in the ohmic heating coils, a stellarator can maintain a ro-
tational transform without the need of a toroidal current and so can operate
in a steady state mode for an indefinite period of time. While steady state
tokamaks such as STARFIRE (13) have been proposed, stellarators have the advan-
tage of requiring no external momentum sources with their attendant problems
of complexity, reliability, and electrical consumption.

The basic machine parameters (magnetic field strength, rotational trans-
form and magnetic topology, major and minor radius) were set by the magnetic
coil limitations coupled with the parametric considerations described in
Chapter V. In this section we attempt to optimize the fusion power output by
varying the plasma parameters (e.g., density and temperature, pellet injection
velocity) and determine a design operating point for. the machine. The machine
parameters used in this study are given in Table VI.3-1. Steady state plasma
profiles for UWTOR-M were determined by starting the simulation with a hot,
ignited plasma and running the code until the plasma relaxed to a steady
state. The high ion heat conductivity due to the magnetic ripple and the low
electron heat conduction from the expected low level of anomalous energy
transport imply that the electron temperature tends to exceed the ion tempera-
ture by a considerable degree unless steps are taken to prevent this. Such an
effect is undesirable since for a given allowable value of beta a high
electron temperature, and thus a high electron pressure, reduces the density
at which the device can be operated, and therefore reduces the power output.

To counter this tendency, it is proposed that the radiation from the plasma be
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Tab]e VI 03"10

UWTOR-M Machine Parameters

Major Radius

Coil Radius

Plasma Minor Radius (Effective)
Coil Aspect Ratio

Plasma Aspect Ratio

Magnetic Field on Axis
Rotational Transform at Edge
Multipolarity

Number of Field Periods
Coils/Field Period

Plasma Volume

Volume-Averaged Beta
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24.1 m
4.77 m
1.72 m
5.05
14

4.5 T

1.125

1400 m°
6%



increased by the addition of a small amount of a high-Z impurity, as was done
in the STARFIRE design study.(13) An impurity of high atomic number will not
be fully stripped of its electrons even in the core of the plasma and can
cause strong radiation losses at quite low densities, thus not contributing
appreciably to the electron density, so high-Z impurities are preferable to
Tow-Z impurities as deliberate contaminants. Xenon has been nominally chosen
as the impurity to be used as it is high-Z (atomic number 54), is a noble gas
and chemically inert, and data on its radiation is available.(14) Impurity
injection also provides a means of burn control. The plasma appears to be
thermally unstable and would run away without some kind of feedback mechanism.
By varying the impurity injection rate this feedback can be easily accom-
plished. The feedback algorithm maintains constant volume averaged plasma
beta. The feedback response speed need only be on the order of the energy
confinement time, i.e. about a second, and so this is no difficulty. In actu-
ality, stability may be provided by the increased transport experienced as the
beta 1imit is approached. The xenon density profile is considered to be flat
and has a density of 3.3 x 1010/cm3 in the chosen configuration, which is an
average concentration of about 0.02%.

Table VI.3-2 gives the steady state power output at 6% average beta for
various values of the pellet velocities and plasma density. Increasing the
pellet velocity increases the penetration depth of the pellet and thereby
affects the density and temperature profiles. Separate deuterium and tritium
pellets are used in the simulation, though mixed species pellets could be used
in an actual device. Actual pellet velocities would be less than the stated
values due to geometrical effects (shoot through the flat side of the trefoil)

and the Shafranov shift. Higher pellet velocities produce higher power output

VI-17



Table VI.3-2. Effect of Density and Pellet Velocity on Power Output

Pellet Velocity DT Central Central Central

Case DT Density (106 cm/sec) Power B T; Te
Number  (1014/cm3) D T (MW) (%) (keV) (keV)
23 1.2 1.9 1.5 4223 18.6 11.8 13.4
15 1.3 1.7 1.4 4191 17.8 11.1 12.4
6 1.4 1.5 1.1 4068 16.9 10.6 11.7
13 1.4 1.7 1.4 4203 17.8 10.5 11.4
8 1.4 1.9 1.5 4292 18.3 10.4 11.3
5 1.4 2.5 2.2 4674 21.3 10.3 11.0
14 1.6 1.7 1.4 4162 17.8 9.5 9.8
25 1.6 1.9 1.5 4122 18.0 9.2 9.7
28 1.6 2.5 2.2 4331 19.6 9.1 9.6
26 1.8 1.9 1.5 3961 18.0 8.3 8.6
27 2.0 1.9 1.5 3272 15.2 7.7 8.0
31 2.0 2.5 2.2 4447 27.8 7.3 7.5
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but increase the maximum (central) beta due to peaking of the profiles. If
the central beta is too large, the machine will likely be MHD unstable.

Different values of the density for a given pellet velocity also give
different power outputs. For a given value of nT; (i.e., beta), n2 <oV>Eys
for D-T has a maximum at around 14 keV; and so this might be assumed to be the
optimum temperature at which to operate in order to maximize the power output
for a given beta. However, due to the effects of field ripple transport and
alpha particle pressure, it is found that a Tower temperature, higher density
regime gives the greatest power output. A D-T density of 1.4 x 1014/cm3 gives
near-optimum performance. The lower ion temperature reduces ripple transport
lTosses and the higher density decreases the slowing-down time of hot alphas,
and so their contribution to the plasma pressure.

Case number 8 was chosen as the design point for UWTOR-M. This case
gives adequate power output (4300 MW) with a tolerable value for the central
beta (18.1%). The plasma parameters for this case are shown in Table VI.3-3.
The density and temperature profiles for the chosen operating point are shown
in Fig. VI.3-1. The pellets penetrate to within about 50 cm from the plasma
axis, so the electron density is flat inward from that distance. The electron
temperature is approximately parabolic, while the ion temperature is rather
flat. A small decrease in the ion temperature is observed between 50-100 cm
out, but beyond this radius the effects of field ripple prevent a significant
decrease. Some decrease in the ion temperature takes place in the scrape-off
zone, since the trapped particles which contribute to ripple heat conduction
in the main plasma leave to the divertors in the scrape-off layer. The effect

of recycling from the divertor was evaluated. For recycling up to ~ 50%, the
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Table VI.3-3. Steady State Plasma Parameters for the UWTOR-M Design Point

Average Electron Density
Average Electron Temperature
Average Ion Temperature

Average Toroidal Beta

Xenon Concentration (deliberately introduced

to lower the electron temperature)

Particle Confinement Time
Energy Confinement Time
Fractional Tritium Burnup
Net Toroidal Current

D-T Fusion Power

Edge Field Ripple

Power Radiated to First Wall
CX Power to First Wall

Power to the Divertor

VI-20

1.52 x 10}4/¢cmd
9.5 keV
9.8 keV

6.0%

.3 X 1010/cm3

w

4.0 sec

1.5 sec

4.4%

0

4300 MW

23%

~ 470 MW
~ 70 MW

~ 320 MW
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effect on the basic design point (beta, power output, required pellet fueling)
was small.

The thermal conductivity and the diffusivity profiles are shown in Fig.
VI.3-2. i, Xe» and D are all Targe near the axis due to the small rotational
transform near the axis in an £ = 3 stellarator. Further out, between 50 and
100 cm radially, they reach a minimum. Xj increases beyond this point due to
the effects of ripple transport. The plateauing of the effective collision-
ality can be observed in the smaller slope in the collisionality profile near
the separatrix. xg increases near the outside of the plasma due to the densi-
ty fall-off and the resultant anomalous transport. The diffusion coefficient
shows all these effects as one moves outward, rising swiftly due to field

ripple, plateauing, and then rising again due to anomalous transport.
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VI.4 Startup and Shutdown

Ion cyclotron resonance heating (ICRH) has been chosen as the startup
heating mechanism for UWTOR-M. ICRH is the most well-developed of the radio-
frequency heating techniques and should be less costly than lower hybrid or
electron cyclotron resonance heating. The heating frequency chosen is the
second ion cyclotron harmonic for deuterium, 69 MHz for the 4.5 tesla field in
UWTOR-M.

For heating to take place it is necessary to have
Fusion Bremmsstrahlung Convective and

+ alpha > . oo + conductive particle
power radiation losses energy losses

External
power

The predominant mechanisms for particle energy transport during startup will
be anomalous electron transport and regular ion ripple transport (scaling with
the inverse of the collision frequency). In both of these 1oss mechanisms the
confinement times scale as the density. Thus the particulate energy loss will
be largely independent of the plasma density. There will be slightly less
loss at lower densities due to neoclassical effects. Fusion power and brems-
strahlung both scale as the square of the density. In order for the fusion
power to the plasma to exceed the bremsstrahlung losses, the temperature must
be above about 4.5 keV. The mode for startup requiring the least power would
therefore seem to be to heat a low density plasma to high temperature and then
slowly raise the density. This way fusion power could always be available to
aid in the heating of the plasma.

Simulations with the WHISTEL code indicate, however, that ICRH startup at
very low density is unfeasible. At low electron temperatures ICRH predomi-

nantly heats ions, while at high electron temperatures it predominantly heats
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electrons. (The code utilizes the simple approximation that a fraction

To(keV)/13.5 of the ICRH power goes to the electrons.) As the plasma becomes

hot, the ion-electron collisionality becomes small and thus so does the ion-

electron rethermalization. Since stellarators have relatively low anomalous
electron transport losses and large ion ripple losses, the energy loss is
primarily through the ion channel, and thus energy flows from the electrons to
the ions. At Tow densities, and thus low collisionality, the rethermalization
can become small enough that the electron and ion temperatures decouple and
the electron temperature runs away, the electrons absorbing a greater and
greater share of the ICRH power and leaving behind a population of cooling

ions (Fig. VI.4-1).

This problem does not arise with neutral beam heating, since beams
continue to heat the ions even at high electron temperatures. Neutral beam
heating has several disadvantages, however, which make it a less desirable
heating technique than ICRH:

1) Except at near tangential injection angles, the ripple effects in stella-
rators can cause primary beam ions to enter helically trapped orbits and be
lost from the machine.(15)

2) With tangential injection, as the plasma density increases the penetration
of moderate energy (150 keV) beams becomes poor.

3) Neutral beam injection, particularly at tangential angles, greatly compli-
cates the design of the magnets, blanket, and shield.

4) Neutral beams complicate the pumping and tritium processing.

The alternative is startup at a somewhat higher density with ICRH heat-

ing. A typical startup scenario would be as follows:
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1) An equal part D-T gas mixture of somewhat less than steady state density is
introduced into the torus.

2) ICRH 1is used to break down the gas and heat it to ignition. By feedback
regulation of the RF power, the fusion power output can be increased gradu-
ally over many minutes. This will prevent thermal shock of the blanket,
heat exchangers, and turbines. The initial D-T ion density might be less
than the approximately 1.0 x 1014/cm3 needed for ignition and then slowly
increased to this value during the heating phase.

3) After ignition, the device is slowly brought to full power, the D-T density
being increased to the steady state value of 1.4 x 1014/cm3. The power
output is controlled by the addition of impurities during this phase of the
startup.

Simulation of slow startup is unfeasible with the WHISTEL code, requiring
excessive computer time. Quicker startup simulations suffice, however, to
determine the power needed for startup, since all startup durations that are
long compared to the energy confinement time require nearly the same power.
Startup in 5 seconds proved possible with 150 MW of ICRH power and in about 11
seconds with 90 MW (Fig. VI.4-2 and Fig. VI.4-3). At 72 MW of ICRH power it
did not ignite. Consequently one needs > 90 MW of ICRH power to start up the
plasma. In this calculation 50% of the particles flowing to the divertors
were assumed to recycle as neutrals. The pellet fueling velocity was adjusted

so that the

B8 . (%)
pellet velocity = steady state pellet velocity x —E%%——— >

thus the pellet velocity gradually increased to the steady state value. This
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assured that the plasma pressure profile remained sensible during startup. If
the pellet velocity was too high during startup, simulations could produce
unphysically large density gradients. The pellets could even completely pene-
trate the plasma and hit the far wall of the torus. Too low a pellet velocity
resulted in excessive energy being required for startup. The enhanced fusion
power output and decreased transport of a peaked profile helped to ignite the
plasma. An ICRH power of 180 MW was insufficient for ignition when the pellet
velocity was kept low throughout startup.

A D-T density of 1.0 x 1014/cm3 was used during the startup simulations
since this density is sufficient for ignition of the plasma. Startup might be
possible with slightly less power by beginning with a somewhat lower density
and slowly increasing it after the plasma is heated to fusion temperatures,
but this is difficult to simulate in a short-time run due to the slow rate of
particle diffusion. Therefore the conservative estimate of 100 MW of ICRH
required for startup will be assumed in this study.

After startup is accomplished the machine should be able to run steady
state for an indefinite period of time since no induced current is required.
Shutdown would be effected by reversing the startup procedure. The power and
density would be slowly reduced, ICRH-assist being used to maintain a gradual
power decrease during the sub-ignited ramp-down phase. In an emergency situ-
ation a faster shutdown could be achieved simply by stopping fueling, which
would shut the machine down within a few seconds. A still faster shutdown
could be achieved by the injection of impurities, which would cause the plasma
to immediately radiate its energy away to the walls of the machine. Unlike in
tokamaks, a fast shutdown in a stellarator should not produce a wall-damaging

disruption.
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VII. Magnet Design

ViI.1 Introduction

In the present chapter, the conceptual design of the magnet systems for
UWTOR-M is summarized. Since the magnet system represents a major component
of the reactor, it is impera;iye that the design be evaluated with sufficient
care so that the criticéT areas can be identified. As part of this effort,
the magnet design group has attempted to stay as close to state-of-the-art
technology as po;sipié;”'whgfe this goal has been difficult, an important
mission has been to f&entify those aspects of the reactor that are considered
to be extrapo1étioﬁs 6f technology and to minimize their»impact on the feasi-
bility of the ent}re reactor design.

The magnet configuration for UWTOR-M has evolved out of numerous iter-
ations of design. Early in the study, 1tAwas deemed unattractive to‘consider
continuous coils such as those utilized in classical stellarators and torsa-
trons because of their large size and difficult maintainability. The modular
configuratio&ivas‘édopted in the UWTOR-M design, is shown in Fig. VII.1-1.
The goal of this configuration is to approximate a continuous set of stel-
larator-type windfﬁgs,with,qiscrete coils. Numerous coil configurations(l's)
have been identified wggch épproXihatéfcontinuous sté]]arators and torsatrons.
However, this particular configuration was adopted because of its economy of
magnet windings, i.e.;'avoiding the need for large wind-back legs which only
serve to cancel unneeded magnetic field components. Also, the configuration
appears to provide some simplicity in that the coils are of only two types.
The adopted configuration makes further contact with other fusion magnet
systems through its similarity to mirror and tokamak designs. The modular

stellarator device is toroidal and steady-state. Twisting of the coil case to
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approximate helical windings is more complex than pure toroidal windings, yet
it benefits from the inherent steady-state nature avoiding the need for pulsed
ohmic heating coils. Because of the non-planar symmetry, the configuration of
an individual coil appears more analogous to that of the end cell of a mirror
reactor in size and winding difficulty. Therefore, regular contact has been
made with the mirror reactor design efforts(6’7) so as to adopt useful inno-
vations in UWTOR-M.

The parameters of the UWTOR-M reactor concept which impact the magnet
design are listed in Table VII-1.1. There are three coils per field period,
two of which are identical, only rotated 180° about the radial axis. Thus,
the entire reactor gains simplicity by having two coil types (12 of one and 6
of the other). Although the major radius of UWTOR-M is rather large, each
modular coil has a minor radius of only 4.77 m which makes its dimensions more
comparable to the toroidal field coils for FED than those of a full scale re-
actor. One additional parameter to consider is that of the field on axis Bo-
Although a By = 4.5 T appears rather modest, because of the open nature of the
coil configuration, the forces are relatively high and the peak fields at the
coils are close to 12 T. These two facts restrict the possibility of in-
creasing B, in the design, a desirable goal from the viewpoint of plasma
physics. The magnets are discrete superconducting coils operated in the
steady-state mode. No pulsed coils are evident. These considerations allow
for rather traditional coil design with the one requirement that the operating
temperature of the coils be reduced to 1.8 K, utilizing superfluid helium
cooling.

Before addressing the details of the design, it is instructive to compare

the magnets for UWTOR-M with present superconducting magnet technology. The
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Table VII.1-1 Reactor Coil Design Parameters

Number of coils 18
Number of field periods 6
Number of coil types 2
Central field (B,) 4.5 7
Major radius (Rp) 24.1 m
Coil minor radius (A;) 4.77 m
Total coil current (NI) 31.2 MA-turns
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features which make these coils challenging concern both their superconducting
and structural aspects.

Each superconducting magnet for UWTOR-M is substantially larger in size
than any existing fusion magnet. This fact most strongly impacts the struct-
ural design but it also must be taken into consideration when evaluating the
magnet safety. The energy contained in the magnetic field of each coil is at
least an order of magnitude greater than the largest superconducting magnet
presently in operation. When considering magnets of this size, one must be
concerned with safety under rapid discharge conditions. This problem, which
surfaces in the form of potentially high discharge voltage, is germane to all
reactor size magnets. It is required that a detailed design contain pro-
tection methods, possibly including inductive coupling, to avoid damaging the
coil under extreme conditions.

The other superconducting aspect to these coils which are considered an
extrapolation of technology is the 1imit to the peak field. Here the estab-
Tished Timit of By,y is set to not exceed 12 T, to simplify conductor design
and to allow options for superconducting material. The material selected was
NbTi or NbTiTa operated at the reduced temperature of 1.8 K in superfluid
helium. A backup option of pool boiling and Nb3Sn conductor was also con-
sidered. A coil of this type is not beyond the capability of present day
engineering although it has yet to be demonstrated.

The coil structural design is one of the major extrapolations of the
present magnet technology in UWTOR-M. Since no pure tension configuration
exists for the twisted configuration, the coils are subjected to large bending
and torsion. Experience during the design study showed that no credible

cross-sectional dimensions could be found for a self-supported modular coil.
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Extra reinforcing structures in the form of a retaining ring are needed to
withstand the magnetic forces. Even with such reinforcing structures, heavy
cross sections are still required for the coil case and retaining ring design.

Structural features, such as those described above, impact the manufact-
ure of the modular coils. Welding of thick stainless steel plates is needed
to have the full strength in the coil case. Therefore, care must be exercised
to protect the superconductor and insulator structure, and at the same time
produce quality welds. The technology to do so and the design of the conduct-
or pack to allow these necessary manufacturing features may require develop-
ment. In the design of the support scheme discussed in Section VII.3, some
concepts of the contact connection between neighboring coils are presented.
Such contact connections require special insulation considerations to maintain
cryogenic independency of the modular coils. Developments of these technolo-
gies would require careful engineering design but are not viewed as beyond the
capability of present day engineering.

Finally, the coil fabrication scheme represents an area demanding inno-
vative procedures. Since the coil has no axis about which pure tension can be
applied, the winding procedure will require a method to hold the conductor in
the coil case. One such scheme is presented in Section VII.6, although the
methods are only conceptual at this time.

VII.2 Magnetic Loads

The modular coils of stellarator reactors are designed with superconduct-
or composite windings supported by the coil case structure. Under normal
operating conditions, the interaction of the coil current with the field
results in steady-state magnetic forces which must be resisted by the coil

structure. The design of coil case structure is discussed in Sections VII.3
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and VII.4 based on the force calculation presented in this section.

design of coil winding is presented in Section VII.5.

The considerations of magnetic topology lead to the choice of a coil
system with multipolarity £=3 in each of the six field periods.

lines of the coils are defined by the following equations describing the

winding law:

X = rcoso
y = rsind
- Rmajor sing
in which r=R . +R._. cosd

major minor

6 = f(¢) = casin [2(w-¢0)] + 8,

n-l // major ~ m1nor sing

cos¢ +

maJor m1nor

= [sin - sin TT]
¢ '?M_ 3—.
with M=6,2=1,2,3

2mn _ 2mn

% 3 > Yo "3 > N =0,1,2.
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The cartesian coordinates (x,y,z) have the origin at the center of the re-
actor. The constants &, Vo> eo specify the shape and orientation of each
coil. The winding law f(¢) includes a gap factor ¢ in Eq. (3). The gap
factor provides space between the neighboring magnets for insulation and
structure. A value of ¢ = 0.95 is used in the present magnet design. The gap
factor for the UWTOR-M coil system can be seen by the space between coils in
Fig. VII.1-1. The design of UWTOR-M requires a spacing between windings of
60 cm to allow for structural support and vacuum insulation. This value for
spacing is consistent with the gap factor of 0.95.

The calculations of magnetic field and forces are carried out using the
MFE network EFFI code.(8) Each coil is approximated by 89 straight segments
at equal poloidal angle. The calculated magnetic field 1ines over the radial
mid-plane of the central coil in each period are shown in Fig. VII.2-1. The
cross-section of the winding window is taken as 1.10 x 1.13 m in the calcu-
lation. The maximum field strength on the conductor is found to be 11.6 T at
a total coil current of 31.2 MA.

The magnetic force density for each coil is decomposed into radial,
poloidal and toroidal components by Fp, Fp and Fy, respectively. Also, the
vector sum of these individual force components is indicated as the force
magnitude, Fy. A1l four components are calculated versus poloidal angle, ¢.
This convention is illustrated in Fig. VII.2-2 along with a schematic repre-
sentation of the toroidal and radial force. Actual computed values of the
magnetic force on the central coil in each field period are presented in Figs.
VII.2-3 and VII.2-4. A1l values are given in terms of poloidal angle, ¢. The
magnetic forces on the coil can be thought to be comprised of two principal

components, the self force due to its own field and the mutual attractive
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force between adjacent coils due to the interactive fields. In the regions
where the coils come in close proximity, the mutual attractive forces domi-
nate, causing large toroidal forces. This effect can be seen in Fig. VII.2-4,
where the large toroidal forces have six maxima associated with regions of
proximity. In the in-between regions, the toroidal force is relatively small.

The net force on each coil is computed to equal 200 MN and is directed
inward along the major radius. This force must be reacted against a central
structure or bucking post as in most toroidal magnetic configurations. A
unique aspect to the UWTOR-M centering load is that it must be reacted against
a warm structure because of the large aspect ratio of the stellarator configu-
ration. This requirement places some additional difficulty in terms of load
transfer, but at the same time simplifies the design because of easier access
on the inner bore and greater coil structural independence.

Typical force magnitudes on the UWNTOR-M coil are in excess of 100 MN/m.
Although this value appears high, it is in the range of that for most large
superconducting fusion coils. The next section evaluates the support concept
developed to withstand the magnetic loads. Since the reactor is truly a
steady state device, including its magnetic field coils, it is not necessary
to derate the structure because of cycle fatigue.

VII.3 Coil Support System

To study the feasibility of the reactor grade coils for the UWTOR-M stel-
larator, a proper coil support system must be determined first. A concrete
definition of the coil support scheme is not only a prerequisite for the
stress analysis of the magnet, but will also determine if a credible coil
structure design can be achieved with respect to stress, strain and other

operational criteria. This is particularly so for the modular coils in
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UWTOR-M because of their three-dimensional curved configurations. The follow-
ing considerations are essential in choosing a support system for the modular
coils:

(1) The support structure for each coil must be separate and independent of
each other to maintain the modularity and removability of each magnet.
This consideration applies to both the structural and cryogenic require-
ments of the support scheme.

(2) The support scheme must be compatible with other reactor components for
the ease of installation and maintenance. A complicated support system
may not only hamper the elegance of the reactor design but also be
technologically infeasible.

(3) Since no pure tension configuration exists for the modular UWTOR-M coils,
the support system should be chosen such that the bending- and torsion-
induced stresses are minimized. The transmission of the magnetic force
to the supports should, therefore, take the shortest path possible.
Inspection of the magnetic force distributions in Figs. VII.2-3 and

VII.2-4 shows that the radial component of the force varies little with re-

spect to the position. The toroidal component of the force reverses direction

six times over the angular position of the coil and is concentrated at the
bend corner regions. The poloidal component of the force shows greater fre-
quency of inversion and has zero value at the corner regions of the coil.
Study of the force distribution has led to the coil support concept shown
in Figs. VII.3-1 and VII.3-2. A reinforcing ring outside the coil case is
used to resist the expansion due to the radial component of the force. The
ring is welded directly to the outer surface of the coil case forming a coil-

ring assemblage. The coil case and structural ring are both maintained at
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1iquid helium temperatures, although the ring is only cooled by conduction.
The coil-ring assemblage is mounted on the lower and central support and at-
tached to the neighboring coils. In the present design four hinge supports
situated at the ring-case connections are used to transmit the central force
to the foundation and the central support structure as shown in Fig. VII.3-2.
No additional support structure is needed on the top and outer regions of the
reactor. Removal and maintenance of the reactor coil modules can be achieved
without interfering with adjacent coil-ring assemblies.

To maintain the cryogenic independence, separate dewars are required for
each coil and ring assemblage. At the bend corners of each coil, insulating
structural material, NEMA-G-10CR or equivalent, is used to transmit the normal
contact forces between the neighboring coils, Fig. VII.3-3. Six contact
inter-coil connections are used for each coil to counteract these mutual
attractive forces. Should maintenance of an individual coil be required, the
coil system is deenergized. The mutual attractive loads are released allowing
the contact regions to separate sufficiently to remove one coil without
disturbing its neighbor. Thus, the coils maintain separate structural support
and cryogenic environments. Such design fulfills the full modularization of
the coil system.

The compatibility of the support system with other reactor components are
demonstrated in the side view of the coil module, Fig. VII.3-4. The divertor
targets are positioned in the gaps between coils and under the reinforcing
rings. Coolant and breeding maferia] connections can be accessed in the rear

of the coil.
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VII.4 Cross Sectional Design and Stress Analysis

The coil case and reinforcing ring are required to withstand the magnetic
force, the thermal stresses due to cooling and the gravity force. The maximum
induced stress in the coil should not exceed the maximum design stress of the
material. To have the designed field topology for the plasma, the maximum
deformation of the coil is limited to 5 cm, or 0.2% of the major radius of the
reactor. This tolerance was established based on designs of smaller modular
stellarator configurations.(g)

Emphasis in the initial design study of the UWTOR-M coils lies on deter-
mining if a credible magnet structure can be obtained to satisfy all its
functional requirements. The credibility of the design is measured chiefly by
the cross-sectional dimensions of the coil case and reinforcing ring needed to
reach the design objectives of the magnet structure. Interest is also in
determining the forces at the connections between coil case and ring, the
interactions between neighboring coils and the reaction forces. Detailed con-
nection and support designs are not included. In the present study the
strength of the conductor coil is neglected as a simplifying assumption. The
coil case, therefore, is assumed to take over all the forces. A complete
modeling of the coil structure, taking account of the strength of the conduct-
or, must include the effects of the initial non-linear behavior of the con-
ductor and its relative displacement with respect to the coil case.(3) Such
analysis is costly and can only be justified after the initial design has been
solidified. This present approach leads to a conservative, over-estimated
stress in the coil structure. The connections and supports are assumed to be
rigid in the analysis. Since such components must be heavy in the final de-

sign, this assumption does not represent an overestimation of their stiffness.
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However, higher local stresses in the connection and support regions are ex-
pected from the idealization of their sizes.

The design cycles lead to the cross sections of the coil case and re-
inforcing ring shown in Fig. VII.4-1. Stainless steel 304 LN-SS is chosen as
the structural material for the coil. Its properties are listed in Table
VII.4-1. A central web is added to the coil case to divide the conductor into
two boxes. This serves to reduce the magnetic force accumulation in the con-
ductor. A similar design is used for the cross section of the ring to stiffen
the side walls. Dimensions of the cross sections chosen satisfy the stress
and deformation requirements of the coil. The stress analysis of the coil
structure is carried out using the MFE network SAP4 finite element code.(ll)
100 three-dimensional beam elements are used for the coil case and ring each.
The finite element model for the coil case is made consistent with the EFFI
magnetic force calculation model. The calculated force results are input as
distributed element forces into the SAP4 code. The beam elements simulate the
effects of axial force, bending, torsion and shear deformations of the coil
case and ring.

The connections between the coil case and ring are modeled as six beam
elements with large values of elastic constants. The contact connections be-
tween neighboring coils are simulated by six boundary elements normal to the
side wall of the coil case. The ring is supported by four rigid joints as
shown in Fig. VII.3-2.

The stress distributions over each cross section of the coil case and
ring are recovered from the SAP4 results. The effective stresses at twelve
critical points are calculated and checked against the yield stress and

allowable design value. The maximum values of the effective stresses over
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Table VII.4-1. Mechanical Properties

of Modular Coil Structural Metals

Material

Operating temperature
Young's modulus, E
Yield stress, cy

Max. design stress, %
Specific weight

Average thermal expansion coefficient, a

VII-22

304 LN-SS
1.8°K

200 GPa

827 MPa (120 ksi)
533 MPa (80 ksi)
76.4 KN/m3
1.2x1076/°C
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each cross section are plotted in Fig. VII.4-2. Also indicted is the maximum
deformation occurring at the bend corner located at ¢ = 35.40,

The positions of the bend corners of the coil case and the case-ring
intersections are indicated in Fig. VII.4-2 by (c) and (I), respectively. It
is seen that except for the connection regions, the maximum stress levels are
both below the allowable value. The narrow peaks in the connection regions,
however, result from the idealization of the connections as rigid beams.

Under such idealization, the three-dimensional nature of the stress field in
the connection region is replaced by the linearly-varying stress field allowed
by the beam element. The actual stress variations within the connection
regions of 1.5 m should be much lower due to the stress redistribution. These
Tocal violations of allowable stress in the design may, therefore, be
dismissed as caused by local boundary effect. For the more detailed
connection design, a more refined three-dimensional stress analysis model
needs to be built to study the stresses within these regions.

The reaction forces on the coil-ring assemblage are shown in Fig. VII.4-3
for the rigid joint support scheme. The forces and moments at the ring-coil
case connections are presented in Fig. VII.4-4 in terms of local coordinate
systems. The 1-2 planes of all the local coordinate systems 1ie on the radial
midplane of the coil. The local l-axis directs toward the center of the coil
and the 2-axis normal to l-axis as shown. The 3-axis is defined by the right-
hand rule and is directed into the paper. The Fy force components at all the
connections are found to dominate. The ring, therefore, provides mainly a
restraint to the radial expansion and some added flexural stiffness to the

coil case.
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The contact forces between neighboring coils are shown in Fig. VII.4-5.
The directions of these contact forces are determined by the twisting of the
coil case. For the ease of assemblage, it would be more desirable to have the
contact faces of the coil case parallel to the vertical radial planes passing
through the contact connections. The contact forces would then serve some
arch action and help reduce the net central force. Under normal operations
these forces balance for each coil.

VII.5 Superconducting Coil Design

As with the other aspects of the UWTOR-M magnet system, the superconduct-
ing coil design has attempted to maximize credibility with as near to state-
of-the-art technology as possible. The chalienging aspects to achieving a
high level of credibility are threefold:

(1) The coils are of the order of 10 GJ each, a figure roughly ten times that
of the largest superconducting magnets in operation today. From the coil
design viewpoint, this fact strongly affects safety considerations.

(2) The coils are of unusual configuration, lacking the symmetry of solenoids
or even yin-yang coils for mirror end cells. The concern here is\host1y
one of fabrication to coil tolerances and winding procedure.

(3) The superconducting aspects to these coils are reasonably straightforward
with the one exception that the field on the coils is high by today's
standards for large coils. The established 1limit of Bmax <12 T was
chosen to allow some flexibility in choice of superconducting material
and cooling scheme. This 1imit has also been set for other large fusion
magnet systems for tokamak and mirror reactor concepts.

The details of the coil design for UWTOR-M can be seen by reference to

Fig. VII.4-1, which shows a multicomponent coil separated into two segments
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and supported structurally by a stainless steel coil case. The coil itself is
a composite of current carrying conductor, a NbTi or NbTiTa superconductor in
a copper matrix, insulating structure and liquid helium. The general goal of
the design is to achieve high current density while being fully stable from
the superconductor viewpoint.

The reason for separation of the coil case into two segments is primarily
structural. It was determined at the early stages of design that the conduct-
or would not be able to carry tensile loads because of the complicated winding
configuration. However, the individual conductors would need to transfer
their load to the structural coil case and, therefore, must be designed to
withstand accumulated loads. A coil structure in the form of a single winding
window would have an excessively high accumulated load. By dividing the coil
case into two segments, the load on the conductor is maintained below the
yield of 3/4 hard copper.

The actual physical features of the coil design are listed in Table
VII.5-1. The overall current density of 11.7 A/m2 is the value determined by
averaging over the entire winding cross section, including the coil case. As
can be seen by the volume cross sections, this current density is determined
by the large stainless steel cross section. Therefore, only small increases
in the overall current density can be achieved by reducing the conductor cross
section.

The current for the conductor is chosen at 20 kA. Reasons for this se-
lection were to keep the coil inductance to a minimum for safety and dis-
charge. Further, the conductor design utilizes a monolythic copper super-
conductor composite. Handling during fabrication of a conductor larger than

that necessary to carry 20 kA is viewed to be difficult.
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Table VII.5-1. Coil Design Configuration

Total current 31.2 MA
Overall current density 11.7 A/m2
Number of turns 1560
Inductance/coil 48 H

Volume cross section

Stainless steel (304 LN) 53%
Copper (3/4 hard) 33%
Superconductor 2%
Insulation 4%
Helium 8%
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A schematic representation of the conductor configuration is shown in
Fig. VII.5-1. The conductor is of a relatively simple design consisting of a
composite of NbTi or NbTiTa in a monolythic 3/4 hard copper stabilizer. The
conductor has a rectangular cross section with an aspect ratio of 2:1. Insu-
lating blocks made of Nema G-10 or polyimide are positioned as shown to insure
adequate surface cooling and proper load transfer. A monolythic conductor
configuration was selected because of a need for good mechanical properties of
the completed winding pack. Conductors of this type illustrated in Fig.
VII.5-1 are in use in several large magnet systems presently in operation.

For a coolant scheme we have selected 1.8 K superfluid helium as a pre-
ferred choice for UWTOR-M coils. This decision was based on several factors:
(1) To reach a peak field of 11.6 T with NbTi superconductor one must operate

at reduced temperatures. Otherwise Nb3Sn conductor is required, with its

associated poor mechanical properties.

(2) The use of superfluid helium cooling instead of normal pool boiling
helium adds a higher degree of cryogenic stability for the conductor.
Improved stability is perceived to be desirable for UWTOR-M because of
the complex coil configuration and the need for moderately high current
density.

The design parameters for the UWTOR-M conductor in the high field region
are listed in Table VII.5-2. A conductor current density of 33.3 MA/m2 at
full field is possible mainly because of the improved stability in superfluid
helium.

The superconductor current density of 800 MA/m2 is based on a Tower limit
measured for NbTiTa at 12 T and 1.8 K.(12) The conductor would be graded in

the low field region to minimize the quality of superconductor required. As a
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Table VII.5-2 Conductor Design Parameters (high field region)

Conductor total current 20 kA

Cond. current density 33.3 MA/m2
Stabilizer 3/4 Hard Cu
Superconductor NbTi/NbTiTa

S/C current density 800 MA/m2

Coolant He IT - 1.8 K, 1 bar
Heat generation (G/%) 480 W/m

Maximum cooling (Q/%) 560 W/m

Surface heat flux (q) 0.66 W/cm2
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backup position, Nb3Sn superconductor may also be utilized in the high field
region grading to NbTi in the low field regions. The use of Nb3Sn would
require greater care because of its brittle nature.

The stability of the UWTOR-M conductor was evaluated in terms of channel
heat transport limits in the superfluid helium. With two-thirds of the con-
ductor surface exposed to helium channels formed from the insulating blocks,
the maximum heat transported by the helium should be 560 W/m of conductor
1ength.(13) This value is nearly 20% higher than the peak heat generation
rate in the high field region of 480 W/m, assuming the conductor is fully
normal (G=I2R). In terms of surface heat flux, the maximum heat transport
converts to a value of 0.66 W/cm2 of exposed conductor surface. This rate is
a factor of two to three higher than would be possible if normal helium at
4.2 K was utilized.

One of the major considerations in the design of these coils is that of
safety. Although the coils are not expected to have any problems, we must
protect against the potential of a catastrophic event. Such an event may be a
dewar rupturing and subsequently venting the magnetic coolant. Under circum-
stances such as this, the coil must be discharged rapidiy to avoid damage.

To determine the safety of these coils, an adiabatic discharge analysis
has been performed.(14) Here the assumptions are established that the coil is
initially fully normal and a dump resistance is attached across the terminals
of the leads. The energy is absorbed uniformly within the coil thereby
raising its temperature. The maximum temperature is determined by equating
the thermal energy with the magnetic energy.

The result of this analysis shows that the coil could be discharged in

about 100 sec using a 0.5 @ dump resistor and allowing the maximum terminal
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voltage to reach 10 kV, a reasonable upper 1imit. Under these conditions, the

adiabatic temperature rise would leave the coil at no higher than 55 K, a

value which is quite acceptable in limiting thermally induced stress.

The above calculation is based on the assumption that the coils are
powered separately and only one is discharged. This assumption is an over-
simplification of the situation for the following reasons:

(1) There would be inductive coupling with adjacent coils driving the current
up in these coils when one is discharged. If one wanted to maintain the
other coils at full field under the discharge conditions, adjacent coils
would have to be designed to carry the additional current.

(2) There would probably be considerable structural problems associated with
discharging only one coil with the resultant asymmetry of field.

For the above reasons, the mode of operation for these coils should be
that each operate individually with its own power supply. However, with this
individual operation it would be necessary to slave all the power supplies to
one master control so that they could be charged and discharged simultaneous-
ly.

VII.6 Fabrication Procedure

The difficulty with fabrication of the UWTOR-M coils lies mainly in their
winding procedure. Since the coil configuration lacks an axis of symmetry, it
is not possible to wind the conductor in tension. Rather, a method must be
devised to mechanically hold the conductor in place against regions of nega-
tive curvature until the winding pack can be completed. Once the conductor
pack is installed in the completed coil case, it is not required to carry

tension and must only carry the accumulated loads to the structural case.
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Two methods have been considered to support the coil in place during
winding. The first consisted of a structural winding plate made most proba-
bly of stainless steel with grooves for each conductor turn. This method,
which is analogous to that employed in the design of UWMAK-II,(IS) has two
major difficulties. Because of the asymmetric configuration of the UWTOR-M
coils, these structural plates must be individually fabricated to rather tight
tolerances. Additionally, there is concern about the insulation quality which
must be maintained in order to prevent the coil from experiencing shorted
turns. It was for the above two reasons that the preferred coil fabrication
scheme does not include the winding plate described.

The alternative coil fabrication scheme involves the developmemt of a
coil winding device. As envisioned, the coil would be wound in place and the
insulation installed. Following this coil winding assembly, a conductor
clamping mechanism would be necessary to insure the integrity of the winding
pack until a subsequent turn could be installed. The clamping mechanisms
would have to be attached to the coil case and consist of adjustable mechani-
cal finger-like devices.

It is true that the fabrication of these coils represents a challenging
aspect to the construction of UWTOR-M. However, certain credit should be
given to the design because of its only requiring two different coil configu-
rations.

VII.7 Control Coils

The only other coils required by the reactor are those needed to control
the plasma center relative to the magnetic axis. These coils take the form of
two solenoids located at a radius of 30 m and #8 m in the vertical direction.

The specifications for the coils are given in Table VII.7-1 where it is
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Table VII.7-1. Control Coil Specifications

Major radius (m) 30
Vertical location (m) 18
Current/coil (MA) 1.0

No. of turns 100
Radial shift AR/R (%) 45
Conductor winding pack (cm x cm) 20 x 20
Max. field at the conductor (T) 2.6
Field at plasma axis due to coils (T) 0.07
Coil case dimensions (cm x cm) 44 x 44
Dewar outside dimensions (cm x cm) 60 x 60
Stored energy/coil (MJ) 124
Mass of each coil (tonnes) 273
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estimated that a current of 0.6 MA is needed in each coil to provide position-
ing AR/R = 45%. A safety factor of 65% is added to give a total current of
1.0 MA.

VII.8 Magnet Cryogenics

As the magnets for UWTOR-M must be maintained at their operating tempera-
ture of 1.8 K, an assessment of the helium refrigeration requirements is
necessary to determine the recirculating power. The heat load at 1.8 K on the
superconducting magnets is due mainly to four factors:

(1) Heat leak through structural supports, both for load transfer to the
center post and for dead weight support: 2.4 kW.

(2) Heat leak through dewar structure which is mostly radiation loss through
superinsulation: 1 kW.

(3) Nuclear heat absorbed in coil case and magnet windings: 0.5 kW.

(4) Conductor current lead heat leak. Helium gas is vented through leads and
recovered at room temperatures: 1 kW.

Therefore, the total refrigeration power required at 1.8 K is 4.9 kW.
Assuming a thermodynamic efficiency of 20% of Carnot indicates the room
temperature power required is 833 W/W or a total power consumption of 4.1 MW.
The reactor would have installed an excess of the minimum power required for
cool down and fault operation. Still it is expected that 5 MW of refriger-
ation would be sufficient to operate the UWTOR-M magnets. The above calcu-
lation does not include that needed to operate the cryopumps, which is con-
sidered in another section of this report.

The liquid helium contained in each magnet is approximately 9.3 m3 or

1350 kg based on the 8% helium volume fraction and the density of liquid

helium at 1.8 K, p = 145 kg/m3. Since there are 18 magnets in the UWTOR-M
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design, the system requires a minimum helium inventory of 167.7 m. Usually a
safety factor of two is applied to a system design of this type in order to
provide sufficient inventory for storage and distribution. It is, therefore,
estimated that the UWTOR-M design would require about 335 m3 of liquid helium
or 48,600 kg. To convert from mass to volume at STP, the ratio is 200 ft3/kg.
In terms of standard volumes, the helium inventory turns out to be 9.7 x 106
ft3. At the current price of $35/1000 ft3, the helium cost becomes $340 x 103,
a small fraction of the entire UWTOR-M plant cost.

VII.9 Summary and Conclusions

Listed in Table VII.9-1 are summarizing features of the UWTOR-M magnet
design. The total coil mass, although large, is not unreasonable from the
viewpoint of fabrication and maintenance. It also appears reasonable for the
mass per unit energy stored. The virial theorem sets a minimum required for
each coil to be 127 tonnes, a factor which is rarely approached for an actual
coil set.(16) The total coil mass of one UWTOR-M coil is 1175 tonnes, with
the ratio of actual mass to that required by the virial theorem equal to 9.3.
This value is reasonable considering a large fraction of the coil is assumed
to carry no load. If we consider only the structural mass, a ratio of 6.2 is
computed indicating a fairly efficient but conservative structural design.

VII.9.1 Magnet Summary

The parameters of the UWTOR-M reactor concept which impact the magnet
design are listed in Table VII.9-2. There are three coils per field period,
two of which are identical, only rotated 180° about the radial axis. Thus,
the entire reactor gains simplicity by having two coil types (12 of one and 6
of the other). The magnets are discrete superconducting coils operated in the

steady-state mode. No pulsed coils are evident. These considerations allow
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Table VII.9-1.

General Features of Coils for UWTOR-M

Total energy stored
Mass of each coil
Stainless steel
Copper
Superconductor
Insulation

Helium

Mass of support ring

Virial theorem mass (pE/o)

VIi-41

171 GJ
481 tonnes
359 tonnes
18 tonnes
7 tonnes
1.35 tonnes
866 tonnes
309 tonnes
127 tonnes



for rather traditional coil design with the one requirement that the operating
temperature of the coils be reduced to 1.8 K, utilizing superfluid helium
cooling. This latter requirement is dictated by the maximum field at the con-
ductor being 11.6 T.

The modular coils of stellarator reactors are designed with superconduct-
or composite windings supported by the coil case structure. Under normal
operating conditions, the interaction of the coil current with the field re-
sults in steady-state magnetic forces which must be resisted by the coil
structure. The calculations of magnetic field and forces are carried out
using the MFE network EFFI code. (8) Each coil is approximated by 89 straight
segments at equal poloidal angle.

The magnetic forces on the coil can be thought to be comprised of two
principal components, the self force due to its own field and the mutual
attractive force between adjacent coils due to the interactive fields. In the
regions where the coils come in close proximity, the mutual attractive forces
dominate, causing large toroidal forces. The radial force component is about
560 MN/m, while the total force has a maximum around 150 MN/m.

The coil support scheme employs a reinforcing ring outside the coil case
to resist the expansion due to the radial component of the force. The ring is
welded directly to the outer surface of the coil case forming a coil-ring
assemblage. The coil case and structural ring are both maintained at liquid
helium temperatures. To maintain the cryogenic independency, separate dewars
are required for each coil and ring assemblage.

The stress distribution over each cross section of the coil case and ring
are recovered from the SAP4 results. The effective stresses at twelve criti-

cal points are calculated and checked against the yield stress and allowable
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Table VII.9-2 Reactor Coil Design Parameters

Number of coils

Number of field periods
Number of coil types
Central field (B,)

Peak field (B, )

Major radius (Rp)

Coil minor radius (A;)
Total coil current (NI)
Structural material
Maximum design stress
Conductor

Operating temperature

Overall current density
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18

6

2

4.5 7

11.6 T

24.1 m

4.77 m

31.2 MA-turns
304-LN-SS

533 MPa (80 ksi)
NbTi in copper
1.8 K

11.6 MA/m2



design value. Stainless steel 304 LN is chosen as the structural material for
these components. The maximum stress levels in both the ring and coil case
are below the allowable value of 2/3 yield.

The coil is composed of composite conductors of NbTiTa and NbTi in
copper. It is designed to be fully stable cooled by a bath of superfluid
helium. The conductor current density is 33.3 MA/m2 and the small current
density including structure is 11.7 MA/mZ. Safety considerations dictate that
the coils be operated in parallel and discharged together under fault con-

ditions.
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VIII.1 Divertor

VIII.1.1 Introduction

The stellarator family of toroidal confinement systems possesses a
natural helical divertor.(1’2’3) This divertor is characterized by a Magnetic
limiter or separatrix, which isolates the confinement region of closed nested
toroidal flux surfaces from the surrounding divertor region and the wall of
the reaction chamber. Such a configuration has been shown to be effective in
guiding particles from the confinement region to localized collection areas
well removed from the main plasma. These collection regions act to neutralize
the particles and either trap them or have them pumped away by the vacuum
system. Evidence for the effectiveness of the divertor is demonstrated by
helical burn marks on the vacuum chamber walls of existing ste]]arators.(4)
Monte Carlo particle simulations by Gourdon et al., have shown that the flux
of particles through the separatrix occurs primarily at the apices of the mag-
netic separatrix cross section. The particle flux is then focussed into
narrow streams which emerge between the spaces of adjacent helical windings.
The computed topology is in good agreement with burn marks observed on the
experimental devices.(4’5)

The natural divertor in the stellarator family of devices occurs as a
consequence of the existence of the magnetic separatrix bounding the region of
closed nested flux surfaces. Existence of this separatrix can be proved for
straight stellarators with perfect helical symmetry.(s) Inside the separatrix
the enclosed magnetic flux Tinks all of the magnet coils. Outside the separa-
trix, however, the flux links some, but not all, of the coils. Thus, some of
the flux must emerge from the spaces between magnets, but to conserve flux, it

must reenter the device at some other location. It is this property of the
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magnetic flux external to the separatrix which forms the basis for the mag-
netic divertor and is typical of any toroidal magnetic confinement system
characterized by a magnetic separatrix. The difference between the stella-
rator family and the other toroidal magnetic systems is that the null, and
therefore the separatrix, occur naturally in the stellarator, while other
systems, such as the tokamak, have to drive the null artificially by special
placement of poloidal field coils.

Although nonaxisymmetric toroidal configurations do not have simple
closed flux surfaces in terms of a rigorous mathematical existence, it can be
shown that in many cases, closed surfaces may be described asymptotically in
these devices.(7) Numerical tracing of magnetic field lines for such configu-
rations shows that for divertor applications, an effective separatrix may be
assumed to exist. Since modular stellarators can be shown to have such a
separatrix, they also have naturally occurring divertors.

A systematic study of the properties of £=3 modular stellarators with
coils which have large lateral deformation has been performed. The divertors
in these configurations have been found to be highly localized and modular in
nature, resembling small bundle divertors distributed over the surface of the
torus.

Early in the UWTOR-M study it was decided that an attempt should be made
to utilize the magnetic divertor for impurity control. It was recognized that
this decision may mean a somewhat more complicated reaction chamber geometry,
necessitated by the need to provide slots for the emerging flux bundles. As
the study progressed, it becaomes obvious that the nature of the modular di-
vertor was such that the complication of the reaction chamber geometry was not

that severe. Tracking of the helical flux surfaces could be accomplished by
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stepwise rotation of adjacent blanket segments. Furthermore, the divertor
slots are toroidally oriented and discrete.

There are only two impurity control mechanisms under serious consider-
ation for magnetic fusion reactors, namely magnetic divertors and pumped
limiters. The effectiveness of magnetic divertors has been demonstrated on
several experimental devices.(8,9,10) On the other hand, pumped limiters have
yet to be tested experimentally and questions have been raised as to their
survivability in a fusion reactor environment. Their proximity to the plasma
may provide a source of impurities in itself. Such issues as sputtering, ma-
terial deposition and the inaccessibility of pumped limiters for replacement
are yet to be seriously considered. The main advantage of pumped limiters is
that they allow a more effective utilization of the magnetic volume. This, of
course, is a very important consideration which has economic implications.

The uncertainty for stellarators with respect to impurity control is the
contention by some scientists that confinement near the axis of the device is
so good as to prevent impurities from migrating to the plasma edge where di-
vertor action will remove them from the reaction chamber. This is in contrast
to the tokamak which apparently has demonstrated an anomalous diffusion of
impurities to the edge of the plasma. If this contention is true, then
neither magnetic divertors nor pumped limiters would be useful in removing the
impurities. Some mechanism, which would promote radial transport of impuri-
ties without affecting confinement of the fuel species, will have to be incor-
porated into the system. This may take the form of RF waves which would
excite the fundamental or some harmonic frequency of the impurities. It is

hoped future stellarator experiments may be able to test impurity transport
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and determine the auxiliary means for promoting radial transport of impuri-
ties.

The modular divertor is the adopted impurity control mechanism in UWTOR-M.
There are 18 coils and 108 divertor slots. Each divertor slot has two cy-
lindrical divertor targets designed to recover the energy in the divertor
region at a high temperature so that it can be converted at a high efficiency
in the power cycle. The stationary cylinders are made of actively cooled
shield material which prevents neutron streaming through the slots. A graph-
ite surface cylinder rotates about the stationary cylinders at a nominal speed
of 100 RPM. The particles striking the rotating surface are neutralized and
pumped out. The surface energy is radiated to the cooled surrounding housing
and the cooled stationary shield cylinders. A comprehensive analysis of the
divertor targets is presented in Section VIII.2.

VIII.1.2 Method of Computation

The magnetic structure of the modular divertor region was studied by the
tracing of magnetic field Tines which 1ink the scrape-off region with the
exterior of the torus. The field lines were traced from a layer just outside
the computed magnetic separatrix and were followed until they emerged from the
torus between adjacent magnet coils. By tracing a large number of field lines
distributed uniformly over the scrape-off region, the properties of the di-
vertor were investigated.

To Taunch the field lines uniformly over the scrape-off layer, a model
for the magnetic separatrix was needed. The minor radius p of the separatrix
was expressed as a function of the poloidal and toroidal angles, using a two-

dimensional Fourier series which consists of terms having the form
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p; s = a; . cos (i6 + j¢o) + By

i i.3 j cos (ie - jo) .

This form takes advantage of the usual symmetry properties of stellarator con-
figurations. Using these terms, the minor radius was expressed as a finite
summation over the discrete harmonic components:
M N
p(6,¢) = izl jfl JIF

To fit the coefficients of the double series, the separatrix minor radius was
found at equal intervals of poloidal and toroidal angles. This was accom-
plished by field 1ine tracing with the ToRFIELD(11) code, using the arc length
of the field line as the independent variable of integration. Interpolation
in the toroidal angle then yielded points at a number of poloidal planes
equally spaced in toroidal angle. The field line was traced for 2N + 1 field
periods around the torus with 2M + 1 interpolated points found within each
field period. A1l of the points were then mapped onto a single field period,
which was sectioned into 2M + 1 poloidal planes. The 2N + 1 points on each of
these planes describe a closed curve in the plane. This curve is the inter-
section of the separatrix with the particular poloidal plane. A cubic inter-
polatory spline was fitted to each of the curves and was used to obtain 2N + 1
points in each plane, equally spaced in the poloidal angle and lying on the
closed curve.

This technique thus produced a set of (2M + 1)(2N + 1) discrete sample
points, equally spaced in the poloidal and toroidal angles. The coefficients
of the two-dimensional discrete Fourier series were then fitted, using the

expressions for an odd number of sample points.(12) From the Nyquist Sampling
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Theorem, only those spatial frequencies less than the Mth and Nth toroidal and
poloidal harmonics could be resolved by this method. If ergotic structures,
rational field lines, or fine island chains were present in the surface being
Fourier analyzed, they produced high spatial frequency components. By requir-
ing a sufficiently large number of sample points and a band-limited Fourier
spectrum, a test for the quality of the separatrix was obtained, allowing for
an automatic calculation of the last closed magnetic surface. Experience has
shown that this technique provides a good method for describing magnetic
surfaces for numerical computation. In practice, values of M = 10, N = 25 are
routinely used with good results.

After the Fourier series expansion of the separatrix was obtained, it was
used as a basis for defining a scrape-off layer at the plasma boundary. The
scrape-off layer is shown in Fig. VIII.1-1 as Ap. The outer boundary of the

layer is

nmM =
M=

Pouter = 40 ¥ i1 je1 3,3

where Ap is taken as the constant width of the scrape-off layer. Field lines
were traced from this outer boundary from initial points distributed uniformly
over equal intervals in poloidal and toroidal angle, over one field period.
Each line was followed in both the positive and negative directions with
respect to the magnetic field vector. The lines were followed for a maximum
distance or until they intersected the toroidal shell defined by a prescribed
minor radius p = reutoff® These intersection points were then mapped onto a
single field period to indicate concentrations of magnetic flux, or flux

bundles, where the diverted flux passes between adjacent coils. The mapping
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Tcutoff

Figure VIII.1-1 Definition of terms in the computation.
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thus indicates the regions on the toroidal shell where flux bundles emerge and
reenter the torus. This indicates the size and location of the ports neces-
sary to allow the diverted particles to stream freely across the shell.

Further details of the divertor structure were found through mapping of
the divertor field lines onto poloidal planes. These mappings represent the
intersection of the flux bundles with the poloidal angle, and give the po-
sition of the scrape-off layer with respect to the separatrix and the coil
locations. They also define the boundary of the blanket and shield regions
for the reactor. Such mappings were made for several poloidal sections within
a field period to provide a detailed picture of the divertor configuration.

VIII.1.3 The Modular Divertor

The described method of analysis and computation was used to study di-
vertor configurations for stellarators of intermediate and high coil aspect
ratio. In these calculations a 60 x 60 grid of uniformly distributed starting
points was established on the boundary layer and a pair of field lines was
traced from each point to the cutoff radius, set to the minor radius of the
torus which represents the centerline of the coils. The intersection of the
divertor field lines with this toroidal shell is shown in Fig. VIII.1-2 which
represents the poloidal and toroidal angle plane over one field period. The
centerlines of the filamentary coils are shown in the figure as sinusoidal
curves. The dark regions represent the signatures made by the intersection of
the narrow flux bundles with the toroidal shell where they emerge and reenter
the torus. The flux emerging from each signature circumvents the leg of a
neighboring coil and then reenters through another signature. Each flux

bundle and signature pair resembles a small bundle divertor.
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It can be seen from Fig. VIII.1-2 that each coil has three effective
bundle divertors with two divertor slots associated with each. Thus, there
are six divertor slots for each coil.

To demonstrate the degree to which the flux bundles are focussed while
emerging through the slots, the signatures were recorded at several radial
cutoffs. Figure VIII.1-3 shows six radial cutoffs where Ycutoff = 0.04 is at
the plamsa edge and rq,¢off = 0.08 is at the coil centerline. If these two
radial cutoff figures were superimposed, the flux bundle signatures fall on
top of each other, indicating that the bundles are extremely well focussed.

To determine the impact of the divertor on the blanket geometry, ad-
ditional mappings of the field lines onto many poloidal planes inside the
torus are necessary. Figures VIII.1-4 - VIII.1-7 show the flux surface
mapping for the UWTOR-M reactor at toroidal angles of 0, 15°, 30° and 45°,
respectively. Figure VIII.1-4, where 6 = 00 shows the cross section of the
plasma in the coil throat while Fig. VIII.1-6, where 6 = 300, is the cross
section between coils. In the actual fact the plasma shape goes from that
shown in Fig. VIII.1-4 to that shown in Fig. VIII.1-6 in only 10° of toroidal
angle, namely the distance from the coil throat to the edge of the coil. It
is obvious that the helical twist of the plasma in covering the distance is
very small and indeed from Fig. VIII.1-2 and VIII.1-3, the orientation of the
slots appears toroidal. This has a significant impact on the design of the
blanket as is indicated in Section IX.3-1 of Chapter IX.

VIII.1.4 Conclusions

In conclusion, it appears that the modular divertor in UWTOR-M can be
used for impurity control at the expense of a somewhat more complicated

blanket geometry. We feel that the benefit of a demonstrated impurity control
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is well worth this minor inconvenience. Table VIII.1-1 summarizes the advant-

ages of the modular divertor.

X ~N O 1w N =
¢ & & e s e e s

Table VIII.1-1 Advantages of the UWTOR-M Divertor

No additional coils required

Compatible with the blanket and shield

Modular, Tocalized collection regions

Effective for trapped particles

Well defined scrape-off zone

Low stray fields

Compatible with desired large rotational transform
Compatible with a practical coil configuration
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VIII.2 Divertor Targets

VIII.2.1 General Description

The dual purpose of the divertor targets is to recover at a high tempera-
ture, the energy of the charged particles following magnetic field lines
through the divertor slots and to shield the magnets from neutrons streaming.
This high grade energy is then converted at a high efficiency in the power
cycle. Each one of the 108 divertor slots in the UWTOR-M reactor is covered
by a module (see Figs. VIII.2-1 and VIII.2-2) containing two divertor targets.
These modules are self contained units which can be removed as a whole for
maintenance purposes. They include apertures for venting neutral gas into the
containment building and steam lines for cooling the surfaces which almost
completely surround the two targets.

A11 of the divertor targets are cylindrical with an outside diameter of
60 cm, and about 2.5 m lTong. Figure VIII.2-3 is a lengthwise cross section of
a single target showing its two basic components, a large stationary cylindri-
cal core about which rotates a thin graphite shell. The central core, which
has an outside diameter of 55.6 cm, does the bulk of the neutron shielding and
is actively cooled by steam. The rotating shell is separated from the core by
a 1 cm vacuum gap and is supported by bearings at both ends. The shell
receives the full brunt of the particie flux along with a small amount of
neutron heating. At a nominal rotational speed of 100 RPM the concentrated
surface heat load is spread over the shell's external surface to give an

average (ignoring neutron heating) heat flux of 30 W/cmz.
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The shell was conceived as being constructed of three material layers.
The outside layer is 2 mm thick graphite.* This material was chosen because
of its ability to withstand the high temperature, high vacuum environment
under prolonged neutron bombardment and its Tow atomic weight which makes it a
Tess harmful plasma contaminant than other possible materials. The tempera-
ture 1imit is discussed in a later section.

The inner layer is a metallic structure which supports the graphite
layer. The details and stress analysis of the structure are discussed in the
next section.

The graphite and the structural regions are separated by a layer of
carbon fiber insulation. This material makes use of the extreme anisotropy of
graphite crystals to achieve (see Fig. VIII.2-4) a very Tow thermoconductivi-
ty. To achieve this property, the material must be in an inert atmosphere or
a vacuum environment which is already the case in the UWTOR-M reactor. The
effectiveness of this material is well documented and has been reported to
have been marketed.(l’Z)

The bearings and the drive for rotating the shell are not designed in any
detail. However, they do not appear to pose a problem because of the very low
weight (~ 30 kg) of the shield and Tow speed (~ 100 RPM) of the shell. It is
anticipated that nonlubricated roller bearings with dissimilar metals could be
used. The shell could possibly be driven electromagnetically, much like the
rotor of an electric motor. To minimize torsion on the structure there should

be a drive unit on each end of every divertor target.

*The calculations used 2 mm but the thickness could be increased to 1 cm or
more without affecting the results.
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VIII.2.2 Structural Considerations and Stress Analysis

The structural part of the rotating shield must be 1ight and strong.
Although the design presented in this report is not optimized, it shows that
both criteria can be easily satisfied.

The design consists of a series of structural shells shown in Fig.
VIII.2-5, which are joined together and make up the structure between the
bearings. The part of the structure in contact with the bearings is not con-
sidered because it is not subjected to the bending forces of the shell's
weight.

The structure is a cylindrical skeleton made of TZM resembling a radial
vane for housing. It consists of 24 thin circumferential discs (see Fig.
VIII.2-6) placed parallel to each other. Each adjacent pair of discs is con-
nected together by 36 equally thin 10 cm long vanes which are oriented paral-
lel to the axis of the divertor target.

The rotor housing was analyzed in a simple way. The structure was
treated as a solid beam fixed at both ends and subject to a uniformly distri-
buted Toad. Since it is driven from both ends, torsion was neglected. The

stress in a beam is given by the formula

o = Mc/l (1)

where M is the bending moment, c is the vertical distance from the neutral
axis and I is the 2nd area moment of inertia about the neutral axis.

The maximum bending moment depends solely on the weight of the structure,
the graphite and insulation. Allowing for all of the discs and vanes in the

structure, the total volume between the bearings is about 715 cm3. Using the
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Figure VIII.2-5 Section of structure for rotating shell.
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material TZM (molybdenum alloyed with .5% Ti and .1% Zr) which has a density
of 10.2 g/cm3, the weight would be 7.3 kg. The weight of the 2 mm thick layer
of graphite (density ~ 1.7 g/cm3)(3’4) is 16 kg and the weight of the 7.5 mm
thick layer of insulation (density ~ 0.18 g/cm3)(1) is 6.4 kg. The total
weight of 29.7 kg is assumed to be evenly distributed, producing the maximum

bending moment M., which can be estimated from(6)

_ WL
Mmax = 12 (2)
where L is the distance between the two bearings and W is the total weight.

The effective moment of inertia is calculated by Eq. (3):

2 8 .2, ..
I=Ar, [2 +4 I sin (6i)] (3)
i=1

where A is the cross sectional area of a single strut, r. is the distance from
the centerline of the shell to the center of a vane and 6 the angle between
two adjacent vane which is taken as 10 degrees (see Fig. VIII.2-7). For the
given configuration the moment of inertia is 740 cm’.

Using Eq. (1) in the worst case, the maximum tensile stress would be 2.4
MPa (~ 345 psi{. For TZIM the tensile strength at 870°C is given as ~ 570 MPa
(83 ksi)(s) which is over two orders of magnitude higher than the calculated
stress.

Towards the end of this study it was felt that graphite should be strong-
ly considered as a possible candidate for the structural material. Graphite

is surprisingly versati]e.(3’4’9) It has been formed into very large

electrodes for steel making, heat exchangers bigger than a man and even woven
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into cloth. Its tensile strength at room temperature is on the order of 14
MPa (2 ksi) and increases with temperature. Though it is typically thought of
as being brittle, it is remarkably insensitive to notches. It does not have
any significant creep ductility below 1500°¢(3,4) and has good thermal shock
resistance. Compared to TZM, graphite is lighter, can withstand higher
temperatures and has the added advantage of lower neutron heating. It appears
that the rotating shell could be made almost entirely of carbon in one form or
another.

Regardless of what the best material for the structure is, it appears
that the shell will be very 1light and experience very low stresses.

VIII.2.3 Derivation of Heat Transfer Equations

To determine the feasibility of using a rotating shell divertor target,
an idea of the steady-state temperature profile in the shell must be obtained.
The transient behavior during startup is of little concern. 1In this section
the derivation of the appropriate differential equations and boundary con-
ditions is presented.

A number of simplifications were made. Figure VIII.2-8 shows a schematic
of the resulting idealized model. The heat flow has been considered as being
two-dimensional. Neutron and particle flux is treated as being equally and
symmetrically distributed between the two divertor targets of a module. This
implies that the temperature distribution of one target is the mirror image of
the other. The cooled surface surrounding the rotating shells and the surface
of the stationary core inside of each shell are assumed to have a uniform
emissivity and temperature. Furthermore, the surrounding surface was assumed

as circumventing both divertor targets even across the divertor slot.
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Table VIII.2-1
Variables Useds in Heat Transfer Calculations

Thermal conductivity of 2th layer perpendicular to shell surface
Thermal conductivity of 2th layer parallel to shell surface
Specific heat of g2th layer

Density of gth layer

Thickness of gth layer

Radius of interface between gth and (g+1)th layers
Nondimensional depth of interface between zth and (g+1)th layers
Number of material layers

Temperature

Radial coordinate

Angular coordinate

Outside radius of shell

Rotational speed

Volumetric nuclear heating

Surface heat flux

Distance around outside circumference

Depth into shell from outside surface

Dimensionless distance

Dimensionless temperature

Emissivity of both the shell's external surface and the external heat

sink

Emissivity of shell's innermost layer and the stationary core's
surface

Temperature of the external heat sink

Temperature of the stationary core's surface

Geometric view factor between two surface points on opposite shells

Geometric view factor between point on the shell surface and the
external heat sink.
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The radial coordinate system r,¢ is shown in Fig. VIII.2-8 and the nomen-
clature used is listed in Table VIII.2-1. The coordinate system is stationary
with respect to the ground and its origin is the center of one divertor target
(the left one in Fig. VIII.2-8). The angle ¢ is measured counterclockwise
from the 1ine which points from the origin to the plasma. The shell of the
Teft divertor target rotates counterclockwise with angular velocity o with
respect to the coordinate system. Figure VIII.2-8 shows 3 layers of material
in each shell, but the derivation here is generalized for Qmax number of
Tayers. To keep track of the layers they are numbered in order, starting at
the outside of the shell going inwards, the Lmax layer being the innermost.

Although it may not be readily apparent, this is strictly a convection
heat transfer problem. The solid shell acts as a fluid. It is analogous to
fluid flow and the mechanical motion serves as a means of energy transport.

The governing differential equation for a point in the ¢th layer is

2 2 1t
ot 1 ot ., 1 ~ 3t
K +=K 241 R +g
23?‘2 r £ or r2 23(1)2
_ ot
—pz Czwa—q)- (4)

The first three terms on the left result from heat conduction and the
fourth is due to heat generation from neutrons. The term on the right is a
consequence of the convection mentioned earlier.

The third term on the left of Eq. (4) can be dropped. It represents con-
duction in the direction of motion and here, as with many convection problems,
this is of Tittle importance. Also the shell is very thin compared to its

radius and as a result the second term on the left can also be dropped.
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Equation (4) can now be rewritten as

2 [}
2%t _ ot
Ke o2 9 Ty Cpugs. (5)

At each interface between two layers there are two conditions that must
be satisfied. Let (rz, ¢2) be a boundary point for both the 2th and the

(£+1)St

layers. First, the temperature profile at (rz, ¢2) must be continu-
ous. Taking an infinitesimally thin control volume containing the interface
and applying the law of conservation of energy, the second condition is

derived as

oot - i 3t
Ky Tim 5?"r,¢2 =Ky Tim o | ro, (6)

> r-r
r>r, .

The boundary conditions for the outside and inside external surfaces of

the shell are respectively:

at R 4 M g u
Ky 57 | g = T,Z:E-p-(t - Vg ty - g Ve t7 de) + S (7)
ot _ %2 4 .4
K = = (t" -t,) . (8)
lmax or (2-825 2
The last formula required is
t(0,r) = t(2m,r) (9)

which is true for all values of r in the domain. This condition is necessary
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in order to duplicate steady-state conditions. The domain of the temperature

function can be restricted to 0 < ¢ < 21.
Further simplification can be made by substituting the following into

Egs. (5)-(9):
X=R-r,
X = X/L1 , (10)
t=t/t10
The new variable X is the depth into the shell measured from its outside
surface. The other two new variables X and T are dimensionless. The normal-
ized form of Eq. (5) for each 2th layer is
E’2-f+G' -1 8t (11)
G T

If applied to a point (¢2 X,) on the mutual boundary between the 2th and the

(JL+1)St layers, Eq. (6) becomes

1im 2% | =K, Tlim LI (12)
X X4,

%y, X Koy Ty
L L
The boundary condition, Eqs. (7) and (8), become

211' n
=T (E -V -] VT e+ (13)
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.5, (- (14)

where Eq. (13) is for the outside surface of X=0 and Eq. (14) is for the maxi-
mum value of X at the inside surface of the shell. Equation (9), for all

values of X in the domain, becomes
T(X,0) = TX, 2n) . (15)
Equations (11) through (15) represent a normalized state of the boundary

value problem. The dimensionless parameters and functions used in these

equations are defined by

_ 2 -
K& = Kg/(pgcg le) 2 =1,2,..., Zmax (16)
_ I | 2 _
G& =g Ll/(t1 Kz) 2 =1,2,..., fnax (17)
[k =L/Ly =2, fnax (18)
Kk = K£+1/K2 2 =1,2,..., (zmax -1) (19)
oe t3L
A e (20)
1 Kllz-eli
3
3, =K§‘m2_giy (21)
emax ' <"%2
11} S Ll
§ =-(—t‘lK_l)— . (22)
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It should be pointed out that the dimensionless nuclear heating Gh and surface
heating Sy are functions of ¢ and X. The form of these functions had to be
assumed in the calculations. Any two designs with the same dimensionless
parameters and variables, as defined by Eqs. (16)-(22), will have the same
dimensionless temperature profile ¥.

A computer program was written to approximate a solution to Egs. (11)-
(158). A finite difference method was used to derive a system of algebraic
equations which were solved using a variation of the Gauss-Seidel iteration.
View factors for small sections of the shell surface were calculated using the
so-called crossed string method and were introduced into the main program.
Using part of the calculations, Fig. VIII.2-9 shows a smooth curve through
calculated values of view factors of surface nodes with respect to the heat
sink surrounding the shell. The view factor for the whole shell with respect
to this outside surface was determined to be 0.83.

As a check on the above derivation, there are two useful equations which
give estimates of the average temperatures of the graphite surface and the

structure. The first equation is

(2-¢1) ($+6y) 4,174

tave = £ Ao F * tl) (23)
where A = surface area of the shell
Gy = total nuclear heating in graphite
S = total surface heat flux
F = view factor
tave = average temperature of the graphite surface.
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This equation is derived by assuming that the graphite layer is of uniform
temperature and that its boundary with the insulation is adiabatic.

The other equation, derived with similar assumptions, is:

(2-¢,)6
o (il )8 (24)

tave €y A 2

where Gy total nuclear heating in the structure

tave

average temperature of the structure.
The usefulness of these equations will be discussed in the next section.

VIII.2.4 Results of Computations

Computer calculations were performed in which a single design case was
analyzed where the nuclear heating in the graphite and insulation, the nuclear
heating in the structure, the emissivity of the graphite and the external sink
surfaces as well as the thermal conductivity of the graphite perpendicular to
its surface were varied, one by one to see their effect upon the temperature.

In all of the calculations the structure was treated as though it were a
complete layer instead of an array of disks and vanes. This is acceptable
since heat conduction is only important in the radial direction. It is also
clear from the upcoming discussion that the structure beneath a section of
graphite has little effect on the temperature of the graphite.

The surface heat 1oad due to the particle flux S"(¢) and the neutron

induced volumetric heating g"(¢,X) were taken as simple step functions

0 0
Sqver 277 < ¢ < 87

S"(¢) = 0, ¢ < 270
0, ¢ > 870
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9y 270 < ¢ < 870

9"(¢,X) = 0, ¢ <270
0, ¢ > 870

where (¢,X) is in the 2th layer. The quantity Save is the total surface heat

"

load divided by 1/6 of the shell's external surface area. The value of 9, is
dependent on the material in the layer (¢,X). In effect, this assumes that
nuclear heating within a single layer does not vary in the radial direction
where in reality the heating declines exponentially with decreasing divertor
target radius. The total neutron power dissipated in the divertor targets in
the reactor is 159 MW. This is an average of 1.3 MW per target. If all of
the energy were deposited in the graphite layer (which is most unlikely),
gill would be 468 W/cm3. Likewise if it all were absorbed by the structure
géll would be 375 W/cm3. These two numbers were used as extreme cases of
nuclear heating in the graphite and the structure.

The data for the baseline case is given in Table VIII.2-2. The property
values used are reasonably constant over the temperature ranges encountered.
However, the emissivities and graphite thermal conductivity depend upon the
manufacturing method.

Graphite crystals are extremely anisotropic.(4) As a result graphite
materials can be very anisotropic and the thermal conductivity at 1200°C to
2000°C varies from .015 to over 2.0 W/cm2(7) depending on the orientation and
the manufacturing method.

In order to increase the emissivity all of the surfaces used for radi-
ative heat transfer, could be covered with a thin layer of graphite. This

would be worthwhile even if the layers had to be mechanically attached. If a

surface were covered with a graphite layer 0.1 mm thick with the very low
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Table VIII.2-2

Data for the Design Case

Shell length 250 cm
Outside radius 30 cm
Surface heat load per shell 1.475 MW
External surface area 47100 cm?
Local surface heat load* 187.8 W/cm2
Average surface heat load 31.3 W/cm2
Emissivity of all surfaces . 0.8

Carbon Fiber

Material Graphite Insulation TIM
Thickness, cm 0.2 0.75 0.25
Thermal conductivity, W/cm/°C 0.2 0.0015 1.1
Density, g/cm3 1.7 0.18 10.2
Specific heat, J/gm/°C 2.0 2.0 0.272

*Total surface heat load divided by 1/6 of surface area
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thermal conductivity of 0.015 W/cm2 and subjected to a heat flux of 30 W/cm2

the temperature rise across the graphite would only be 20°C. This is a small

price to pay for increasing the emissivity of an otherwise metallic surface.

Listed values for graphite emissivities range from 0.5 to 0.95.

These calculations lead us to three observations:

(1) The average temperature of the graphite surface is closely predicted by
Eq. (23).

(2) If there is much nuclear heating, the structural temperature is near to
that given by Eq. (24).

(3) Within 1imits, the magnitude of the graphite surface cyclic temperature
fluctuations is a very strong function of the single dimensionless para-
meter S;vez/(t% Ky pcw).

Before elaborating on these observations, Fig. VIII.2-10 will be presented

showing a plot of the isotherms of the baseline case.

This figure illustrates some important features typical of the different
cases studied. The structure is of almost uniform temperature. This is near-
ly true even at very high levels of nuclear heating in the structure. There
is a very large temperature drop across the insulation. The largest tempera-
ture fluctuation, on the graphite surface, is 82°C, but further inward into
the graphite the temperature rapidly becomes more and more uniform in the ¢
direction.

Support for the first two observations can be found in Figs. VIII.2-11
and VIII.2-12. Figure VIII.2-11 shows the effect of nuclear heating present
only in the graphite and insulation and Fig. VII1.2-12 exhibits the occurrence
of nuclear heating confined to the structure. Both plots have the maximum and

minimum graphite surface temperatures and the average structural temperature
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plotted as a function of the appropriate nuclear heating. Included in Fig.
VIIT.2-11 is a graph of Eq. (23) while Eq. (24) is plotted in Fig. VIII.2-12.
In Fig. VIII.2-11 the ratio of the volumetric heating of the insulation to
that of the graphite was kept equal to the ratio ~ 1/10 of their densities.
This is reasonable if the neutron flux in both materials was about the same.

The two figures show that due to the insulation, nuclear heating in
either the graphite or structure has little effect on their mutual tempera-
tures. Consequently, Eqs. (23) and (24) can be used to account for the effect
of nuclear heating on the average temperature of the appropriate material
layer. Figures VIII.2-13 and VIII.2-14 show plots of Eqs. (23) and (24) for
different values of emissivity, respectively.

Appreciation for the third observation concerning the graphite surface
temperature fluctuations can be obtained from Figs. VIII.2-15 and VIII.2-16.
Figure VIII.2-15 shows the graphite surface temperature plotted as a function
of ¢ for different levels of graphite nuclear heating and Fig. VIII.2-16 shows
the same thing for different values of emissivity. It is remarkable that both
variables change the average surface temperature with 1ittle effect on the
profile shape. It should be noted, however, that if the nuclear heating was
higher and sharply peaked at the graphite surface, the profile shape would be
altered.

Changes in graphite thermal conductivity have a considerable effect on
(see Fig. VIII.2-17) the shape of the temperature profile. The maximum
temperature fluctuation varies from 30° to 300°C over the range of possible
values of kj.

The above observation has motivated an investigation of the effect dif-

ferent dimensionless variables (defined in Section VIII.2-3) have on the shape
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of the surface temperature profile. It was discovered that the combination
Ii S 2 was of singular importance. A simplified form of this dimensionless

1] 2

term is Save /(ti k1 Woq cl). Let A be the difference between the highest and

lowest graphite surface temperatures. Figure VIII.2-18 has A/t1 plotted

" 2

ave * For every set of calculations performed, Fig.

against w k1 p1 € ti/S
VIII.2-18 was accurate, within the numerical error, in predicting the value
of A. We caution, however, that if a variable in the baseline case is sub-
stantially perturbed, Fig. VIII.2-18 could be erroneous. Though it should be
used with some reservation, Fig. VIII.2-18 was found to predict A very closely

for ~ 20% changes in S_ . and t; from the baseline case.

ve

There are two points to be made from Fig. VIII.2-18. First, changing w
has the same effect as changing kq by the same factor. Second, A is not very
sensitive to w. Doubling or reducing by half the revolution frequency will
have a marginal effect.

VIII.2.5 Sputtering and Evaporation of the Graphite Surface

A major concern for the divertor targets is the sputtering of the graph-
ite by the 8.8 keV He, D and T ions striking it. These ions erode away the
graphite surface of the targets with the possibility that some of the expelled
graphite, methane or acetylene byproducts may contaminate the plasma. The

reactor exhaust rates for the different ion species are

D 3.23 x 1022 atoms/sec
T 3.32 x 1022 atoms/sec
He 1.5 x 1021 atoms/sec,

giving a total reactor exhaust of 6.7 x 1022 atoms/sec.
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There is not sufficient experimental data to accurately predict the sput-
tering coefficient* of the graphite surface. Until recently, experimental
results were only available (see Fig. VIII.2-19) for graphite surfaces up to
1400°C under high energy ion bombardment. It had been often speculated that
at higher temperatures hydrogen ions might form hydrocarbons with the graph-
ite, thus accelerating the erosion process. Figure VIII.2-20 shows the rela-
tive probability of such reactions occurring as a function of temperature for
the low energy ions.

Very recently, experiments have been performed at the higher temperatures
for energetic ion bombardment. The experiments did not reveal any hydrocarbon
production at temperatures from 1100 K to 2000 K for energetic H* bombardment.
However, the sputtering coefficient did increase with temperature but this was
solely due to physical sputtering. Figure VIII.2-22 has the results from this
latest study for the sputtering of carbon by deuterium. From this a sputter-
ing coefficient of ~ 0.1 appears possible for the UWTOR-M divertor target.

The erosion rate E(cm/FPY) can be calculated with the formula

E = RN (25)

where: S is the sputtering coefficient
P is the reactor exhaust rate, particles/sec
R is the target radius

L is the target length

*The sputtering coefficient, also called sputtering yield, is defined as the
number of surface molecules removed per incident particle.
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Np is the Avogadro's number

p is the graphite density

N is the number of divertor targets

M is the molecular weight of carbon.
Erosion rate is plotted for different values of S in Fig. VIII.2-21. At the
value S = 0.1 the erosion rate would amount to 0.2 cm every full power year.
Since the graphite layer can be made 4 cm thick or more, even such a high
erosion rate would not be detrimental. A 1 cm thickness would be sufficient
to last between planned maintenance periods. Table VIII.2-3 shows estimates
for the erosion rates of exposed graphite surface in the INTOR reactor design.
Here too the erosion does not seem severe.

Although it is a different phenomenon, the evaporation rate of the
graphite can be predicted from Eq. (25) and Fig. VIII.2-21 with slight modifi-
cation. During steady state operations the carbon partial pressure in the
target module will be almost equal to Pv’ the graphite vapor pressure. Thus,
the graphite will evaporate at the rate at which carbon is pumped out by the
vacuum system which, assuming complete mixing, would be ;%- » where Py is the
total pressure. Equation (25) and Fig. VIII.2-21 can be used if S is replaced
with g¥-and E is taken as the evaporation rate. The expected Pt for the re-
actor is =~ 10_4 torr, and at a temperature of 2200°C the vapor pressure of
graphite is about 107> torr.(8) This gives §3-= 0.1 and the corresponding
evaporation rate would be 0.2 cm per full poer year. Thus, using this crude
model, 2200°C would be a reasonable design 1imit for the graphite surface.
Referring back to Fig. VIII.2-22 and using a conservative emissivity ¢ = .5,

the average graphite temperature would be only 2100°C under the worst possible
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condition where the graphite absorbs all of the neutron power. It therefore

appears that graphite evaporation is not expected to be a problem.
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VIII.3 Vacuum System

VIII.3.1 Introduction

As described in earlier sections, the reactor is contained in an evacu-
ated building. Neutral gas from the divertor targets is exhausted into the
building through ports in the divertor housing. The primary motivation for
pursuing such a design concept is to avoid making seals between adjacent
blanket segments and avoid extensive vacuum 1ine plumbing between the divertor
exhaust and the vacuum pumps.

Making seals between adjacent blanket modules has been one of the most
challenging problems for fusion reactor designers. Some very early designs(1'3)
proposed to have seals at the first wall as is customary in present plasma
experiments. It should be recognized that plasma experiments operating with
low densities are much more intolerant of impurity influx than reactor grade
plasma will be. Reactor grade plasmas with densities several orders of magni-
tude higher can tolerate more impurities and will most likely have a higher
pressure in the scrapeoff zone. On this premise, newer reactor designs(4'6)
removed the seals to the back of the shield where they are more accessible.
Further, because they are protected from neutrons by the shield, the seals
could be elastomeric.

In UWTOR-M, several aspects of the design drove us into taking a yet
further step, namely that of placing the main vacuum barrier at the wall of
the containment building. This is by no means unprecedented. Almost all
fusion reactor containment buildings are designed for evacuation into the
millitorr range as a precaution against an accidental tritium release. Space

simulation chambers much larger than the proposed UNTOR-M containment building

have been built and evacuated down to the order of 10‘7-10'8 torr range.
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These chambers were used to test space vehicles with complicated equipment not
too dissimilar from fusion reactors.

The departure in the present design comes from the need for rather large
access doors to be used for extracting coil modules from the reactor building.
These doors are spaced behind every other coil. It is envisaged that these
doors will be sealed with elastomer seals mounted on inflatable stainless
steel bellows. Double seals with intermediate pumpouts can be used. Thus,
although it will take some clever designing in how to maneuver, locate and
support such large and heavy doors, it does not appear that there is anything
fundamentally wrong in implementing such a concept. The many benefits which
accrue from this concept, and the disadvantages are listed in Table VIII.3-1.

Something must be said about the tritium contaminated building. During
reactor operation, assuming a 50/50% DT mixture, the radiation level at a
pressure of 10'4 torr and 300 K is 11,200 Ci. After shbtdown, the equilibrium
pressure in the building will fall to ~ 5 x 1077 torr and the DT partial
pressure to ~ 10-8 torr in about an hour. At this time the radiation level
due to the T, in the atmosphere will be ~ 1.0 Ci. It is difficult to deter-
mine the amount of T, trapped on the surfaces within the reactor building. An
accurate definition of the type of surfaces and their temperature must be made
before an estimate can be made. Tritium trapped on surfaces is a generic
problem for fusion reactors which will have to be addressed in detail in the
near future.

VIII.3.2 Required Pumping Capacity

Table VIII.3-2 gives the amounts of Dy, T and He which will have to be

handled by the vacuum pumps.
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1.

Table VIII.3-1

Advantages and Disadvantages of the UWTOR-M Evacuated Building Concept

ADVANTAGES

No seals required between adjacent blanket modules. Modules are simply
butted against each other.

2. No complicated ducts required between divertor exhaust ports and the
vacuum pumps.
3. Considerably reduced impedance due to the absence of ducts and thus,
potential for higher pumping speed.
4. Readily accessible door seals.
5. A large space available for placement of pumping stations. Pumps are out
of the way and, therefore, do not impede access to the reactor.
DISADVANTAGES
l. A tritium contaminated building. Most reactor containments are designed
for evacuation in the case of an accidental tritium release and,
therefore, must cope with the possibility of tritium contamination.
2. More difgicult and costlier construction to allow evacuation down
to ~ 107" torr.
3. A difficult door sealing problem.
Table VIII.3-2
Mass Throughput in the Exhaust System
T2 D, He
Fraction burned (%) 4.4 4.5 -—-
Fuel injected (kg/d) 14.9 9.91 -
Fuel burned (kg/d) 0.656 0.437 ---
Ash exhausted (kg/d) --- --- 0.875
Total exhaust (kg/d) 14.2 9.27 0.875
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At room temperature the gas throughput is then:

e
—
n

510 torr-liters/sec

497 torr-liters/sec

Lo
(=)
"

QHe = 47 torr-liters/sec

Using an equilibrium pressure of 5 x 1072 torr in the building, the required

pumping speed for D, and T, will have to be:

7

_ 510 + 497 torr-liters
Sp, T, =

T =2 x 10
2’2 5 x 10 7 torr sec

liters/sec

Assuming a pumping speed of 6 2/s » cm2

required is ~ 333 m. To allow for a reserve margin the reactor will have

for D, and T, the cryopanel area

840 m? of cryopanels distributed among 12 pumping stations, with half of them
on line and the other half being regenerated. Each pump station will be
backed up with Roots blowers for regeneration. The vacuum system specifi-

cations are given in Table VIII.3-3.
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Table VIII.3-3

Vacuum System Design Specifications

Number of pumping stations 12

Active cryopanel area per station (m2) 35

Total cryopanel area per station (mz) 70

Dy, Ty, DT throughput (torr-2/s) 1007

He throughput (torr-2/s) 47

Dy, Tp, DT pumping speed (&/s) 2.5 x 10’
He pumping speed (2/s) 8.3 x 100
Equilibrium Dy, T, pressure (torr) 4 x 107

Equilibrium He pressure (torr) 6 x 107°

Liquid He consumption (liters/day) 110 x 103
Liquid N, consumption (1iters/day) 750 x 103

VIII-62



References for Section VIII.3

1.

B. Badger, et al., "UWMAK-I, A Wisconsin Toroidal Fusion Reactor Design",
UWFDM-68, University of Wisconsin, March 1974.

R.G. Mills, et al., "A Fusion Power Plant", MATT-1050, Plasma Physics
Laboratory, Princeton, NJ, August 1974.

B. Badger, et al., "UWMAK-III, A Noncircular Tokamak Power Reactor
Design", UWFDM-150, University of Wisconsin, July 1976.

B. Badger, et al., "NUWMAK, A Tokamak Reactor Design Study", UWFDM-330,
University of Wisconsin, March 1979.

C.C. Baker, et al., "STARFIRE - A Commercial Tokamak Fusion Power Plant
Study", ANL/FPP-80-1, Argonne National Laboratory, September 1980.

M. Abdou, et al., "A Demonstration Tokamak Power Plant Study", ANL/FPP/TM-
154, Argonne National Laboratory, March 1982.

VIII-63



IX. Blanket Design

IX.1 Design Philosophy and General Considerations

The chief goals of a good fusion reactor blanket design, not necessarily

in the order of importance are:

° Long life and reliability

. Adequate tritium breeding and low tritium leakage
° High blanket energy multiplication

° Safety

° Material compatibility

. Design and fabrication simplicity

° Maintainability

° Reasonable cost

Implicit in some of the above goals is the requirement that the blanket
provide a proper environment for the initiation and perpetuation of the plasma
burn. This is the most important requirement, since the plasma is the heart
of a fusion reactor.

Obviously, any blanket design falls short of satisfying all the above
goals to some degree, and what usually happens is that some goals are traded
off against others. However, there are some requirements that cannot be
compromised and those usually are safety, reliability, first wall/plasma com-
patibility and maintainability. Most of the time it is possible to exchange
tritium breeding for energy multiplication. Long life, energy multiplication,
good heat transfer, low pumping power, fabrication simplicity and maintaina-
bility all have economic implications and are, therefore, important consider-
ations. The UWTOR-M blanket concept comes close to satisfying most of the

above goals.
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In many respects, the blanket for a stellarator reactor is very similar
to that of a tokamak with several important differences. The similarities are
that both blankets must operate in high magnetic fields, experience large
surface wall heating and have the same kind of plasma/wall interaction
problems. The differences lie in three main areas:

° Thermal stresses
° Plasma disruptions
° Configuration

Since the tokamak is inherently a pulsed machine, the first wall and
blanket experience repeated thermal cycling and must be designed to withstand
it. Furthermore, the first wall must be capable of withstanding a large
instantaneous energy deposition from plasma disruptions. The stellarator, on
the other hand, is a steady state device and thus the blanket will experience
a much smaller number of thermal cycles. This would tend to prolong the
blanket lifetime if it is limited by crack propagation due to thermal cycling.
Perhaps more importantly, since the plasma in the stellarator will be current-
less, there are no identifiable disruptions capable of large instantaneous
energy deposition on the first wall. This obviates the need for protective
armor to guard against such an eventuality. Some people may argue that stel-
larators could also have disruptions, precipitated, for example, by a coil
failure or some other instability. However, these kinds of disruptions occur
over longer time constants and are not nearly as detrimental.

The major difference between a tokamak and stellarator blanket design is
the actual configuration. Except in the case of bundle divertor equipped
tokamaks, the shape of the tokamak plasma is the same at any toroidal section.

Furthermore, in most cases there is plasma symmetry about the midplane of the
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tokamak. Tokamaks with single null poloidal divertors located at the upper or
Tower edge of the plasma are the only exception. Stellarators, however, have
no planes of symmetry because of the helical nature of the flux surfaces.
Additionally, the natural divertor of the stellarator must be accommodated
with the blanket design. Stellarators with pumped limiters do not have to
provide divertor slots but do need penetrations for pumpout ports. These
aspects of the stellarator blanket add a degree of difficulty which are not
present in the tokamak. The modular nature of the divertor in this case
provides two mitigating factors. Twisting in a modular stellarator flux
surface occurs in steps rather than continuously, and the magnetic divertor
consists of discrete well defined flux bundles which are oriented toroidally.
This provides a great simplification in the reaction chamber shape as will be
evident from the section ahead.

A design decision which has tremendous impact on the reactor is the
disposition of seals between blanket segments. In the past most designs pro-
vided a vacuum tight reaction chamber with the first wall as the vacuum
barrier. More recent designs have recognized the difficulty of maintaining
such blankets and have moved the vacuum barrier to the back of the shie]d.(l)
In this design we have moved one step further and have assumed an evacuated
reactor enclosure thus altogether obviating seals in the reactor itself. Al-
though this idea seems unusual at first glance, the payoffs are significant
design simplifications and relaxation of maintenance difficulty. Obviously,
the consequences of a tritium contaminated reactor enclosure have to be evalu-
ated.

In recent years it has become recognized that one of the better breeding

materials is the eutectic alloy LijyPbgz. Neutron multiplication by lead

IX-3



gives an excellent breeding performance while neutron attenuation provides

good shielding. To avoid MHD effects on flow distribution on the irregular

blanket geometry, it was decided to cool with steam forced through tubes im-

mersed in the Lij7Pbgz. The tritium is allowed to diffuse into the steam and

is recovered as HTO in the same way as heavy water is recovered in present

heavy water plants. Since the total water inventory in the primary coolant

loop is small, it appears that such a scheme is very attractive. The

structural material for the FW/blanket was chosen and the ferritic steel HT-9

for its superior radiation damage characteristics and its compatibility with

both steam and Li;7Pbgs.
To summarize, the major design points for the UWTOR-M blanket are:

J Li17Pbg3 is used for its inertness toward water and air and good breeding
and high energy multiplication.

° To avoid MHD effects, the molten Lij;Pbgs is cooled in situ with steam
going through pipes immersed in it.

° To is allowed to diffuse into steam and is recovered in the same way as
D, is recovered from water.

° HT-9 is used for FW/blanket structure due to its superior radiation
damage characteristics.

° Two blanket segments, each divided into three regions, are used for each
coil module.

° Blanket regions are interconnected to allow draining of segments for
maintenance.

° Divertor slots are oriented toroidally.

. No seals are used between blanket segments; instead the reactor is within

an evacuated enclosure.
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Reference for Section IX.1

1. C.C. Baker et al., "STARFIRE - A Commercial Tokamak Fusion Power Plant,"
Argonne National Laboratory and others, ANL-FPP-80-1, Sept. 1980.

IX.2 Material Selection

IX.2.1 Structural Material

It is always difficult to chose a structural material. It is advantage-
ous to have high temperature operation resulting in a high thermal efficiency.
However, a high temperature blanket requires novel structural material with
Tack of experience and design code. It also requires a more complex blanket
which will be more expensive and less reliable. Tritium confinement at high
temperature is also difficult. For those reasons, the UWNTOR-M design utilizes
a high pressure, high temperature steam cycle. The blanket temperature is
about 500°C. For this temperature, stainless steel and ferritic steels become
primary candidates for structural materials.

There is certainly a wide data base for both alloys with respect to non-
nuclear conditions. Areas such as mechanical strength, corrosion resistance,
fabrication requirements and production capabilities are well known and there
is a long history of design codes on which to base future projections. The
irradiation data base is certainly extensive for the austenitic steels because
of their role in the breeder reactor technology and there is a fair amount of
relatively low temperature, low neutron fluence data for the ferritic steels.
Furthermore, on the basis of irradiation test results from the National

Clad/Duct Materials Development Program, the ferritic steels are being
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actively investigated for service in the fast breeder cores and a large high
temperature and high fluence data base will exist by the mid-1980's.

The main reasons UWTOR-M uses the martensitic (9 ~ 12% Cr) steel rather
than the austenitic steel are:

A) Much greater resistance to neutron induced void formation and metal
swelling.

B) A greater resistance to in-reactor creep below 600°C.

C) Better ductility retained after high temperature fission neutron irradi-
ation.

D) Better thermal stress resistance, at least by a factor of two.

E) Better compatibility with the Pbg3Liy; breeding material.

F) Considerably more experience in heat exchanger design and aqueous
environments.

G) Lower material cost per unit weight.

H) Less demand on Cr (12 vs. 18%) and Ni (0.5 vs. ~ 8%) resources which
generally have to be imported into the U.S.

Other factors which weighed heavily in our decision to use ferromagnetic
steels over the austenitic alloys came from the analyses performed by scient-
ists at General Atomic(l’z) on the effects of magnetic steels with respect to
both plasma performance and magnetic forces. These studies concluded that for
tokamaks, the effects were minimal. Magnetic perturbations should be even
less of a factor during the steady state operation of a stellarator reactor.

Areas of concern that still need to be addressed before one could clearly
support the ferritic steel system over the austenitic system include:

1) Effects of high helium content on the irradiation resistance exhibited by

ferritic steels in fission reactors.
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2) Demonstration that post welding heat treatment will not result in lower
radiation damage resistance.

Finally, the specific choice of HT-9 over other ferritic steels should
not be taken too seriously. This alloy system has been identified as one
particularly attractive to the fast breeder and, as such, gives us a conveni-
ent data base from which to extrapolate its performance in a fusion environ-
ment. It is quite possible that other ferritic steels might be developed to
give even better properties in a fusion environment and future studies ought
to be open to new jdeas in this aea.

IX.2.2 Breeding Material

Lithium-lead in various compositions has been proposed to fulfill the
tritium breeding function in D-T fusion reactors. The form of LiPb can be a
solid, as L17Pb2; a liquid, as L117Pb83; or even in a two phase mixture, as
LigpoPb3g. Most breeding compounds either have a high 1ithium atom density, or
require a neutron multiplier to insure adequate breeding. The uniqueness of
LiPb is the combination of breeding material and neutron multiplier. Thus,
Tithium inventory can be minimized while the blanket design will be less
complicated.

The Tead rich regime of this alloy is of particular interest. It is
relatively inert when in contact with water and air, due to its high lead
content and Tow lithium chemical activity. It has excellent neutronic proper-
ties, i.e., high breeding potential and excellent energy multiplication. It
also has a very low tritium solubility, which will reduce blanket tritium
invenfory and minimize the problems associated with tritium recovery. For
these reasons, a lead rich alloy of Li-Pb is used as the breeding material.

Li;7Pbg3z is picked due to its Tow melting temperature of 235°C.
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The very low tritium solubility in Li;;Pbg3 causes a difficult problem in
tritium confinement. A typical tritium partial pressure in the Li;7Pbg3
system is 10-% torr. The tritium leakage through the primary heat exchanger
will be excessive. The corrosion problem and the associated transport of
corrosion products between Lij7Pbgy and ferrous alloys at a temperature of up
to 500°C is potentially serious.

IX.2.3 Coolant

In a D-T fusion reactor, it is desirable to use the breeding material to
serve the dual function of heat transport medium. Since 80% of the energy is
generated in the breeding material, the heat transfer problems can be allevi-
ated. In addition, the blanket design can be much simplier since there is no
need for an internal heat exchanger in the blanket. For a stellarator re-
actor, liquid metal cooling is difficult due to the irregular blanket geome-
try. Liquid metal is a poor heat transfer medium in a magnetic field due to
its tendency to suppress turbulence. Therefore, proper coolant distribution
is required to elimiante potential hot spots. The irregular blanket geometry
makes uniform coolant distribution very difficult. For this reason, it was
decided that a static Lij;Pbgy blanket will be used. A static Lij7Pbgs
blanket will also reduce problems associated with corrosion, corrosion product
transport and tritium confinement problems.

There are four coolants to be considered:

1. A liquid metal, for example liquid sodium
2. A molten salt

3. MWater

4. Gas
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Any liquid metal will also have MHD problems which will be more severe
than LijyPbgs due to the limited space in the blanket for the coolant. A
molten salt is usually a poor thermal conductor and, with a relatively high
velocity, will have considerable corrosion problems. Water has been shown to
be an economical and safe coolant in current fission reactors. However, the
high tritium partial pressure in the Liy7Pbg3 will allow tritium to diffuse to
the coolant. Tritium recovery from large amounts of water is expensive. High
pressure helium has been proposed to be used as the coolant for HTGR. Helium
has excellent heat transfer characteristics for a gas. However, its small
volumetric heat capacity (pcp) calls for a larger pumping power. In this
group, it appears that water and gas are the more attractive coolants. As a
compromise, steam has been selected as a coolant for UWTOR-M.

A problem associated with using liquid water as the coolant is the amount
of water in the primary coolant circuit. It will not be economically feasible
to recover tritium from such large amounts of water. However, the mass
inventory of water in the primary steam circuit is a factor of 100 less than
in the water circuit. Therefore, it becomes feasible to let tritium concen-
trations in steam accumulate to a moderately high level and be recovered. As
has already been stated, He gas has a small pCp, which requires larger pumping
power. Steam, due to its much higher density, has almost twice as large a
volumetric heat capacity as helium. Therefore, the pumping power required for
steam is about half of that for helium.

To summarize, the blanket concept for UWTOR-M is comprised of HT-9 as the
structure material, Li;7Pbg3 as the breeding material and steam as the cool-

ant.
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References for Section IX.2

1. W.Y. Chen et al., "Magnetic Aspects of Martensitic Stainless Steels as
Structural Materials for Tokamak Reactors", to be published (see DOE/ET-
0058/7, Sept. 1979).

2. S.N. Rosenwasser, et al., "Ferritic Stainless Steels for Fusion Appli-
cations,” J. Nucl. Matl., 85 & 86, 177 (1979).

IX.3. Description and Mechanical Design

IX.3.1. Overall Configuration

The stellarator flux surface topology requires twisting in the toroidal
direction. In continuous coil stellarators the twisting of the flux surfaces
is continuous. Modular stellarators, however, are significantly different in
that, although the general trend of the flux surfaces is helical, it is broken
up by the discrete flux bundles which emerge between the coils constituting
the modular magnetic divertor. Obviously, at the plasma edge the flux
surfaces are helical but at Targer radii from the plasma center they start
breaking off into discrete, well focussed bundles which are oriented toroidal-
ly. This is well demonstrated in Fig. IX.3-1 which is a series of $ VS. O
plots for one toroidal field period at various radial cutoffs where ¢ is the
poloidal and 0 the toroidal angle. These figures are generated by launching
magnetic field lines at various flux surfaces and following them until they
emerge through a divertor slot. Close to the edge of the plasma (upper left
figure) where the flux bundles have just started forming, the helical trend is
quite evident. As the flux bundles progress further radially they become more
toroidally oriented. Since the reaction chamber shape is dictated by the flux

topology at the edge of the plasma, we find that by making the scrapeoff layer
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Figure IX.3-1 Particle signatures at different radial cutoff:
0.04 at plasma edge, 0.08 at coil centerline.
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sufficiently large (two larmor radii) we can orient the chamber segments
toroidally, rotating adjacent segments poloidally through an appropriate angle
to accommodate the helical topology. A logical segmentation which seems
consistent with the magnetic divertor is to have two blanket segments within
each coil. Each segment is separately manifolded with coolant and is entirely
independent of its neighboring segments. The design is such as to allow one
segment to be removed from either side of a modular coil.

Figure IX.3-2 is a cross section through a modular coil showing the tri-
angular plasma characteristic of an 2=3 stellarator. The blanket segment is
divided into three regions filling out the space between the plasma and the
inner surface of the reflector and separated by the divertor slots. The outer
perimeter of the blanket segment is circular. The three blanket regions with-
in a segment are interconnected to allow draining of breeding material through
a line attached to the lowest point in the segment. Thus, the blanket seg-
ments are always empty of breeding material prior to initiation of any mainte-
nance procedure. For protection against steam line leaks into the blanket, a
blanket, a rupture disk will also be provided which will allow a quick routing
of breeding material into a dump tank.

Each blanket region will have two supply and two return steam headers
connected to common distribution manifolds. These manifolds are shown in Fig.
IX.3-2 as circular with the headers radiating inwards to the blanket, resembl-
ing the spokes of a wagon wheel. The headers in turn supply manifolds within
the segments to which the cooling tubes are attached.

Figure IX.3-3 shows a plan view and a cross-section of a blanket segment.
The tubes are shown traversing the segment from supply to return manifolds and

are spaced proportionately to the amount of nuclear heating. The first wall
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and other areas exposed to surface heating are covered with close packed
arrays of tubes supplied by the same manifolds.

Figure IX.3-4 is a perspective view of a blanket segment where the shaded
area indicates the end plates of the three blanket regions. Note that the
divertor slot is toroidal and that the inter-region connections are on the
opposite side from the header penetrations. The inter-region connections
actually fall in the midd]e of a modular coil, where there is no divertor
action. The headers are thus connected on the opposite side to avoid making
Targe slots in the reflector/shield. The second segment in the coil module
will be a mirror image of the one shown but with the triangular shape of the
reaction chamber and divertor slots rotated poloidally.

One of the most difficult problems in any blanket design is that of
making seals between adjacent segments. Plasma experiments operating at base
pressures on the order of 10-9-10-7 torr have no choice but to provide vacuum
tight first walls. Reactor grade plasmas, however, can operate at higher
pressures, perhaps as high as 1074 torr. This relaxation in pressure opens up
design possibilities which are not available in current plasma experiments.
Thus, recent designs have considered placing the vacuum barrier at the back of
the shield where it is both accessible and protected from radiation damage.

In principle such a design would be possible in UWNTOR-M, but it would entail
the use of large omega bellows at the shield interface between modules.

To avoid the complication of using bellows and mechanical or welded
seals, we have decided to enclose the whole reactor in an evacuated building,
thus avoiding seals between blanket segments altogether. This decison has
enormous significance in the maintainability of the reactor. Making a vacuum

tight building, however, is not easy, especially since it would have large
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Figure IX.3-4 Perspective view of a blanket segment.
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access ports. Experience with space simulation chambers, however, has shown
that it is possible.

IX.3.2 Structural and Support Considerations

The design of the first wall in fusion reactors which have a moderate
surface wall heating has always been a challenge. This is mainly due to
several reasons, the most important of which are:
© The first wall is usually the vacuum barrier between the blanket zone and

the reaction chamber.

o The first wall receives a surface heating which produces thermal stress

due to the temperature drop across it.

o The first wall has to accommodate unusual shapes and provide for various

penetrations, making it difficult to fabricate.

Aside from materials problems, such as compatibility with breeding and
cooling media, and plasma contamination from sputtered wall material, the
first wall in stellarators differs from tokamaks in two important aspects:

1 - It is not subjected to repeated thermal stress cycling because stel-
larators are truly steady state.

2 - It does not have to be protected against instantaneous concentrated
energy dumps due to disruptions, because stellarators do not have free
energy in the form of a net current in the plasma.

One of the problems in the UWTOR-M first wall is due to the blanket con-
cept selected, namely the use of in situ cooled Li17Pbg3 breeding material.
Because Lij7Pbg3 is a very heavy material (p = 9.4 g/cm3) and the blanket
regions are interconnected for ease of draining, the static pressure at the
Towest point in the blanket is 0.55 MPa (~ 80 psi). Normally, such a pressure

s not excessive. However, because the areas in this blanket are large and it
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is prudent to minimize the structure for neutronic reasons, it would be very
difficult to design the first wall as free standing. It was, therefore,
decided to attach the first wall to the back plate with stiffeners running
parailel to the tubes.

Figure IX.3-5 is a cross section of the first wall. It shows a bank of
tubes inserted between two corrugated sheets of HT-9 which are seam welded to
each other. The back sheets are attached to the stiffener ribs, while the
front sheet is continuous for the entire blanket region. The coolant tubes
are loosely inserted into the spaces between the corrugated sheets and the
voids are allowed to fill up with breeding material. This type of con-
struction has several major advantages:

1 - The tubes are not as highly stressed by being decoupled from the first
wall front sheet.

2 - Heat transfer is promoted by the fact that all the first wall parts
are making good contact with the coolant tubes through the Lij7Pbgs.

3 - Thermal stresses both on the front sheet and the tubes are reduced by
having the intervening layer of Li;7Pbg3 between them.

The first wall tubes are 1.0 cm in outer diameter and 1.0 mm wall thick-
ness. The corrugated sheets are each 1.5 mm thick, making the effective
thickness of the first wall 5 mm. However, only 3 mm are in hoop stress.
Assuming a 20 cm spacing between the stiffener straps and a radius of curva-
ture of 20 cm on the first wall, the membrane stress in it will be ~ 30 MPa.
Surface wall heating of 15 W/cm? produces an additional thermal stress of
116.5 MPa.

The stiffener straps are spaced at 20 cm intervals and are 2 mm thick.

The maximum stress in the stiffener straps is ~ 46 MPa. Side plates of the
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Figure IX.3-5 Cross section of first wall.
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blanket regions will also be subjected to internal pressure and will have to
be reinforced with ribs on the breeding material side. However, the side
plates of adjacent segments will be in contact with each other and are, there-
fore, restrained from excessive distortion. Proper integration of the coolant
tubes and the stiffener straps is critical since it is important that all
internal support structures be adequately cooled while providing restraint
against vibration and excessive deflection.

The backplate of the blanket will be sturdy enough to be able to transfer
the static load of the Lij;Pbgz to the reflector. In that sense, the back
plate can be thought of as part of the reflector rather than the blanket.

This eases the requirement of only 9% structure within the blanket. The
connection between the blanket and the reflector will have to accommodate
expansion from room to operating temperature. The reflector and shield are
provided with adequate structure as to make them capable of supporting their
own weight as well as the weight of the blanket when full of breeding materi-
al. Table IX.3-1 gives the important physical and structural parameters of

the UWTOR-M blanket.
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Table IX.3-1 Physical and Structural

Parameters of UWTOR-M Blanket

Number of blanket segments

Outer radius (m)

Effective inner radius (m)

Toroidal length of segment (m)
Volumetric steam fraction (%)
Volumetric structural fraction (%)
Mass of structure/segment (tonnes)
Mass of Li;7Pbgj/segment (tonnes)
Effective first wall thickness (mm)
Cooling tube outer diam. (mm)
Cooling tube wall thickness (mm)
Thickness of corrugated FW sheets (mm)
Spacing of stiffener straps (mm)
Thickness of stiffener straps (mm)
Membrane stress in FW (MPa)

Thermal stress in FW (MPa)

Stress in stiffener strap (MPa)
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1.72

4.2

45.2

503

10

1.5
20
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116.5
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IX.4 Hydraulic and Heat Transfer

IX.4.1 Comparison of Steam and Helium

The pumping power required for circulating a gas is

P = Vap (IX.4.1)
and V = Q/pcpAT (IX.4.2)
ap = 2fv2Lo/g D (1X.4.3)
in which v = q/ApCpAT (IX.4.4)
= u ,0.32
where:
P = pumping power
Ap = coolant pressure drop
V = volumetric flow rate
Q = blanket power
p = density
Cp = specific heat
AT = coolant temperature rise
f = friction factor
v = velocity
L = coolant flow length
gc = conversion factor
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D = tube diameter

qg = power to a single tube
A = tube cross-sectional area
u = viscosity

The heat transfer coefficient, h, can be written by standard correlation

c.u 0.4
0.8 2oy

T (IX.4.6)

h =& x 0.023 (22
u
Therefore, the pumping power required for a gas coolant can be scaled as

P=f ( 1_7_3) (1X.4.7)

C
°%p

while heat transfer coefficient is

0.6 c0.4 p0.8

0.4
P koo

h =k / (IX.4.8)
The friction factor can be calculated by assuming a helium velocity of
30 m/sec and D = 1 cm. The corresponding steam velocity can be calculated by
using Eq. IX.4.4 and is 16.3 m/sec. The material properties of helium and
steam at 500°C and 50 atm are summarized in Table IX.4-1. The relative values
of pumping power required and heat transfer coefficient are also listed. It
appears that by using steam as the coolant instead of helium, the pumping
power can be reduced by a factor of two and the heat transfer can gain by

12%. This advantage of steam is a result of it having a much larger density

than that of helium.
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Table IX.4-1 Thermal Properties of Helium and Steam at 500°C, 50 atm

Density, g/cm3

Thermal conductivity, %%%%E
Specific heat, J/g-°C
Viscosity, g/sec-cm

Pumping power (relative)

Heat transfer coef. (relative)

IX-24

0.003
2.8 x 10-3
5.18

3.9 x 1074
9.2

1.2

Steam

0.0136
6.7 x 1074
2.13

2.9 x 1074

1.4



Another advantage of using steam as the coolant is that Ho0 is a good
sink for tritium. As the tritium is diffusing toward the water, it is com-
bined into HTO such that the mobility of tritium is much reduced. If helium
is used as the coolant, it is necessary to add oxygen into the helium stream.
The helium is thus in contact with an oxidizing atmosphere. This will enhance
the formation of an oxide film on heat transfer surfaces and thus reduce the
tritium permeation.

IX.4.2 Thermal Hydraulics

The thermal hydraulic design is carried out under the following guide-
lines:

1. Maximum pumping power does not exceed 5% of the power output of the
reactor, or 220 MWt.

2. Maximum structural temperature < 550°C.

3. Minimum Lij7Pbg3 temperature is 100°C above its melting temperature.

4. A coolant temperature rise of ~ 200°C.

The equations used for the thermal hydraulic design in this study are
given in Table IX.4-2. The pumping power required to circulate a coolant
around a loop is the product of the volumetric flow rate and the pressure drop
of the coolant. The volumetric flow rate for a gas is very large due to the
relatively small value of pcp. Therefore, a high pressure gas is desirable
since the density of the gas, p, is directly proportional to the pressure.
However, a higher pressure gas system requires a higher structural fraction,
which will reduce the tritium breeding ratio. A 50 atm steam pressure is
chosen as a compromise.

The coolant temperature rise through the reactor is chosen as 170°C. The

neutron wall loading is 1.41 MW/mz. The first wall surface heating from the
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Table IX.4-2

Equations Used

Q = VApCp(Tout - Tin) Heat carried by coolant
Q = hA(Tcoo]ant - Twall) Heat transfer to coolant channel
cu 0.4
LU 0.023 (—DL’E-O’8 (—) Calculation of heat transfer
' u k
coefficient
2Fov2L
Ap = 90 Pressure drop in coolant channel
c

f = 0.0014 + 0.125 (-[2%3)'0'32 Friction factor calculation
T, =T, + [g Cij (Tj - Ti)/VpCp)i Finite difference equation for

+ Qi/pCp]Ae temperature calculations
AB < (VpCp)i/E Cij Maximum time step of iteration

J

E = Vap Pumping power required to

circulate the coolant
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Nomenclatures:

A

Table IX.4-2 (continued)

Area of coolant flow, or area of heat transfer
Conductance between finite zones i and j
Specific heat

Diameter of coolant channel (= 4 Ry)

Pumping power required to circulate the coolant
Friction factor

Heat transfer coefficient

Thermal conductivity of coolant

Length of coolant channel

Coolant pressure drop

Heat transferred into coolant

Heat generated in finite zone i

Temperature

Coolant velocity

Coolant volumetric flow rate

Volume of finite zone i

Density

Viscosity

Hydraulic radius
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plasma is 23 W/cmz. Combining these qualities together with the results from
the neutronics calculations, the total coolant rate, as well as the flow rate
through the coolant channel, can be calculated. The pressure drop can then be
calculated through each section of the reactor by using Eq. 4 in Table IX.4-2.
The total pressure drop is .07 MPa and the corresponding pumping power re-
quired is 75 MW. This is a high but acceptable value for the pumping require-
ment.

The temperature distribution in the blanket is of vital importance. It
has effects on both the mechanical design of the blanket and radiation damage
to the structural material. The coolant exit temperature is thus picked at
500°C so that the maximum structural temperature is within the design limit.

The coolant tube is 1 cm ID and 5 m long, as shown in Fig. IX.4-1. The
tubes are arranged in triangular array with pitch inversely proportional to
the local power generation rate. Thus, the tubes are closer packed near the
first wall but further apart toward the back. The minimum center to center
coolant tube distance is 1.4 cm. The pitch is arranged so that the heat flux
on the coolant tube is constant at 8 W/cmz. The flow rate of the coolant in
the tube can then be calculated by energy balance, from which the heat trans-
fer coefficient and tube wall temperature can be calculated. The maximum
structural temperature is 530°C.

The temperature distribution in the blanket has to be calculated numeric-
ally to account for the nonuniform nuclear energy generation. A finite dif-
ference numerical computer program has been set up to perform those calcu-
lations. Using the heating rate obtained from the neutronic calculation as
input, the temperature distribution in the blanket is calculated iteratively

by using Eq. 6 in Table IX.4-2. The maximum allowable time step for the
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Figure IX.4-1 UWTOR-M blanket section.
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iteration calculation is defined by Eq. 7 to insure testability of the iter-
ation process. The maximum blanket temperature is thus calculated at 570°C.
The important blanket parameters are shown in Table IX.4-3. The thermal

hydraulic parameters are summarized in Table IX.4-4.

Table IX.4-3 UWTOR-M Blanket Parameters

Fusion power 4300 MW
Blanket power 4340 MW
First wall area 2318 m?
Neutron wall loading 1.41 MW/m2
First wall surface heating 23 W/cm2
Maximum nuclear heating 22.5 W/cm3
Total heat transfer surface area 5.5 x 10% m?
Nominal flux to coolant tube 8 W/cm2
Structural material HT-9
Breeding material Liq7Pbg3
Coolant Steam
Tritium breeding ratio 1.08

Tritium breeding rate 8.3x1073 g/sec
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Table IX.4-4 UWTOR-M Thermal Hydraulic Parameters

Blanket power

Divertor zone power

Total thermal power

Coolant inlet temperature

Coolant outlet temperature

Coolant pressure

Coolant velocity in pipe

Coolant heat transfer coefficient

Coolant flow length

Coolant pressure drop in pipe

Maximum structural temperature

Coolant tube arrangement

Minimum distance between two tubes
(center to center)

Coolant tube 0.D.

Coolant tube wall thickness

Maximum Li;,Pbg3 temperature

Coolant flow rate

Coolant pumping power
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4340 MW

480 MW

4820 MW

330°C

500°C

5 MPa

35 m/sec

0.23 W/cm2-°C
5m

0.07 MPa
530°C
Triangular pitch

1.40 cm

1 cm
1 mm
570°C
4.8x107 kg/hr
75 MW



IX.4.3 Power Cycle

The primary steam coolant from the UWTOR-M blanket is heavily contami-
nated by tritium. Therefore, it cannot be fed directly to a steam turbine. A
steam to steam heat exchanger is required. A simplified power cycle diagram
is shown in Fig. IX.4-2. One major advantage of using steam as the primary
coolant in the heat exchanger design is that Ho0 acts as the sink for tritium
by forming HTO. The permeation problem which causes tritium to escape to the
downstream water side is much less severe. A conventional single wall steam
generator is thus sufficient.

The primary cooling cycle consists of four steam loops. The principal
components in each loop are the steam circulator, the steam to steam heat
exchanger and the steam piping. The primary coolant circulators are driven by
steam turbines with the steam being supplied from the steam generators, as
shown in Fig. IX.4-2. 1.2 x 10/ kg/hr of steam is circulated in each loop to
remove 1205 MW.

The characteristics of the conceptual steam generator units are shown in
Table IX.4-5. The total heat transfer area is 4.7 x 10% m2. The temperature-
enthalpy diagram of the steam generator is shown in Fig. IX.4-3. The pinch
point temperature difference is 22°C, which is relatively large caused by the
poor heat transfer on the primary coolant side. The steam temperature and
pressure are 454°C and 13.8 MPa, respectively. The gross efficiency of such a

cycle is 40%. The gross electric output is 1898 MW.
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STEAM, 454°C

13.8 MPo
STEAM, 500°C TO TURBINE
47 x 107 Kg/hr
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330°C /C it FEEDWATER

Figure IX.4-2 UWTOR-M power cycle
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Figure IX.4-3 Temperature-enthalpy diagram for UWTOR-M.
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Table IX.4-5 Power Conversion System

A single wall, once through steam to steam generator

Gross thermal power 4820 MW
Primary coolant inlet temperature 500°C
Primary coolant outlet temperature 330°C
Steam temperature 454°C
Steam pressure 13.8 MPa
Reheat temperature 454°C
Feedwater temperature 280°C
Pumping power requirement 75 MW
Net thermal power 4725 MW
Cycle efficiency 40%
Power output 1898 MW
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IX.5 Tritium Considerations

IX.5.1 Hydrogen Solubility in Li;yPbgs

There exists some controversy over the subject of hydrogen solubility in
the Tithium lead mixture. Ihle(1) fipst reported the solubility of deuterium
in LiPb at two different temperatures. It appears that the result shows too
large a temperature dependence such that extrapolation to lower temperatures
is not possib]e.(z) Larsen, et a1.(3) proposed the use of the activity of
lTithium in LiPb as the correction factor to estimate Sievert's constant of D

in LiPb from D in pure lithium, or

Ks = 3i(Lipb) Ks (IX.5-1)

in which K; is Sievert's constant for D in LiPb

3Li(LiPb) s activity of Tithium in LiPb

Kg 1s Sievert's constant of D in Li.

Recently, Veleckis measured Sievert's constant in Lij7Pbg3 and concluded

that(4)

1. Within the experimental error, in the range from 400 to 600°C, the
Sievert's constant for solutions of hydrogen in Liy7Pbg3 was found to be
independent of temperature.

2. For the above temperature range, the Sievert's constant of hydrogen in
liquid Lij7Pbg3 is given by

1/2

Kg = (5.1 + 1.3) (appm)/[torr] (IX.5-2)

Plots of the postulated Sievert's constant calculated from Eq. IX.5-1 and the
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experimental data by Ihle, Veleckis and the data for pure lithium and lead are
shown in Fig. IX.5-1. It appears that the range and temperature dependence of
references 3 and 4 are reasonably consistent.

The Sievert's constant for tritium in Li;7Pbg3 is estimated to be ~ 2.9
appm/[Torr]l/z.

Li17Pbg3 has been used both as the breeding material and the primary
coo]ant.(5) The breeding material process rate for tritium recovery can be

estimated by

Breeding material process rate =

tritium breeding rate
(T conc. in breeding matT.) x (frac. recovery) °

To maintain a reasonable breeding material process rate, the tritium concen-
tration in the breeding material cannot be too small. A reasonably small
tritium concentration in the breeding material, due to the small Sievert's
constant, will result in a very large tritium partial pressure over Li,,Pbgs.
This large tritium partial pressure makes the tritium confinement problem in
the primary heat exchanger particularly difficult. Therefore, the low tritium
solubility, even though it results in low tritium inventory in the blanket,
causes excessive problems in tritium confinement.

IX.5.2 Tritium Recovery Options

The most frequently suggested blanket breeding/coolant material combi-
nations are of two basic types:
1. Gas or water cooled solid lithium compound breeding materials, with a

helium purge gas for tritium recovery. In such a design, the tritium
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diffusion mechanism is not clear and the combination of rate limiting
steps and radiation effects may lead to unacceptably large blanket tritium
inventory. The “STARFIRE" (6) design, for example, estimated a blanket
tritium inventory of 7.8 ~ 380 kg.

2. Circulating liquid Tithium(7) or L117Pb83.(5) The problems associated
with such a design include corrosion, corrosion product transport, MHD and
tritium confinement problems.

In the UWTOR-M blanket, we propose using a static volume of Liy7Pbg3
which is cooled by high pressure steam. High pressure steam is attractive due
to its larger volumetric specific heat in comparison to helium at the same
pressure so that pumping power required can be reduced by roughly half. The
Tow tritium solubility, and consequently the high tritium partial pressure,
will cause the tritium to diffuse through the HT-9 coolant tube walls to the
steam coolant. The tritium diffusing into the steam will be oxidized to the
form HTO. This coolant steam is circulated to a steam generator, but does not
itself drive a turbine. Since T is tied up in HTO, the tritium permeation
problem through the steam generator wall is very small. The tritium concen-
tration in the primary steam can be allowed to reach a high level because
total water inventory in the primary coolant is only 2000 kg. Conventional
techniques for recovering deuterium from water can then be used to recover the
tritium. A summary of the tritium permeation calculations is given in Table
IX.5-1. The blanket tritium parameters are listed in Table IX.5-2.

IX.5.3 Some Problems Associated With Steam Coolant

1. Tritium recovery. One of the main objections against using water as the
coolant in a DT fusion reactor is the problem associated with tritium

recovery from water. 1In a steam cooled system, the water inventory in the
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Table IX.5-1 T, Permeation Considerations

M= Pm x (time x area x P%/Z)/(tube thickness)
2

Pm = .5 mole T2 e mm/d - m2 . at:ml/2

M=8.3x10"° g/sec
Thickness = 1 mm
Area = 5.5 x 104 m2

The pressure required for tritium permeation to the coolant from Li,7Pbgs
is Py =2 x 1072 torr.

2

Since Sievert's constant is 0.05/wppm T/tor'lr'l/2 and total breeding

material inventory is 107 kg,

Tritium inventory = 72 g

Conclusion: Tritium diffusion toward the coolant appears feasible. The
blanket tritium inventory can go up by x 10. The tritium permeation

requirement can thus go down by x 10.
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Table IX.5-2 Primary Loop Tritium Summaries

Tritium inventory in Li;7Pbg3 12 g

Tritium partial pressure 2 x 102 torr
Tritium inventory in coolant 100 g

Tritium dissolved in blanket structure 4 g

Tritium concentration in blanket 6 wppb

Tritium concentration in coolant 50 wppm
Tritium loss from primary coolant loop < 10 curies/day
Total blanket system tritium inventory 176 g
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primary circuit is only 2000 kg. With such a small water inventory, the
tritium concentration can then be allowed to build up to a reasonably high
level. This should considerably simplify the tritium recovery problem.
One possible tritium recovery process is shown in Fig. IX.5-2. A
counter current liquid phase catalytic exchange process is used, in which
a fraction of tritium in water is transferred to a hydrogen stream. The
tritium in the hydrogen can then be recovered from a standard fractional
distillation process. The recovery fraction, (1-x), from the catalytic
exchange process, can be as Tow as 10%. The parameters of the tritium
recovery system are listed in Table IX.5-3.
Safety. The potential chemical reactivity between water and breeding
material is of major concern. However, by using Li;7Pbg3 as the breeding
material and steam as coolant, the safety problem is not too critical.
The blanket stored energy consists of thermal and chemical energy. Table
IX.5-4 compares the stored energy in UWTOR-M and STARFIRE.(6)  The stored
energy per GW is very comparable.
Effect of oxide coating on tritium diffusion. For a steam coolant
blanket, an oxide coating will develop on the inside surface of the
coolant tube. The oxide coating may provide a tritium diffusion barrier
as high as 500 times to that of the basic metal tube.(g) This will pre-
vent the tritium from diffusing into the coolant. However, a hydrogen
overpressure may be added to the steam circuit so that the steam will be
in a reducing environment. If 1 torr of hydrogen is added to the steam
the oxygen partial pressure will be reduced from 10™° torr to 10719 torr.
The effect of reduction of oxygen partial pressure on the formation of the

oxide coating has to be investigated.
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Table IX.5-3 Tritium Recovery Parameters

T concentration in H,0 to LPCE 300 appm (T/H,0)
Fraction recovery (1-x) 20%

Water feed rate to LPCE 830 g/sec

T concentration in exit Hy stream 30 appm (T/Hz)

T distribution factor 10

Hp feed rate to LPCE 20 g/sec

The main difficulty of designing an LPCE is to reach x » 0. For x = 0.8, the

system becomes much simpler.

Table IX.5-4 Energy Stored in Blanket

Li17Pbg3/Steam STARFIRE
Thermal 5.5 x 1010 J/6u 1.4 x 1011 g/6w
Chemical 4.9 x 109 J/cu ~ 0
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X. Neutronics

X.1. Introduction

The neutronics and photonics analysis of UWTOR-M was carried out using
one- and three-dimensional calculations. The main blanket features are pre-
sented in Section X.2. A primary goal of the optimization study of the
blanket and reflector discussed in Section X.3 is to achieve an overall triti-
um breeding ratio greater than one with the largest energy multiplication.

The shield configuration was optimized as discussed in Section X.4 to reduce
the radiation damage and heat loads on the superconducting magnet. Radiation
streaming calculations through the divertor slots and pumpout ports are given
in Section X.5. The biological shield required to surround the reactor is
treated briefly in Section X.6.

X.2. Basic Blanket Features

The blanket of UWTOR-M consists of three segments having different cross-
sectional areas as shown in the reactor vertical view of Fig. X.2-1. The
first wall follows exactly the triangular plasma shape which has an equivalent
radius of ~ 170 cm. The clearance between the first wall and the plasma
boundary has an average value of 17 cm.

The radial neutron source density distribution is shown in Fig. X.2-2.
This distribution can be approximated for the calculations by a uniform source
in a triangular zone at the center of the plasma where ~ 76% of the neutrons
are generated and another uniform source with lower density over the outer
zone of the plasma. The total neutron source rate is 1.52 x 1021 n/sec which
corresponds to a fusion power of 4297 MW (at 17.6 MeV/fusion). Some of these
source neutrons will stream through the three divertor slots which occupy ~ 5%

of the solid angle. A significant number of lower energy secondary neutrons
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that have been moderated in the blanket and reflector will also stream out
from the slots along with some gamma photons that are produced in neutron
interactions with different materials. Therefore, shielding materials are
used in the divertor regions to protect the vital components in the toroidal
hall against streaming radiation.

The blanket and its associated shield can be represented approximately by
the schematic shown in Fig. X.2-3. The material composition of the different
reactor zones is given in Table X.2-1. The blanket has an average thickness
of 115.4 c¢cm. The presence of the back structural ribs yields to an increase
in the structural content in the last 30 cm of the blanket. The lithium in
the Liy7Pbgs breeder(l) is enriched to 90% and only 9 v/o HT-9 is used to
achieve adequate breeding while meeting structural demands. A 20 cm thick
metallic reflector made of HT-9 was used in the initial calculations to
enhance the energy mu]tip]ication.(Z) A 50 cm thick shield was considered to
protect the superconducting magnet. In order to determine the overall tritium
breeding ratio (BR) and the energy multiplication (M), an initial calculation
was performed using the three-dimensional (3-D) Monte Carlo code MCNP.(3) The
nuclear cross section sets used are based on ENDF/B-V evaluation and the
problem was run on the MFE computer center at LLNL. The results for this
initial blanket design gave an overall tritium breeding ratio of 1.25 and an
energy multiplication of 1.115. This demonstrates the need for blanket and
reflector optimization to lower the breeding ratio and maximize the energy
multiplication.

X.3. Blanket and Reflector Optimization

The optimization study was carried out using the one-dimensional (1-D)

discrete ordinates code ONEDANT,(4) the standard Los Alamos coupled 30 neutron
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Table X.2-1. Material Composition

First Wall HT-9
Blanket I 82 v/o L117Pb83
9 v/o HT-9
9 v/o Steam
Blanket II 76 v/o L117Pb83
15 v/o0 HT-9
9 v/o Steam
Reflector 90 v/o Structure

10 v/o Steam

Shield-A 95 v/o Fe 1422
5 V/O Hzo

Shield-B 86 v/o B4C (87% d.f.)
10 v/o Fe 1422
4 v/o H20

Superconducting Magnet 71.7 v/o Cu
3.3 v/o NbTi

16.7 v/o Epoxy
8.3 v/o He

Divertor Target Shield 95 v/o Fe 1422
5 v/o Steam

Biological Shield 87 v/o Ordinary Concrete
8 v/o C 1020 Steel Reinforcement
5 v/o HZO
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and 12 gamma energy groups, and P3-Sg approximation, in cylindrical geometry.

The schematic shown in Fig. X.2-3 was modeled in the 1-D calculations.
Key results from these calculations are the local BR and M. These results are
intended only to give a quantitative feel for any change in the enrichment or
structural content on BR and M.

In order to lower the breeding ratio, the enrichment has to be decreased
and/or the structural content has to be increased. Several 1-D calculations
were carried out to determine the effects of 1ithium enrichment and the
structural content on BR and M. In the first set of calculations, the enrich-
ment was changed gradually from 90 to 20% for a 9 v/o structure. In the
second set of calculations, the structural content was increased from 9 to 16
and then to 21 v/o, and the corresponding volume percent of Li;7Pbg3 was re-
duced to 75 and 70 v/o, respectively. Also the enrichment was decreased for
each of the cases with different structural content from 90 to 20%.

A plot of the local BR versus M for the various cases is represented in
Fig. X.3-1. An inspection of this figure shows that decreasing the enrichment
results in decreasing the BR and increasing M. This is due to the fact that
reducing the bLj percentage in the Tithium gives more chance for neutrons to
be parasitically absorbed in the structural material rather than producing
tritium (a neutron parasitically absorbed releases ~ 7 MeV compared to 4.8 MeV
released in a 6Li(n,a)T reaction). Also, decreasing the enrichment results in
larger increases in M than does increasing the structural content. Further-
more, increasing the structural content results in an appreciable reduction in
BR since an amount of the breeding material is replaced by structure. Figure

X.3-1 reveals that the only way to increase M without having a drastic
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Figure X.3-1 Variation of tritium breeding ratio with energy multiplication
for different ®Li enrichment and structural contents.



reduction in BR is to lower the enrichment and keep the structural content to
its minimal value.

To increase the fraction of energy recovered from the reflector, its
thickness was doubled to intercept most of the neutron and gamma energies be-
fore leaking into the shield. In addition, the reflector structural material
was changed to the Tow activation steel Fe 1422 (14 w/o Mn, 2 w/o Ni, 2 w/o
Cr, and 82 w/o Fe): Since the manganese in Fe 1422 has a high (n,y) cross
section in the resonance range more nuclear heating will be produced in the
reflector. The effect of these changes is expected to be more pronounced in
the 3-D modeling of the blanket as more neutrons and gamma rays reach the
reflector penetrating through the thin blanket regions which surround the
divertor slots.

Preliminary 3-D calculations were performed using MCNP and results are
based on 5,000 histories yielding relative standard deviations of less than 2%
for the quantities of interest. A view emphasizing the blanket is shown in
Fig. X.3-2 which is an output from the plotting routine of MCNP. The
structural content in the blanket was kept at 9 v/o and the enrichment was
varied gradually between 20% and 40%. The effect the enrichment has on radi-
ation streaming is indicated in Fig. X.3-3. The high energy component of the
streaming neutrons contains all neutrons in the energy range from 13.5 to 14.1
MeV. This includes the primary as well as some slightly lower energy neutrons
which stream after colliding in the first few centimeters of the blanket. The
fraction of primary neutrons streaming is less than that indicated by the
solid angle fraction of the divertor slots (5%) because source neutrons are
distributed in the triangular plasma zone. A fraction of 5% would have been

obtained if all source neutrons were emitted at the plasma centerline.
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Figure X.3-3 Effect of 6Li enrichment on radiation streaming.
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The overall tritium production and total nuclear heating which are based
on 3-D calculations are, as anticipated, lower than the local values for the
following reasons:

1. Primary neutron streaming through the three divertor slots. These
neutrons carry 14.1 MeV energy and their number is proportional to the
solid angle occupied by the slots.

2. Streaming of the scattered neutrons and secondary gamma rays. This number
increases as the enrichment decreases because of the decreased blanket
attenuation as shown in Fig. X.3-3.

3. The thin blanket regions surrounding the divertor slots result in larger
neutron and gamma ray leakage to the reflector and bulk shield.

The 3-D results show that an enrichment of 35% gives an adequate overall
tritium breeding ratio of 1.08 and an energy multiplication of 1.153 (M is de-
fined as the nuclear heating in the first wall, blanket, reflector, and the
six divertor targets per 14.1 MeV source neutron). The region-wise details of
the tritium production and the energy deposition are given in Tables X.3-1 and
X.3-2, respectively. More than 98% of the breeding is contributed from 61
and, as expected, blanket I breeds most of the tritium. About 54% of the
total nuclear heating results from gamma heating. It is interesting to com-
pare the overall BR and M with the rather high local values of 1.44 and 1.295,
respectively. The difference is mainly due to the reasons pointed out
earlier.

The 1-D calculations provide some useful results for tritium, thermal
hydraulics, and material analyses. The tritium production and the power
density as a function of radius are shown in Fig. X.3-4 and Fig. X.3-5, re-

spectively, for the 35% enrichment. The peak power density is 22 W/cm3 and
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- Table X.3-1.

Blanket Tritium Production

Blanket I Blanket Il Total Tritium
Li-6 Li-7 Total Li-6 Li-7 Total Production
Segment 2-3% 0.358 | 4.964E-3 | 0.363 3.628E-2 | 2.114E-4 | 3.649E-2 0.400
Segment 1-3 0.289 | 4.453E-3 | 0.294 5.483E-2 | 3.470E-4 | 5.518E-2 0.349
Segment 1-2 0.279 | 4.348E-3 | 0.283 4,.758E-2 | 3.262E-4 | 4.791E-2 0.331
Total 0.926 | 1.377E-2 | 0.940 0.139 8.846E-4 | 0.140 1.080

*2-3 means segment between slot #2 and 3 (see Fig. X.3-2).
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Table X.3-2.

Nuclear Heating (MeV/fusion)

First Wall

Blanket I

Blanket I1I
Reflector

Shield”

6 Divertor Targetsf

Total Recoverable Energy

Neutron

0.057
6.408
0.826
0.088
0.351
0.122
7.501

Gamma

0.310
6.008
0.627
1.279
0.128
0.533
8.757

Total
0.367
12.416
1.453
1.367
0.479
0.655
16.258

*Made of a homogenized mixture of the optimized shield shown in Fig. X.4-5.

TSee Section X.5-2.
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falls rapidly into the blanket. The radiation damage rates as measured by the
displacement per atom (dpa) of iron per full power year (FPY), and the gas
production rates in atom parts per million (appm) in the structural material
are shown in Fig. X.3-6 as a function of position. It should be noted that
the threshold energies for helium and hydrogen production reactions are higher
than that for dpa. This results in a faster fall of the gas production rates
in the various regions.

X.4. Bulk Shield Optimization

Prior to the final 3-D calculation, several 1-D calculations were carried
out to determine the optimum shield composition which provides adequate pro-
tection for the superconducting magnets. The magnet radiation limits are set
by several criteria: deterioration of thermal and electrical superinsulators
such as mylar and epoxy with dose, the cryogenic heat load, and the resistivi-
ty increase in the copper stabilizer. Dose limits for mylar and epoxy are
taken as 1010 and 109 rad, respectively. These insulators must last for the
whole reactor lifetime estimated to be 24 FPY (based on 80% availability).

The superconducting magnet design requires that the resistivity of the OFHC Cu
stabilizer does not exceed 10~/ qcm. For Cu with a residual resistivity ratio
of 107, this corresponds to a maximum allowable displacements per atom of

1.6 x 10~4 dpa (Ref. 5). Once this value of dpa is reached, the magnet must
be annealed to ensure proper performance. Room temperature annealing is
estimated to remove ~ 80% of the radiation induced resistivity.(s)

The space available for both reflector and shield is 70 e¢m. Since the
reflector thickness was increased to 40 cm to enhance the energy multipli-
cation, only 30 cm is left for the shield. To start the optimization study, a

homogenized mixture of 65 v/o Fe 1422, 26 v/o B4C, 14 v/o Pb, and 5 v/o cool-
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ing water was considered for the shield. An attempt was made to heterogenize
the shield to efficiently utilize the shielding capability of these materials.
The steel layer, which is effective in slowing down the high energy neutrons,
is placed in front of the B4C layer, which moderates the neutrons further and
acts as a good absorber for low energy neutrons. A thin layer of lead is
placed at the back of the shield mainly to attenuate the generated gamma rays.
The arrangement of the various layers for the shield optimization study is
shown in Fig. X.4-1.

In the poloidal direction of the reactor, the position of the magnet
varies behind the blanket segments. Parts of the magnet that are behind the
middle of the segments are overprotected by the relatively thick blanket. The
worst radiation effects occur in portions of the magnet behind the 40 cm
diameter steam headers, shown in Fig. X.4-2, where only ~ 50 cm of blanket
thickness is available in the smallest blanket segment. To assess the peak
radiation damage in the magnet, the geometrical configuration at the steam
headers was modeled in the 1-D calculations.

The radiation dose in the mylar superinsulator in front of the magnet was
found to be the design driver for the shield as other magnet components are
further protected by the 25 cm structural case. A series of 1-D neutron and
gamma transport calculations were carried out in which the thicknesses of the
three shield layers were varied one at a time to determine the optimum shield
configuration. In the first set of calculations, the thickness of the lead
layer was varied with the thicknesses of shield-A relative to shield-B being
kept the same. Since lead is a good gamma absorber, reducing the lead thick-
ness results in an increase in the peak gamma dose in mylar as shown in Fig.

X.4-3. The corresponding decrease in neutron dose is mainly due to the in-
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creased thicknesses of shields A and B. These results indicate that 4.3 cm of
lead is required to minimize the total dose in mylar.

In the second set of calculations, the lead thickness was kept fixed at
4.3 cm, while the B4C layer was increased under the constraint that the total
shield thickness remains 30 cm. Figure X.4-4 reveals that a substantial
amount of B4C is required for radiation attenuation. This is due to the fact
that the energy spectrum behind the LiPb blanket and metallic reflector is
relatively soft and B4C is more suitable for attenuating such a spectrum than
steel. To satisfy the design criteria for mylar, the thickness of shield-B
was set at 20 cm which yields 8.757 x 10% rad in mylar after 24 FPY's, and the
optimum shield configuration is shown in Fig. X.4-5. Other data of interest
are the peak dpa in Cu stabilizer, the peak power density in the magnet, and
the peak dose in epoxy after 24 FPY's. These are 6.476 x 10~° dpa/FPY,
1.608 x 10-° W/cm3, and 4.163 x 108 rad, respectively. The dpa rate implies
that magnet annealing is not required during the whole reactor lifetime.

X.5. Radiation Streaming Calculations

Radiation streaming through divertor slots and pumpout ports has large
impact on the operation and maintenance of the reactor and its sensitive
equipments. The effectiveness of the bulk shield is reduced by the streaming
of radiation through the slots. Thus, the divertor region must also be
shielded.

Three-dimensional neutronics and photonics calculations were performed
using the MCNP code. The calculation procedure was divided into two parts by
modeling the geometrical configuration of the reactor in two separate

problems. The blanket and shield shown in Fig. X.3-2 is considered as one
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problem and the divertor targets and associated shield shown in Fig. X.5-1 is
the other.

X.5.1. Radiation Streaming Through Divertor Slots

Trapping surfaces were located at the entrance of the three divertor
slots of Fig. X.3-2. At these surfaces all particles entering the divertor
regions are counted according to angle and energy bins. This information was
then stored to serve as a surface source in later modeling of the divertor
region itself. 5,000 histories in a run were sampled isotropically from the
spatial variation of the source (shown in Fig. X.2-2) within the triangular
plasma zone. The relative standard deviations were less than 6% for the
quantities of interest.

The results show that for each D-T fusion event, the total neutrons and
gamma photons streaming through the three divertor slots are 0.214 and 0.024,
respectively, carrying a total energy of 0.723 MeV. The total power carried
by streaming radiation is 176 MW which represents 5% of the neutron fusion
power and fortunately most of it is recovered by the divertor targets as will
be shown later. Detailed results of particles crossing the different trapping
surfaces are given in Table X.5-1 on a per fusion and per second basis along
with the energy carried by streaming radiation. Tabulated results show that
the streaming radiation differs slightly for each slot depending on the size
of the blanket segment surrounding it. Also, 83% of the energy is carried by
the primary streaming neutrons.

The neutron and gamma energy spectra and their angular distributions
averaged over the three slots are shown in Figs. X.5-2 and X.5-3. The average

energies of the streaming neutrons and gamma photons are 3.229 and 1.332 MeV,
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respectively. The angular distributions peak at normal incidence and most
particles will go into the divertor targets.

X.5.2. Divertor Region Model

A run of 30,000 histories was performed for the divertor region problem
employing neutron and gamma surface sources at the entrance of 7.122 x 10-2
and 8.096 x 10-3 particles/fusion, respectively, as obtained from the previous
run. The purpose of the calculations was twofold: (a) to obtain information
about radiation exiting each pumpout port through the use of trapping
surfaces, and (b) to estimate the amount of energy recovered by the divertor
targets.

The divertor region was modeled for the Monte Carlo code MCNP and Fig.
X.5-1 is an output from its plotting routine. The pair of rotating divertor
targets are made of Fe 1422 steel, cooled with 10% steam by volume and covered
with several centimeters of graphite. Charged particles striking these tar-
gets are neutralized and scattered into zones from which they are pumped out
through the ports. The pumpout ports are appreciably off the direct line of
sight of the flowing particles from the divertor entrance. This is of import-
ance in reducing radiation streaming through the ports.

The numbers of particles streaming through ports #1 and 2 are given along
with the streaming energy in Table X.5-2. Energy spectra of neutrons and
gamma photons streaming through the two ports are provided in Figs. X.5-4 and
X.5-5. The results indicate that considerable attenuation and spectrum
softening result from neutron interactions with divertor targets. The average
energies of streaming neutrons through ports #1 and 2 which are 0.913 and
0.362 MeV, respectively, are significantly softer than the corresponding 3.229

MeV of the streaming neutrons at the entrance to the divertor region. The
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neutron spectrum at port #1 contains few high energy neutrons, as expected,
since the port is not directly in 1ine with the plasma neutrons. Also, most
of the neutrons can stream out of the port only through multiple scattering
collisions with the divertor targets that degrade their energies considerably.
These effects are more pronounced for streaming neutrons through port #2.
About 80% of the streaming gamma rays are from those generated in the divertor
targets resulting from parasitic neutron absorption in the steel. Their aver-
age energies are slightly smaller than those of gamma photons entering the
divertor region.

The total power carried by radiation streaming through all ports of the
three divertor regions is 6.12 MW representing only 0.178% of the neutron
fusion power. Most of the particles entering the divertor region deposit
their energy in the divertor targets as evidenced by the fact that the nuclear
heating per each pair of targets is 0.218 MeV/fusion of which 81% is gamma
heating. This corresponds to 91% of the energy carried by radiation streaming
into the divertor region from the reaction chamber.

X.6. Biological Shielding

The bulk shield is mainly used to reduce the radiation damage and heat
Toads in the superconducting magnets and associated components. A biological
shield usually made of concrete surrounds the toroidal reactor to reduce the
biological dose to levels below the allowable 2.5 mrem/h during reactor oper-
ation.

Due to the necessity of penetrations in the shield, radiation streaming
raises the dose levels. Comparison between the radiation current outside the
bulk shield and that at the pumpout port #1 shows that the latter is at least

factors of 50 and 100 higher for neutrons and gamma rays, respectively. On
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this basis, the information obtained from the divertor model described in the
previous section was used to define a plane source for the subsequent 1-D
calculations to estimate the required concrete shield thickness.

The peak biological dose rate occurs at parts outside the inboard con-
Crete shield closest to the divertor region. A 3.1 m thick biological shield
was found to result in an acceptable dose of 2.35 mrem/h in the toroidal
service hall during reactor operation.

X.7. Conclusion

The effects of radiation streaming through the divertor slots and pumpout
ports have been evaluated using the 3-D Monte Carlo code MCNP. Although 21%
of the source neutrons stream through the divertor slots, a tritium breeding
ratio of 1.08 and energy multiplication of 1.153 were achieved using 35%
enriched Tithium in the Liy;Pbgs breeder. The blanket and refiector were
optimized to enhance the energy multiplication. The bulk shield composition
was optimized to reduce the radiation damage and heat loads in the super-
conducting magnets. This results in an acceptable dose in mylar and epoxy
insulators after the estimated 24 FPY's reactor lifetime. In addition, no
magnet annealing is required during the reactor 1lifetime.

Only 20% of the radiation streaming through the divertor slots is primary
neutrons and they carry 83% of the streaming energy. Considerable attenuation
and spectrum softening result from neutron interactions with divertor targets
which, as a result, recover 91% of the energy streaming into the divertor
regions. A 3.1 m thick concrete shield is required to maintain an acceptable

biological dose during operation in the toroidal service hall.
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XI. Materials

XI.1 Introduction

There are 5 main\¢1asses of materials in the UWTOR-M reactor that must be

considered with respect to radiation damage from neutrons:

1. Blanket Structure (HT-9)

2. Reflector Structure (Fe 1422)

3. Shield (Fe 1422, Pb, B4C)

4. Divertor Drum Liner (C)

5. Suberconducting Magnet Materials (Cu, NbTi, Polyimide)

We will first describe the environment in which these materials must operate
and this will be followed by the anticipated response of these materials to
neutron damage. Surface effects for the divertor drums are given in Chapter
VIII.

Some non-nuclear materials aspects of UWTOR-M will be addressed in the
latter part of this chapter. Corrosion of HT-9 in Pb-Li alloys will be dis-
cussed and an inventory of materials required for UWTOR-M operation will be
included.

XI.2 Neutron Environment

XI.2.1 Displacement Damage

XI.2.1.1 Steel Structure

The overall descriptions and neutronic analysis of the blanket and shield
regions are given in Chapter IX. We repeat here the schematic representation
of the blanket region (Fig. XI.2-1) and identify the critical locations for
damage considerations. It can be seen from Fig. XI.2-1 that there are four
main points to be concerned about for the various blanket-reflector-shield

configurations. Point A represents the region where the highest neutron wall
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loading will occur in the first wall. Point B is the point at which the maxi-
mum displacement damage occurs down the divertor slot. Note that this region

is more vulnerable than that immediately behind the blanket region. Similar-

1y, point C represents the maximum damage level in the shield region. Final-

ly, point D is the position of maximum neutron damage to the Cu stabilizer and
NbTi superconductor.

More quantitative numbers can be obtained for Point A from a 1-D calcu-
lation of the displacement damage as one proceeds midway through the blanket,
reflector and shield region (line Aa). Figure XI.2-2 gives the radial damage
profile and there are three important conclusions that can be drawn:

i) The maximum dpa rate in the first wall is 53 dpa/FPY. (This corresponds
to~5 Mw-y/m2 of displacement damage per FPY.)

ii) The damage rate quickly falls to 0.02 dpa/FPY at the front of the
Blanket II region, and to 0.004 dpa/FPY at the beginning of the reflec-
tor region.

iii) The maximum damage rate in the shield is 107% dpa/FPY.

However, the maximum damage values in the reflector and shield regions along
the divertor slots are 17.3 dpa/FPY (position B) and 0.44 dpa/FPY (position
C). These lower damage rates in the reflector and shield (as compared to the
first wall) are still very high considering the much lower temperatures in
these regions.

XI.2.1.2 Graphite in Divertor Drum

The neutrons which stream down the divertor slots can do substantial
damage to the graphite on the divertor drum. (The surface effects and erosion
of the graphite are covered in Chapter VIII.) Three-dimensional calculations

reveal that the damage in the drums varies between the left drum (see Fig.
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X.5-1) and the right drum. It was found that, accounting for the rotation of
the drums, the maximum damage rate in the left drum is 1.4 dpa/FPY and in the
right drum it is 2.1 dpa/FPY.

XI1.2.1.3 Copper Stabilizer Material

The displacement damage rate in the stabilizer and superconductor immedi-
ately behind the shield at point D has also been calculated. We find that the
maximum damage rate is 6.5 x 1076 dpa/FPY in the Cu (and approximately the
same in the NbTi). The peak dose to the epoxy insluators from both gammas and
neutrons is ~ 8 x 10° Rads/FPY.

X1.2.1.4 Summary

We have shown in Fig. XI.2-3 the damage-temperature relationship for the
materials of interest in UWTOR-M. The damage rate is normalized to 1 FPY and
one can get a feeling for the total damage by multiplying the numbers in Fig.
XI.2-3 by 24 FPY's,

XI.2.2 Gas Production Rates

X1.2.2.1 Structural Steels

Since the most important gas production rates apply to helium, we will
only quote those values in this chapter. The reason that helium production is
so important has to do with the embrittlement of metals and alloys at high
temperatures (i.e., greater than 0.4 of the absolute melting point) when the
concentration exceeds a few ppm. Therefore the helium production is of most
importance in the blanket regions and perhaps parts of the reflector.

Figure XI.2-2 shows how the gas production varies along the line Aa in
Fig. XI.2-1. The peak helium production rate is 341 appm/FPY and this drops

to ~ 107° appm/FPY at the beginning of the reflector. The maximum helium
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production in the Fe 1422 of the reflector along the divertor slot is 129
appm/FPY (position B) and that for the shield is 0.21 appm/FPY (position C).

XI.2.2.2 Graphite on Divertor Drum

The helium production rate in the rotating graphite divertor drums is
13.9 appm/FPY on the left target and 23.0 appm/FPY on the right target. These
values correspond to the surface and would be substantially smaller as one
examines the region below the surface.

XI.2.2.3 Magnet Materials

We will not consider the production of helium in the magnet materials
(steel, Cu, or NbTi) because there has not been any evidence that helium can
affect mechanical properties at such low temperatures.

XI.3 Anticipated Effects of Neutron Irradiation on UWTOR-M Structural

Materials

XI.3.1 Ferritic Steel Components

Ferritic steels, such as HT-9, have been the subject of extensive neutron
irradiation studies over the past few years. Unfortunately not all of the
work has been released at this time and the highest neutron exposure for which
data is available is ~ 75 dpa at 500°C (this corresponds to ~ 6 Mw-y/mz). We
can see from Fig. XI.3-1 that even at this damage level the neutron induced
swelling is less than 1%.

In order to extrapolate this data to higher exposures we need to know
whether or not we have passed the incubation stage for the nucleation of voids
in HT-9. Once the incubation stage is passed in austenitic steels, scientists
at HEDL (F. Garner et a1.(1)) have shown that the austenitic steels swell at
the rate of ~ 10% per Mw-y/mz. In contrast to that high swelling rate, ion

bombardment experiments on ferritic steels show that the swelling rate, after
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the incubation period, is ~ 1% per Mw-y/m2 at 550°C. If this is also true of
the neutron irradiated material at 500°C, then we would not anticipate a 5%
swelling value until ~ 10 Mw-y/mz. Until further data is released we will use
that as a design 1imit for the first wall materials.

The second area of concern for UWNTOR-M is the increase in the ductile to
brittle transition temperature (DBTT) of the HT-9. While it is difficult to
obtain clear data on this property (because of the lower 1imit of irradiation
temperature in most fast fission test reactors) Ghoniem(2) has tried to

predict this DBTT shift with the following expression:

4
1.87 x 10 aT - 350) (dpa)l/z]}

ADBTT = g {1 - exp[-(—5——

where: T = irradiation temperature in °C,

ADBTT

shift in °C.
This equation predicts the following DBTT shift at points A and B in Fig.
XI.2-1 (assume that the initial DBTT = 0°C):

A B

Operating Temperature, °C 450 330

ADBTT, °C - 0.1 MW-y/m2 85 193
-1 Md-y/m? 88 203
- 10 MW-y/m? 88 203

We can see from the data above that:
a) The shift in the DBTT is less at the higher temperature (Point A) than at

the lower temperature (Point B).
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b) The absolute shift of ~ 200°C is still below the melting temperature of
254°C for PbgaLiy7.
The third area of concern is the creep-rupture 1ife of the HT-9 blanket

structure. Again, Ghoniem(2) has proposed the following design equation for

HT-9,
t = exp[K(T) +M(T)]
R _IMCTT]
where: K(T) = Ay + A T + A3T2
M(T) = By + Bp/T + B3/T?
T = °K
Ay = 4.35
Ay = A3 =0
By = -367.277

B, = 5.573 x 10°
-2.024 x 108

(we)
w
1]

o = ksi = 15 x design stress
tp = hours.
The maximum allowable design stress for 3 full power years (2.6 x 104 hr)
at 550°C is 15 ksi (~ 104 MPa). In fact, if the design stress was below 11.3
ksi (~ 80 MPa) the stress rupture life would exceed 30 years at the maximum
UWTOR-M temperature. Since the maximum thermal and load stresses are less
than ~ 5 ksi, we conclude that the stress rupture life is not a limiting

feature of the UWTOR-M blanket.
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Fig. XI.3-2

Incubation parameter vs. temperature for Core 1 steel using a three parameter

model (R and a constant).(3)
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XI.3.2 Radiation Damage in the Austenitic Reflector Material

The area of most concern here is the swelling of the Fe-1422 at point B
in Fig. XI.2-1. The damage level at this point is 17.3 dpa/FPY and the maxi-
mum temperature is ~ 300°C. The damage rate is severe but the operating
temperature may be low enough to suppress the nucleation and growth of voids.
Since there is no specific irradiation data on Fe-1422, we can only infer the
Tevel of swelling for this alloy from other austenitic systems. Makenas et
a1.(3) have studied the incubation dose as a function of irradiation tempera-
ture. They show (Fig. XI.3-2) that at 350°C the incubation dose is greater
than 25 x 1022 ncm=2 (~ 125 dpa). At 300°C the incubation dose may be even
greater than 200 dpa which indicates that we could achieve ~ 10 FPY of irradi-
ation before the swelling might begin in position B at 300°C. The swelling
could be suppressed even more if we lowered the temperature another 25 to
50°C. Therefore we feel it is reasonable to expect ~ 20 FPY of operation

before serious swelling would require replacement of the reflector.

References for Section XI.3

1. F. Garner, HEDL, to be published.
2. N. Ghoniem, UCLA, to be published.

3. B.J. Makenas, J.F. Bates, and J.W. Jost, p. 17 in Effects of Radiation on
Materials, Special Tech. Publ., 782, ASTM, PhiladeTphia, 1982.

XI.4 Corrosion of HT-9 by Pb-Li Alloys

There is a scarcity of corrosion data concerning Li;7Pbg3 and structural

materials like HT-9. The only available data is for a static system,(l) as
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shown in Fig. XI.4-1. Two conclusions can be drawn from the experimental

results.

1. The static corrosion rate of HT-9 by L117Pb83 is one order of magnitude
Tess than the allowable corrosion 1imit set by J. DeVan.(z)

2. The static corrosion rate is only weakly dependent on temperature between
300 and 500°C.

It is important to remember that the Li;7Pbgz in the UWTOR-M blanket is
not circulated as the coolant. Although there are temperature gradients in
the blanket, consequences of natural convection should be small due to the MHD
effects. Therefore, static data should be applicable in this case. Prelimi-
nary results as shown in Fig. XI.4-1 shows that effect of corrosion is small.

The corrosion mechanism in Pb will probably resemble the corrosion of
Li17Pbg3z because of the small Li concentration (0.7% by weight). Therefore,
observations of Pb corrosion in steel will provide some indication of
Li17Pbg3/steel compatibility. The corrosion by liquid lead is primarily due
to straightforward solution. In commenting upon such corrosion, it is
essential to be specific not only with respect to temperature, but also to
temperature gradient, coolant velocity and coolant impurity level. At 1000°C,
rapid intergranular attack of various steels has been reported,(3) but only a
slight attack on 304 SS was found in another study.(4)

At temperatures around 600°C, however, the alloys are far more corrosion

resistant as the following table shows: {5)
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Exposure Calculated Corrosion Rate

Alloy Max T°C AT®C hr mits/yr
ASTM Al06 573 111 5064 12
Croloy 2-1/4 593 111 5156 10
410 SS 655 167 1346 15

For comparison, corrosion of 316 SS by lithium at 600°C is estimated to be 23

mi1s/yr.(6)

If the temperature is reduced to 400°C, 304 SS showed no attack
at all after 500 h.(7) On the basis of these data, we conclude that at
temperatures below 500°C, dissolution attack by lead will probably be reason-
ably slow even for stainless steels in pure lead.

Since nickel and nickel base alloys are much more soluble than iron, it
is not surprising that the austenitic stainless steels with their higher
nickel content are somewhat more easily corroded. Chromium also has a higher
solubility than iron, but it is lower than for nickel. At 600°C, the solu-
bility of iron in Pb was reported(s) to be only 2.3 x 104 wt.%, while for
nickel at 635°C(9) the solubility was 0.85 wt.%. For this reason we would
favor the use of stainless iron alloys (ferritic or martensitic) rather than
the higher nickel austenitic alloys.

Finally, it is noted that little effort has yet been extended to further
reduce the corrosion rate by inhibiting techniques. Addition of trace amounts
of Zr and Mg have been shown(lo’ll) to provide complete protection of a 2-1/4
croloy alloy over three years with temperatures up to 550°C in spite of strong

thermal gradients in the test loop.
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It can be concluded that there are reasonable grounds for optimism for
the use of steels as structural materials in liquid lead (and hence PbLi) up
to 500°C. This initial conclusion, however, should not be used as an argument
to neglect corrosion studies for these systems. The data we have used, while
they are encouraging, are far from definitive and it is important to conduct
simple coupon tests to validate the alloys proposed for first wall materials

in 1iquid lead 1ithium alloys.

References for Section XI.4

1. J. DeVan, "Compatibility of Structural Materials with Fusion Reactor
Coolant and Breeder Fluid."

2. P. Tortorelli and J. DeVan, "Compatibility of S.S. with Pb-17 at % Li."

3. W.D. Wilkinson, E.W. Hoyt and H.V. Rhude, "Attack on Materials by Lead at
1000°C," USAEC Report ANL-5449 (Oct. 1955).

4. R. Parkman and 0.C. Cutler, "Investigation of Materials for Use in a Heat
Transfer Loop Containing Liquid Lead Alloys," Report XII, USAEC Report
OR0-45 (June 1951).

5. G.M. Tolson and A. Taboda, "A Study of Lead and Lead Salt Corrosion in
Thermal-Convection Loops," USAEC Report ORNL-TM-1437 (April 1966).

6. W.N. Gill et al., "Mass Transfer in Liquid-Lithium Systems," AIChE J. 6,
139 (1960).

7. J.H. Frye, W.D. Manly and J.E. Cunningham, "Metallurgy Division Annual
Progress Report for Period Ending September 1, 1959," USAEC Report ORNL-
2839 (Dec. 16, 1959).

8. J.R. Weeks, NASA Special Publication SP-41 (1963).

9. M. Hanson, "Constitution of Binary Alloys," McGraw-Hi1l (1958).

10. R.C. Asher, D. Davids and S.A. Beetham, "Some Observation on the Compati-
bility of Structural Materials with Molten Lead," Corrosion Science 17,
545 (1977).

11. A.J. Romano, C.J. Klamut and D.H. Gurinski, "The Investigation of Con-

tainer Materials for Bi and Pb Alloys, Part 1, Thermal Convection Loops,"
USAEC Report BNL-811 (July 1963).
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XI.5 Materials Inventory for UWTOR-M

A materials inventory has been tabulated for both nuclear island and the
balance of plant. Table XI.5-1 gives the materials in the nuclear island both
in the elemental breakdown and as an aggregate. Table XI.5-2 does the same

thing for the balance of plant.
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XII. Tritium Systems

XII.1 Overview

The tritium systems in UWTOR-M are designed to purify and recycle the
tritium and deuterium fuel for the reactor. Tritium production and recovery
from the blanket are discussed in Chapter IX. The tritium systems are
patterned after information available from the Tritium Systems Test Assembly
at Los Alamos National Laboratory.

The UWTOR-M reactor is fueled by injection of 14.9 kg-T/d and 9.71 kg-D/d
as cryogenic DT pellets. The inventory in the pellet injection system is 23 g.
The reactor produces 4300 MW of fusion power by burning 0.656 kg-T/d and 0.437
kg-D/d which corresponds to a tritium and deuterium burn fraction of 4.40% and
4.50%, respectively. The exhaust gases exit through divertor slots, strike
rotating graphite targets and scatter into the evacuated reactor building.

The exhaust and impurity gases are pumped by cryopumps and the tritium inven-
tory in the pumps is 1.2 kg for a 2 hr on-line time. Helium ash (0.875 kg/d)
is separated from the fuel during regeneration of the cryopumps.

The graphite divertor targets are operated under conditions where hydro-
carbon production is minimal, although physical sputtering of graphite is
anticipated. Other impurities in the exhaust will include hydrogen, which
permeates from the steam cooling tubes, xenon, which is added to the plasma
and oxygen and nitrogen, which outgas at low levels from construction materi-
als. These impurities are separated from the hydrogen isotope stream by the
fuel cleanup unit (FCU). This unit consists of molecular sieve beds at 75°K
which condense impurities. The inventory on the sieve beds is estimated as
120 g for a 12 hr operation cycle. The beds are regenerated by heating and

the impurities then pass through an oxidizing unit which forms HTO and tritium
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free compounds. The HTO is electrolyzed and the hydrogen isotopes are sent to
the Isotopic Separation System (ISS).

The ISS consists of a 2 column unit with one equilibration cell. It pro-
duces a waste hydrogen stream with less than 1 Ci/d vented to the atmosphere
and a purified DT fuel stream. The tritium inventory in the columns is esti-
mated as 270 g.

The total estimated inventory in the fuel recycling system is 1.6 kg of
tritium. There is also a 1 day fuel supply of 14.9 kg of tritium kept in
storage on uranium beds.

The reactor building serves as a primary containment vessel and must be

designed to maintain a tritium release rate of < 10 Ci/d.
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XI1.2 Fueling and Exhaust System

UWTOR-M is a steady state stellarator reactor which produces 4300 MW of
fusion power. The reactor is fueled by DT pellet injection. The tritium and
deuterium burn fractions are 4.40% and 4.50%, respectively. The fueling and
exhaust parameters are Tisted in Table XII.2-1. Heating is accomplished with
the use of about 100 MW of ICRH power and no neutral beams are used during
steady state operation. Several start-up scenarios with and without the use
of deuterium neutral beams have been considered. The design of a fuel
handling system adapted for conditions particular to a neutral beam start-up
scenario has not been addressed. The fuel processing system described is
designed for steady state operation.

The exhaust gases and impurities exit the reactor through divertor slots.
Rotating graphite drums are used as divertor targets. The charged particles
striking the divertor targets are neutralized and scatter into an evacuated
reactor building which surrounds the stellarator. The gases are pumped by a
system of compound cryopumps with turbomolecular backing pumps located in
pumping stations placed at strategic points in the reactor building. The
gases are then sent to the tritium facility for reprocessing.

XII.2.1 Fueling

The reactor is fueled by injection of cryogenic pellets with a deuterium:
tritium mole ratio of 1:1.03. Pellets are injected at a frequency of 35 every
ten seconds and a velocity on the order of 10 km/s is required. The pellet
radius is 4.2 mm and each pellet contains 82 mg of DT fuel which corresponds
to 10% of the particles that are in the plasma.

A pellet injection system capable of obtaining the high velocity required

has not been developed at this time. Pneumatic and centrifugal fuel injectors
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Table XII.2-1. Fueling and Exhaust Parameters

Tritium Deuterium Helium
Fraction Burned (%) 4.40 4.50 _—
Fuel Injected (kg/d) 14.9 9.91 -
Fuel Burned (kg/d) 0.656 0.437 _—
Ash Produced (kg/d) ——— _— 0.875
Exhaust Pumped (kg/d) 14.2 9.27 0.875

XII-4



have been developed for injection velocities on the order of 1 km/s. Laser
injection systems may be capable of producing higher velocities. Further
development of pellet injection systems is needed.

Two different types of pellet sources have been studied. Droplet gener-
ators form spherical pellets by applying a perturbation of a given frequency
to a jet of 1iquid fuel. The liquid drops are solidified by keeping the
pressure in the droplet chamber below the triple point of the fuel mixture.(l)
The other pellet production method is an extrusion technique where the frozen
fuel mixture is forced through an orifice and the resulting rod is cut with a
heated wire into cylindrical pe]]ets.(2’3)

Both production systems are capable of producing pellets rapidly. For
example, hydrogen spheres > 200 um have been produced at a rate of 105/5 using
a droplet generator.(4) After the pellet is produced, it is analyzed for mass
and size, transported to the injector, loaded and fired. Each step in this
process would be automized and would require on the order of seconds for com-
pletion. Since each step is considered to be rapid, there is no rate control-
1ing step and the inventory can be related to the total time of the process.
If a process time of two minutes is assumed and the process is 90% efficient,
then ~ 470 pellets would have to be made in this time period in order to in-
ject the pellets at a rate of 3.5 per sec. The tritium inventory would be
23 g. To minimize tritium handling, development of a continuous process that
produces and injects pellets rapidly and efficiently is required. Pellet
systems are expected to be enclosed in a secondary containment structure to

prevent leakage.
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XII.2.2 Reactor Exhaust

The reactor exhaust consists mainly of the unburned deuterium and tritium
fuel and the helium ash as shown in Table XII.2-1. Impurities will also be
present. Xenon is an impurity which is added to the plasma to provide some
added power loss by radiation. The density of xenon in the plasma is
3.27 x 1010 atoms/cmS which is 0.021% of the plasma density. The xenon
exhaust rate is 0.021% of the total plasma exhaust rate of 6.7 x 1022 atoms/s.
This corresponds to an impurity flow of 1.4 x 1019 Xe atoms/s or 2.0 mol Xe/d.
Hydrogen will be present as a result of nuclear reactions, outgassing from ma-
terials and permeation from the steam used to cool the blanket modules. The
hydrogen permeation rate through 2 mm thick HT-9 tubing at 450°C is 1.4 x 10-2
mo1l H2-d'1torr'1/2m'2.(5) For a tube area of 2.2 x 103 m and Ho pressure of
0.1 torr the hydrogen impurity flow rate is 10 mol Hp/d or 20 mol HD,HT/d
which enters the exhaust system.

Other impurities such as oxygen, nitrogen and carbon are also expected to
be present. A 1ist of impurities that are anticipated for fusion reactors is
given in Table XII.2-2. This level of impurities will be used in testing the
fuel recycling system in the Tritium Systems Test Assembly (TSTA).(6) The
graphite divertor targets may increase the amount of tritiated hydrocarbon
impurities. This is discussed below.

XI11.2.2.1 Graphite Divertor Targets

The graphite drums used as divertor targets (Chapter VIII) will be oper-

ating under the following conditions:

D(T) ion flux 6.5 x 101° atoms-cm™2s~1
Average ion energy 9 keV
Graphite temperature 1400°C (1673°K)

XII-6



Table XII.2-2. Maximum Inlet Quantities for TSTA Fuel Cleanup Unit

Component

Q; (= Dy + DT + Tp)

HQ (= HD + HT)

C (= CQq + CO)

0 (= Q20 + CO + NO + 1/2 0p)
N (= NQ3 + NO + 1/2 N,)

Ar

TOTAL FLOW

*Q = any mix of D and T atoms

Principal species underlined

XII-7

Ratio to

(Do + DT + To)

1.0
0.02
0.001
0.005
0.001
0.05

Mols/Day

356.4
7.20
0.36
1.80
0.36

18.00

384.12



There have been numerous studies on the interactions of graphite and hydrogen
and several reviews have been written summarizing the data.(7-9) Key studies
relating to the chemical erosion of graphite under conditions similar to the
UWTOR divertor targets are mentioned here. The bulk of the studies on hydro-
gen bombardment of graphite have been done in the temperature range 25°C -
1000°C. There are three studies which have been done at temperatures greater
than 1000°C.

One of the studies used a thermal atomic hydrogen beam (~ 0.2 eV) and ob-
served acetylene as the primary product at temperatures greater than 1000°C.(10)
At 1400°C they report the CoHy reaction probability to be 2 x 1073 for graph-
ite composed of edge sites (prism plane) and 6 x 104 for basal plane graphite
samples. For high energy ion beams (~ 10 keV), the ions can penetrate the
graphite as deep as 103 a.(11) At this depth all of the valence bonds of a
carbon atom are occupied and formation of hydrocarbons is less likely to occur
than for thermal hydrogen atoms which interact primarily on the surface.
Therefore, this study using low energy hydrogen is not applicable to the UWTOR
divertor targets which will experience an ion flux with an average energy of
9 keV.

The two other high temperature studies have used high energy incident
beams. Busharov et al.(11) observed sputtering of 3 x 10-2 atoms/ion with
10 kev H' fons at 1400°C and an average flux of 1.9 x 1015 atoms-cm2s-1. The
results of this study are shown in Fig. XII.2-1. The sputtering peak for
10 keV ions occurs between 150-750°C and is due mainly to the formation of
methane. At temperatures greater than 1100°C physical sputtering is dominant

and no hydrocarbon production was reported.
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The third study by Roth et a1.(12) used 0.4 to 7 keV ions between room
temperature and 2000°K. Both weight loss measurements and residual gas anal-
ysis were applied to determine chemical sputtering and reaction products. At
temperatures around 630°C (~ 900°K) an erosion peak corresponding to methane
production is observed in general agreement with Busharov's data. At tempera-
tures above 830°C (~ 1100°K) erosion occurred due to graphite sputtering and
again no hydrocarbon formation was observed. The data is illustrated in Fig.
XI1.2-2. For 10 keV deuterium ions at 1527°C (1800°K) with a current density
of 10° D cm'zs'l, the sputtering yield is 0.13 atoms/ion. This value was
shown to be dependent on ion mass and independent of ion flux and angle of
incidence.

The conclusion from these studies indicates that at the temperatures and
ion energies expected for the graphite divertor targets, sputtering on the
order of 0.1 atom/ion will consist of graphite particles and hydrocarbon for-
mation is expected to be small. The hydrocarbon impurities produced by the
interactions of the fuel exhaust and graphite are expected to scale with the
estimates for the TSTA fuel cleanup design. Synergistic effects of simultane-
ous ion and electron bombardment for high energy ions have yet to be investi-
gated.(g)

XI11.2.2.2 Vacuum System

The fuel exhaust enters the evacuated reactor building and is pumped by
compound cryopumps located in stations around the reactor building. Sepa-
ration of hydrogen from helium can be accomplished at this step by first
regenerating the helium panel, and then the cryocondensation panel is warmed
to remove hydrogen isotopes from the pump.(13) This pumping system is being

tested by TSTA. If hydrogen/helium separation is not accomplished at this
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step a falling film He/hydrogen isotope separator(14) may be required. The

on-line time for the pumps is 2 hours and the tritium inventory tied up in the

vacuum pumps is 1.2 kg.
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XII.3 Fuel Purification and Storage

The reactor exhaust is pumped and transferred to the tritium facility.
It then passes first through a fuel cleanup unit (FCU) which removes nonhydro-
gen isotope impurities, followed by the isotopic separation system (ISS) which
purifies the DT fuel. The DT fuel is mixed in the appropriate composition and
the pellets are then produced and injected. Tritium that is bred in the
blanket is purified in a separate system which is discussed in Chapter IX.
The purified blanket tritium can re-enter the fuel cycle in the fuel blending
process. The tritium building will also contain facilities for tritium and
deuterium storage and a tritiated waste treatment unit (TWT). Tritium that is
accidentally released into the reactor building or tritium facility would be
recovered by an emergency atmospheric tritium recovery system (ETR). This
unit would also be used to scrub tritium from the reactor building if an air
leakage into the building should occur.

The tritium systems for UWTOR-M are patterned after the Tritium Systems
Test Assembly, TSTA.(1'3) This facility is expected to have demonstrated the
technology required for the tritium purification and containment in a fusion
reactor by 1990. The tritium inventory in the fuel processing system for
UWTOR-M is summarized in Table XII.3-1.
XII.3.1 Fuel Cleanup

The fuel cleanup unit (FCU) serves to purify the hydrogen isotopes from
tritiated water, hydrocarbons, xenon, nitrogen compounds or any other impuri-
ties that would condense at the liquid hydrogen temperatures employed in the
isotope separation system (ISS). Impurity levels must be maintained below

1 ppm (except for He) to ensure safe, long-term operation of the ISS.(3)
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Table XII.3-1. Summary of Tritium Inventories in

Fuel Processing Systems for UWTOR-M

Subtotals (kg):

Pellet Injector 0.023
Cryopumps 1.2
Fuel Cleanup 0.120
Distillation Columns 0.270
Fuel and Exhaust Systems Total (kg): 1.6
Storage (1 Day Fuel Supply) (kg): 14.9
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The tritiated water and ammonia are condensed out of the hydrogen isotope
stream, after which the low melting impurities are separated from the hydrogen
molecules by adsorption on molecular sieve beds at 75°K. Tritium impurities
are recovered by periodic regeneration of the adsorption beds by heating.
These impurities are catalytically oxidized to form tritiated water and triti-
um free compounds. The water is condensed and eletrolyzed to recover the
tritium.(l) The xenon impurity (boiling point = 165°K, melting point = 161°K)
will essentially follow the same path as COp impurities (sublimation point =
195°K) and should not complicate the fuel cleanup process.

The present TSTA process will test two purification systems; the cryo-
genic molecular sieves discussed above and hot uranium metal beds which react
with C, N and 0 impurities forming stable uranium compounds with these ele-
ments.(3) The cryogenic process is felt to be superior as it operates at low
temperatures and since the beds are regenerable, solid wastes are minimized.
The uranium beds operating at 1140°K create permeation problems and replace-
ment of the poisoned uranium beds is costly. At present, a reliable electroly-
sis cell necessary for the cryogenic based FCU has not been developed. It is
anticipated that such a cell will be available for a commercial fusion reactor.

The tritium inventory in the FCU is estimated from the anticipated flow
of tritium impurities listed in Table XII.3-2. The C, N and O impurity levels
are derived by scaling the anticipated impurity levels for TSTA (Table XII.2-
2) with the DT flow rate. The maximum flow rate of condensible tritium com-
pounds is estimated assuming the C, N and O compounds are saturated with
tritium. The impurity flow rate is 81 mol-T/d and if the adsorption beds are
regenerated every 12 hours, the tritium inventory is 120 g. The inventory

associated with the oxidizing unit is assumed to be small and the inventory in
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Table XII.3-2.

Tritium and Impurity Flow Rates in

UWTOR-M Reactor Exhaust

Species

*

QZ (Dz, DT, T2)

HQ (HD, HT)

C (CQq, CO)

0 (Q,0, CO, NO, 1/2 05)
N (NQ3, NO, 1/2 Ny)

Xe

*Q = any mix of D and T atoms.

X1I-17

Flow Rate (mol/d)

4700
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24.
4.7
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the electrolysis cell is unknown. Increased impurity levels would impact the
inventory. A tritiated hydrocarbon production larger than anticipated from
the graphite divertor would create more condensible tritium compounds. Triti-
um which interacts with oxygen impurities present in the reactor building will
form HTO. This effect must be minimized to control the amount of HTO that is
condensed in the FCU and to reduce the concentration of the more toxic oxide
form of tritium in the reactor building atmosphere. If necessary the FCU
could be modified to handle increased loads of HTO and tritiated hydrocarbons.
Larger molecular sieve beds would be required to absorb more impurities and
more frequent regenerations would be used to reduce tritium inventories.

X1I.3.2 Isotopic Separation System

The percentages of the hydrogen isotopes which enter the ISS are 50.5% T,
49.3% D and 0.214% H. The primary goals of the separation system are to re-
move hydrogen impurites from the fuel stream, to form a hydrogen waste stream
containing < 1 Ci/d and to produce the fuel mixture with the appropriate DT
ratio. This can be accomplished by a system of 2 cryogenic distillation
columns and one equilibrator as illustrated in Fig. XII.3-1. Column I
achieves a high deuterium:tritium separation. The deuterium rich stream at
the top of Column I is sent to an equilibrator to convert HT species primarily
to HD. Column II separates the H,, HD components from the DT stream which
exits at the bottom of Column II. The design of the columns is based on those

(2,4) The inventory in the distillation unit is estimated

in the literature.
as 270 g.

XII.3.3 Storage

A certain quantity of tritium must be maintained in storage in the event

of a temporary malfunction of any of the tritium handling equipment, such as
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XII-19



the fuel cleanup unit, the isotope separation system or the blanket tritium
extraction system. This tritium should be in a purified state with only a
minimal time required to release it from storage and bring it to the cryogenic
temperatures of the pellet maker.

The tritium is stored on uranium beds in UWTOR-M. A problem exists with
the formation of helium-3 if the tritium is stored for extended periods of
time(5) and a falling film T,/He separator(l) may be required to remove helium
from the tritium before insertion into the reactor chamber. Tritium equiva-
Tent to one day's pellet injection rate (14.9 kg) is stored on the uranium
beds.

XII1.3.4 Containment Systems

The UWTOR reactor building serves as a primary containment structure.
The building volume is 70,000 m3 and the pressure is kept at about 5 x 10-°
torr. Assuming the building pressure consists mainly of a 50:50 DT mixture,
the building will contain 0.56 g of tritium and the tritium concentration in
the building is 0.081 Ci/m3. The building must be kept as free of oxygen as
possible to prevent HTO formation. Surface area within the building should be
minimized and cryogenic equipment must be well-insulated to prevent "pumping"
of tritium onto cold surfaces. The existence of 0il, water, water vapor or
other tritium sinks on surfaces or in the atmosphere must be excluded. Since
the cryopumps contain a large fraction of the tritium inventory, the vacuum
equipment can be housed in secondary containment enclosures and large gate
valves would be necessary to isolate the vacuum system from the reactor build-
ing. The building is constructed of thick steel walls and must be kept leak-
tight. Containment systems for the tritium facility will be patterned after

TsTA. (1)
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XIII. Assembly and Maintenance

XIII.1 Introduction

One of the most important engineering requirements of a fusion power re-
actor is that it be maintainable. Regardless of how much reliability and
redundancy can be built into a component, it is worthless unless it can be re-
placed, or at the very least, repaired in place, should an unforeseen or off
normal failure occur.

Aside from some early setbacks in stellarator experiments,(l) an aspect
which has impeded the development of this concept as a viable power reactor
has been concern over its maintainability. In large measure, this was due to
the fact that all the variations of this concept, namely stellarators, torsa-
trons and heliotrons required continuous helical coils to generate the re-
quired twisting flux surfaces. 1In addition, the heliotron has toroidal field
coils which surround the helices in the poloidal direction. Later improve-
ments resulted in the so called ultimate stellarators and torsatrons, in which
the toroidal field components were generated by varying the pitch of the
helices on the outer and inner edges of the toroid. Nevertheless, continuous
helices were still necessary ingredients of those designs.

Over the years there have been attempts at making continuous helices
maintainable and reactor designs with demountable superconducting coils have
been proposed.(Z) Making demountable joints in a superconducting coil is
extremely difficult. The conventional method for splicing superconductors is
to overlap long segments, clamp them together and maintain them under constant
pressure. Although soldered connections would not be useful for a demountable
joint, experiments have shown that they are not as effective as clamped con-

nections. It is obvious that a clamped connection would be much thicker than
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the original conductor. Furthermore, such a joint is resistive, because the
current is shunted through the stabilizer at the point of contact. Adequate
provision has to be made for cooling the joint to dissipate the ohmic heating.
Such a demountable superconducting coil joint may have several hundred (Bitter
coil) to several thousand (conventional coil) connections, all in the same
general vicinity.

There are at least two other problems that a demountable superconducting
joint must deal with. The first is that the energized coils carry enormous
radial and Tateral forces which must be transmitted across the joint. This
implies more structure that further increases the bulk. The second problem
has to do with the cryogen container and the vacuum dewar that must neces-
sarily surround any superconductor. Breeching and reconsructing the Tiquid
helium and vacuum vessels is very difficult because it requires leak checking
which would be almost impossible to perform in situ. The difficulty of imple-
menting such a joint is greatly amplified in the realization that the whole
task has to be performed by remote control.

Based on these considerations it appears, from present understanding of
demountable superconducting joints, that they may not be practical because
they will be difficult to implement and may compromise the performance of the
coil and the dewar. This does not mean that future developments may not
change this viewpoint.

The appearance of several versions of modular coils have changed main-
tainability aspects of stellarators. Discrete twisted coils can now be re-
moved from the coil set for repair in a hot cell. Spare coils can be used to

minimize the downtime needed for such repair.
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Because the coils in stellarators are steady state, it is very unlikely
that they would be subjected to frequent failure. Nevertheless, problems such
as vacuum leaks or Teaks in the cryogen barrier will necessitate repairs.
Modular coils now make it possible with good assurance that such repairs can
be carried out under controlled conditions in a hot cell.

Modular coils have also opened up possibilities for maintaining the
blanket which must necessarily be replaced several times during the 30-40 year
lifetime of the reactor. In the next several sections the philosophy and the
procedures for maintaining the blanket, divertor targets and the coils will be
discussed.

XIIT.2 Maintenance Philosophy

The philosophy for maintaining the blanket in UWTOR-M entails the radial
extraction of nine of the eighteen modular coils. This has been necessitated
by two aspects of the design:

1. The use of grossly twisted modular coils for maximizing rotational trans-
form, thus requiring external support structure.
2. The decision to utilize the magnetic divertor for impurity control.

The reasons for adopting these design aspects have been elaborated on
earlier in the report. The consequences are a somewhat more difficult mainte-
nance requirement entailing the moving of heavy and rather cumbersome modules
consisting of the coil itself, the shield, blanket and divertor targets.

It should be pointed out that there are modular coil stellarator reactor
designs which do not require the extraction of coils for blanket mainte-
nance.(3) These designs have a much smaller coil distortion in which the coil
case itself is sufficient to react the radial forces. They also propose the

use of pumped limiters for impurity control. Blanket modules are maintained
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through spaces between the coils. If the pumped limiter proves to be effect-
ive as an impurity control mechanism, it will most likely need frequent at-
tention as compared to externally located divertor targets. This will neces-
sitate frequent breeching of the vacuum space within the reaction chamber,
taking up valuable time and impacting availability. It is not clear at this
stage whether extraction of a fraction of the coils (such as proposed in
UWTOR-M) will necessarily mean a lower reactor availability if such an oper-
ation is performed every 4-6 years.

One major advantage of this maintenance scheme is that it automatically
provides for the capability of servicing the magnets. There is a danger that
coil maintainability can be compromised on the theory that nothing will ever
go wrong with them. Thus, a carefully laid out maintenance of the blanket is
proposed, but little or no provision is made for servicing the coils. At
least this danger does not exist in UWTOR-M.

It should be mentioned that modular stellarators in general and UWTOR-M
in particular are not unique in proposing maintenance requirements of this
nature. The TRW team designing a blanket for MARS (Mirror Advanced Reactor
Study) has proposed maintaining the central cell blanket modules by moving two
coils with integral blanket/shield weighing on the order of 1500 tonnes.(4)
There are 24 such modules in the 150 m long central cell. Further, the end
plug coils will also have to be maintained by translating them out of the
reactor and they too, will be heavy and bulky.

Questions have been raised as to the feasibility of moving loads of ~ 2050
tonnes and whether the relatively tight tolerances of locating the coils upon
replacement can be maintained. These are not trivial problems which must be

carefully addressed. However, given that these loads will be moved on guide
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rails and will be equipped with stops and locaters in the form of guide
dowels, it would seem such problems are solvable. Further, once a coil is lo-
cated in place, locking mechanisms will be activated to fix the support ring
to the centering support column and to the floor of the reactor containment
building. Such locking mechanisms will be remotely activated with provision
for manual override.

In UWTOR-M, radial extraction of the coil modules is, therefore, central
to the maintenance scheme. It provides for:

1) Maintenance of the blanket segments with the extraction of one-half of
the coil modules.

2) Maintenance of the coils by either straight radial extraction or initial
circumferential, then radial extraction (in the case of coils not moved
for blanket maintenance).

3) Maintenance of divertor targets in the same way as the blanket.

The mass of a coil module is about 2045 tonnes with the breakdown given
in Table XIII.2-1. Transporter units with electric drives operating on rails
with a working capacity of 250 tonnes are available from Western Gear. Ten
such units will be needed for each module. Once a module is locked in its
place in the reactor, the load is shared between the transporters and perma-
nent supports, such that the added mass of the breeding material would not
overload the units. Alternatively, fourteen units can be employed for a total
capacity of 3500 tonnes.

Figure XIII.2-1 is a top view of the reactor inside the reactor hall,
showing access doors located behind every other coil. A complete coil module,
as viewed from the back, is shown in Fig. XIII.2-2 without the transporters

and rails. Blanket segments with the steam manifolds attached come out of
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Table XIII.2-1 Breakdown of

Masses in a Single Coil Module

Tonnes
Coil and support ring 1175
Blanket structure 90.5
Reflector 451
Shield 254
Divertor targets (6 sets) 52
Steam manifolds 3.5
Support structure 19
Total 2045
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each side of the module. Such a blanket segment, shown in Fig. XIII.2-3,
weighs ~ 45 tonnes and can be easily handled with an overhead crane.

Specially designed carriages will enter the space vacated by a coil
moduie. They will have the capability of removing the blanket segments within
the stationary modules. In this way, only 50% of the modules need to be moved
for routine blanket and divertor target maintenance. Obviously, coil mainte-
nance of the stationary modules will necessitate circumferential translation
first, then radial extraction as in the case of the movable modules.

XIII.3 Maintenance Procedure

In the next section an attempt will be made to lay out a sequence of
events/tasks in the order of occurence needed to carry out the extraction of a
coil module.

During the first 24 hours after shutdown:

o (Coils are gradually deenergized.

e Vacuum pumps are left on in order to reduce the T, partial pressure to an
acceptable Tevel.

o Coolant is circulated in the blanket to carry away decay heat.

® Breeding material is drained out of the blanket.

During the next 48 hours:

o The vacuum pumps are valved off.

e The coil support ring locking mechanism is activated to release the
locks. A slight backward motion will open up gaps at the intercoil
supports to provide insulation at the interface between the cold and the
warm structure.

e Reactor hall is brought up to dry air.
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e The proper access door is opened up. These doors will be designed to open
in the same way as airplane doors, but will be supported on transporters
running on rails.

e The helium is drained out of the coil and the supply and vent lines
disconnected and sealed.

e The breeding material, shield coolant and steam lines are disconnected and
sealed.

The coil module is now ready to be transported radially from the reactor
hall into the service hall and taken to a service station where the blanket
segments are unbolted from the reflector and removed. New segments are
installed in their place. Similarly, the divertor targets are inspected and
replaced if needed. Simultaneously, the blanket segments and divertor targets
in the stationary coils adjacent to the extracted module are also replaced.

The reverse of this sequence will be needed to return a coil module back
into the reactor set. After leak checking all the coolant connections and the
access door seal, the reactor hall is evacuated. The coil is then cooled back
from whatever temperature it had attained during the maintenance operation.

As the coils are energized, the centering force will close the insulating gaps

in the intercoil structure completing the load path which reacts the toroidal

forces. At the same time, the coil structural ring locking mechanisms are
activated, attaching the coil supports to their surroundings and to the
central reaction column.

XII1.4 Maintenance Schedule

A maximum neutron wall loading of 3.12 MW/m2 will allow a wall lifetime

of at Teast three full power years, assuming that HT-9 can withstand ~ 15 MW
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years/mz. This is equivalent to 3.75 actual years at an availability of 80%
and 4 actual years at an availability of 75%.

Routine blanket changeout can be carried out every 16 months when 1/3 of
the blanket segments can be replaced. Thus, during a routine blanket change-
out shutdown, three coil modules will have to be moved. Since many of the
operations can be carried out in parallel, it would seem that a 4-week shut-
down may be adequate to perform this type of maintenance.

XIIT.5 Summary and Conclusions

In summary, the following points can be made about the maintenance of

UWTOR-M.

e The reactor is enclosed within an evacuated reactor hall.

e No seals are employed between blanket segments.

e Coolant connections are minimized.

e One-half of the coil set (9 coils) can be extracted radially out of the
reactor hall providing access for maintaining all the blanket segments and
divertor targets.

e In the event of a coil failure, the remaining coils can be extracted by
initial circumferential, then radial movement.

The design issues which must be evaluated and verified for this
maintenance scheme to succeed are:

e The implications of a To contaminated reactor hall.

e The ability to make leak tight joints in coolant and other connections.

o The ability to seal large access doors.

e The capability of performing fairly complicated tasks by remotely

controlled equipment.
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Most of these issues are generic to all fusion systems, but they take an
added importance in a design which requires an evacuated building. Some

indepth investigations are needed to determine the viability of such a scheme.
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XIV. System Economics

XIV.1 Introduction

The economic analysis for UWTOR-M conforms to the guidelines provided in
the DOE "Fusion Reactor Design Studies - Standard Accounts for Cost Esti-
mates". (1)

The two modes of analysis used are the constant dollar and the current
dollar. The constant dollar mode defines general inflation rates and compo-
nent escalation rates equal to zero. A1l costs, regardless of the time of
incurrence, will be reported in present year price levels. In the current
dollar mode, cost escalation on the estimated capital is assumed to exist and
is taken as a single escalation during construction account.

It should be kept in mind that comparing constant dollar mode power costs
obtained for UWTOR-M with present power costs from existing power plants is
not really fair, because the present year price levels used are not de-
escalated back to the year when construction will have been started (eight to
ten years, depending on the construction period), and interest during con-
struction is based on present year prices. Therefore, these cost estimates
should be used only for comparison with other conceptual designs using the
same guidelines.

XIV.1.1 Level of Technology

A design of a fusion reactor must necessarily cover many levels of tech-
nology ranging from current to advanced. The definition of advanced technolo-
gy is one that has not been demonstrated on a commercial scale.

Clearly, almost all the nuclear island technology is advanced since much
of it has not even been demonstrated experimentally, let alone on a commercial

scale. However, the level of technology in the balance of plant, with some
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possible exceptions, is current. This is particularly true since a con-
ventional superheated steam cycle is envisaged as the power conversion system
for UNTOR-M. Thus, steam generators, turbine and electric plant equipment,
condensing and heat rejection equipment and almost all the miscellaneous plant
equipment is of current PWR and BWR technology.

It should be clearly stated, however, that UWTOR-M, as most other con-
ceptual design studies, is assumed to be a 10th of a kind modular stellarator
power reactor. That is to say, all of the advanced tecnology will have been
thoroughly tested and demonstrated. Further, no R & D costs are included in
the estimates.

XIV.2 Design Allowance, Contingency and Spare Parts

A design allowance is a sum of money included to account for the differ-
ence between a technically immature design (at the time the reactor is de-
signed) and the final mature design. It, therefore, takes care of some
uncertainties that may be present at the time of the design. This account
varies with the degree of maturity. Thus, no design allowance was allocated
for Act. No. 21, Structures and Site Facilities. The remaining accounts have
design allowances of 5% to 15%, depending on the maturity of the technology
invoked.

Contingency is an allowance for unforeseen or unpredictable expenses that
will be incurred during facility construction and startup. It should reflect
cost uncertainty resulting from potential acts of nature (weather conditions,
natural disasters, etc.) and non-design related construction problems (labor
problems, supplier delays, etc.) and not from uncertainty resulting from lack

of design definition. Experience has shown that contingency funds are almost
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always completely spent. Thus all the accounts have a 10% contingency allow-
ance.

The spare parts allowance is the purchase cost and inventory cost prior
to facility operation of the initial inventory of spare parts required onsite.
Reactor parts rotated into service as part of a scheduled maintenance are not
considered as spare parts.

The following spare parts allowances were used in UWTOR-M:

21 Structures and Site Facilities 0.5%
22  Reactor Plant Equipment 2%
23 Turbine Plant Equipment 1%
24  Electric Plant Equipment 0.5%
25 Miscellaneous Plant Equipment 0.5%

XIV.3. Reactor Plant Equipment Costs (Act. 22)

XIV.3.1 Blanket and First Wall (22.01.01)

The unit cost for the HT-9 first wall and blanket structure including the
attached distribution manifolds was taken as $40/kg. This reflects the some-
what complex blanket shape required with a unit cost of about a factor of two
higher than simpler construction. A design allowance of 10% was used on the
blanket structure. The Lij;Pbg3y material which uses 35% enriched 8.1 has a
unit cost of $6.35/kg. Figure XIV.3-1 shows the cost of Li)7Pbg3 as a

function of 6Li enrichment.
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XIV.3.2 Shield and Reflector (22.01.02)

The following unit costs were used for the reflector and shield:

$/kg

Reflector (1422) ferritic steel 9.0
Shield (1422) ferritic steel 9.0
B4C - 80% density 30.0

Pb 3.0

A design allowance of 5% was used.

XIV.3.3 Magnets (22.01.03)

Table XIV.3-1 gives the breakdown of the materials and unit costs for a
single magnet. The unit costs used are 70% of the MFTF-B first yin yang coil
costs to reflect the 10th of a kind criterion. The second yin yang coil for
MFTF-B is being wound faster and at a lower cost. The overall unit cost for
UWTOR-M is $41/kg as compared to $53/kg for the first MFTF-B yin yang. In
contrast, the "STARFIRE" (2) TF coils had an overall unit cost of $24/kg.
XIV.3.4 Supplemental Heating (22.01.04)

UWTOR-M will require ~ 100 MW of ICRH for ignition. Although this heat-
ing lasts for only 11 sec at startup, unfortunately, all the required hardware
must be provided. However, since the system can be protected from neutrons
after ignition, it should be somewhat more reliable. The unit cost of $1.25/W
used here takes a 30% cost advantage over the usual unit cost of $1.80/W for
ICRH which is continuously exposed to neutrons. The design allowance taken is

5%’
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Table XIV.3-1. Material Quantities for Each Coil and Unit Costs (22.01.03)

Unit

Mass Cost

(10° kg) ($/kg)

NbTiTa + Cu Conductor 377 75.0

NbTi + Cu

Coil form (also LHe container) (316 SS) 481 10.25
Structural ring (316 SS) 309 10.25

4.2°K thermal shield (Cu) 12.4 15.0

Yacuum dewar (304 SS) 52.8 20.0

G-10 CR insulation 7.0 20.0
Superinsulation 853 mé $100/m2

Above total
Design allowance 15%

Total cost/coil

Total

(s x 106)

28.275

4.930

w

.167
1.864
1.056
0.140

0.085

39.517

5.928

$45.4x10°

Table XIV.3-2. Material Quantities in Each Control Coil (22.01.03)

Unit
Mass Cost
(10° kg) ($/kg)

NbTi + Cu 53 75.0
Coil form 195 10.25
Vacuum dewar 25 20.00
Superinsulation 335 ml 100/m2

Above total
Design allowance 15%

Total cost/coil
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XIV.3.5 Primary Support Structure (22.01.05)

This account includes the following items broken down in cost:

$ x 10°

1. Central support struts 5.00

2. Ground support structure 3.42

3. Intercoil support structure 2.70

4. Transport rails (in situ) 2.68

5. Transporters (for use during maint.) 16.2
Above total 30.00
Design allowance 8% 2.40
Total 32.40x100

XIV.3.6 Reactor Vacuum (22.01.06)

The magnet vacuum system is estimated at $0.22 x 106 per coil. The cryo-
pumps for the evacuation of the reactor building are priced at $22 x 103/m2
and the roots blowers for the regeneration system for each station (12 pump
stations) are $60 x 103. Roughing down of the building is accomplished with
the regeneration pumps. The design allowance is 5%.

XIV.3.7 Power Supplies (22.01.07)

The supplemental heating power supplies are included in the ICRH costing
in Act. 22.01.04.

The modular coil power supplies of ~ 5 MVA cost $450 x 103 and the plasma
breakdown and control coils of 2 MVA, about $180 x 103. Protective circuitry
for both systems is included in Act. 22.01.03. The design allowance is 5%.

XVI.3.8 Impurity Control (22.01.08)

The modular magnetic divertor is employed for impurity control and the

energy is recovered with high performance divertor targets. Materials in a
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single divertor target cylinder are as follows:

Mass
(kg)
Rotating surface:
1 - Molybdenum superstructure 7.3
2 - Graphite surface 22.4
Stationary core:
1422 ferritic steel 4,340
Drive system
Bearing and 100 RPM drive 2 ea.
Design allowance 10%
Total/target
Shield enclosure for each 2 targets
1422 ferritic steel 13,000
Design allowance 5%
Total/housing

The total cost of the impurity control system is:

Divertor targets (216)
Shielded housings (108)
Total cost (22.01.08)

XIV.3.9 Main Heat Transfer System (22.02.01)

Unit
Cost
($/kq)

300
500

10,000

5%

Total
($)

2,190
11,200

36,060

20,000
7,245
79,695

117,000
5,850
122,850

$ x 10°

17.21
13.26

$30.47x10°

The primary steam cycle carries away the thermal energy in the blanket,

the reflector, the divertor targets and the target shield housing.

Steam

pressure is Tow, only 5 MPa (730 psi), entering at 330°C and exiting at 500°C.

There are 36 blanket segments in the reactor. Nine segments are manifolded

into a single steam generator. Thus, there will be four steam generators

of ~ 1150 MWth capacity with the associated plumbing, valves and pumps. The

estimated costs are:
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$ x 100

Steam generators (4 ea.) 20.00
Distribution manifolds 10.20
Major piping 7.00
Smail piping 5.50
Valves, elbows, etc. 6.00
Water purification and makeup 3.80
Pressurizer 4.20
Pumps 4,
Tritium extraction system 5.0
Design allowance 5% 3.28
Total (22.02.01) 69.98x10°

The tritium extracton system is based on experience with heavy water, involving
a liquid phase catalytic exchange followed by two distillation columns, an
oxidizer, a converter and T, storage.

XIV.3.10 Auxiliary Cooling Systems (22.03)

The magnet heat Toad at 1.8 K is estimated at ~ 4 kW (see Chapter VII)
and an additional 10 kW at 4.2 K. This amounts to a refrigeration load at
300 K of 6 Md. The heat Toad on the cryopumps is estimated at ~ 20 kW at
4.2 K, giving an added 6.0 MW. Assuming a 12 MW cryogenerator and using the
following algorithm which gives the cost of the refrigerator, distribution

system, storage vessels, gas bags, etc.,

= 0.7
C = 31,460 (kw300 K)

the cost of the system is $22.55 x 106. Assuming a design allowance of 10% we
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get $23.68 x 105. The Tiquid N, system with a capacity of ~ 2000 liters/h is
estimated at $1.2 x 100.

The shield cooling system which dissipates 116 MW is estimated at
$1.5 x 108 mu.

XIV.3.11 Radwaste Treatment and Disposal (22.04)

The unit costs have been taken from PNL-2987(3) which give the following

for radwaste treatment:

Liquid waste $150/MWth
Gaseous waste $400/MUWth
Solid waste $300/MWth

On this basis, assuming a design allowance of 10%, we get $4.68 x 106,

XIV.3.12 Fuel Handling and Storage

In the fuel handling and storage, following the sequence given in

PNL-648, we have estimated these quantities:

$ x 100

Fuel purification including isotopic separation, 10.00
cleanup, pumps, valves, etc.

Pellet preparation, mixing and freezing 1.00

Pellet injection 3.50

Fuel storage 2.50

Tritium recovery (included in 22.02.01)

Emergency air detritiation:
Reactor hall (included in 22.01.06)
Service hall and fuel handling and storage building 12.00
Assuming a design allowance of 8%, the total is $31.32 x 10°.
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XIV.3.13 Other Reactor Plant Equipment (22.06)

Although the transporters and transport rails were included in Act.
22.01.05, other remote maintenance equipment for the different areas within

the reactor complex are estimated as follows:

$ x 100
Reactor building 9.5
Reactor service building 6.2
Two hot cells 12.00
Steam generator building 8.30
Fuel handling building 2.5
Radwaste 1.5
Design allowance 10% ‘ 4.0
Total 44.00

XIV.3.14 Instrumentation and Control

It is presumed that instrumentation in a stellarator may be simpler than
in tokamaks because of the steady-state magnetic fields and the absence of
disruptions. Thus a sum of $20 x 106 was allocated with a design allowance of
10%.

XIV.4 Structures and Site Facilities

XIV.4.1 Reactor Building

The reactor building is toroidal with a major radius of 38 m, a minor
radius of 15 m and a height of 18 m. The volume is ~ 69,000 m3 contrasted
with the "STARFIRE"(2) reactor building which was 255,000 m3 in volume. The
building provides the primary vacuum enclosure for the reactor and must be
capable of evacuation down to ~ 10-6 torr. This is consistent with space
simulation chambers used in aerospace research. The building will be steel

Tined and appropriately reinforced to withstand 1.5 atm of overpressure. For
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maintaining the reactor, there are nine access doors, large enough to allow a
coil module through. They will be sealed with multi-elastomer seals mounted
on inflatable stainless steel gaskets. The seals will have intermediate pump-
outs to reduce leakage and to intercept any tritium. Such doors are used on
airlocks on the space simulation chambers.

Because of its rather unconventional nature, we have used a unit cost of
$1000/m3 for the reactor building giving a total of $69 x 106.

XV1.4.2 Reactor Service Building

The reactor service building is also toroidal, surrounding the reactor
building on all sides. It has a major radius of 62 m, a minor radius of 40 m
and is 24 m high. This building will also be steel lined and equipped with a
detritiation system, although during operation it will not be evacuated. The
unit cost is the same as in the "STARFIRE" reactor building, $615/m3. Thus,
the total cost is $104.05 x 10°.

XIV.4.3 Turbine Plant Building

The turbine building is similar to current power plants and is of a con-
ventional construction. It houses two turbine generators and is 120 m long,
60 m wide and 38 m high with a volume of 273,600 m3. Using a unit cost of
$150/m3 the cost is $41.04 x 106,

XIV.4.4 Hot Cells

There are two hot cells each ~ 50,000 m3. The construction is similar to

the reactor service building with a steel liner and thick concrete walls. At
$615/m> the cost is $61.5 x 10°.

X1V.4.5 Fuel Handling and Storage Building

The fuel handling and storage building contains all the tritium process-

ing equipment and will be located on the inside of the reactor building usihg

XIV-12



the inner reactor wall as its outer wall. It will also be steel lined and
have a volume of 10,000 m3. Since it shares the outer wall with the reactor
building its unit cost is taken as $400/m3 and will thus cost $4 x 10°.

XIV.4.6 Other Buildings

The remaining buildings such as the power supply, cryogenic and gas
storage, control room, administration, auxiliary systems, security and other
services are estimated collectively at ~ $30 x 106,

XIV.5. Balance of Plant Costs

The Turbine Plant, Electric Plant and Miscellaneous Plant equipment were
estimated from "Fusion Reactor Design Studies: Standard Cost Estimating
Rules", PNL-2987 with a few minor adjustments. This document gives the unit
costs for a 1000 MWe gross superheated steam cycle power plant with appropri-
ate scaling to higher power output. The estimates made for UWTOR-M are for a

2000 MWe gross power plant. A design allowance of 5% was used for the Balance

of Plant.
$ x 10°
XIV.6 Direct Cost Accounts
20 Land & Land Rights 3.30
20.01 Land and privilege acquisition 3.00
20.02 Building relocation, etc. 0.30
21 Structures & Site Facilities 355.36
21.01 Site improvement and facilities 10.00
21.02 Reactor building 69.00
21.03 Reactor service building 104.05
21.04 Turbine plant building 41.04
21.05 Hot cells 61.50
21.06 Fuel handling and storage 4,00
21.07 Other buildings 30.00
21.08 Ventilation stack 2.00
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22

21.98 Spare parts allowance
21.99 Contingency
Reactor Plant Equipment

22.01 Reactor equipment

22.01.01 Blanket and first wall
Breeding material
Blanket structure

22.01.02 Reflector and shield
Reflector
Shield

22.01.03 Magnets
Twisted coils
Control coils

22.01.04 Supplemental heating

22.01.05 Primary support structure
Reactor supports
Transport rails
Transporters

22.01.06 Reactor vacuum

22.01.07 Power supplies

22.01.08 Impurity control
Divertor targets
Shielded housings

22.02 Main heat transfer system

Steam genertors

Distribution manifolds

Large and small piping

Valves and fitting

Pumps

Water purification and makeup

Pressurizers

Tritium extraction system
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23

22.03

22.04

22.05

22.06

22.07
22.98
22.99

Auxiliary cooling system 26
22.03.01 LHe supply system

22.03.02 LN, supply system

22.03.03 Shield cooling

Radwaste treatment and disposal 4
22.04.01 Liquid waste

22.04.02 Gaseous waste

22.04.03 Solid waste

Fuel handling and storage 31.

22.05.01 Fuel purification and separation

22.05.02 Pellet preparation

22.05.03 Pellet injectors system

22.05.04 Fuel sotrage

22.05.05 Emergency air detritiation

Other reactor plant equipment 49
22.06.01 Reactor maintenance

22.06.02 Breeding material dump tanks

22.06.03 Breeding material pumps

22.06.04 Gas system

22.06.05 Leak detection

22.06.06 Standby cooling

Instrumentation and control 22

Spare parts allowance 31.
.59

Contingency allowance 157

Turbine Plant Equipment 301.62

23.01

23.02
23.03
23.04
23.05
23.06
23.07

Turbine generators 115
23.01.01 Turbine generators & accessories

23.01.02 Foundations

Main steam system 12
Heat rejection systems 47

Feed heating system 17

Other turbine plant equipment 31.
.32

Instrumentation and control 21
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23.98 Spare parts allowance 2.72
23.99 Contingency allowance 27.17
24 Electric Piant Equipment 137.03
24.01 Switch gear 16.80
24.02 Station service equipment 21.00
24.03 Switchboards (trace heating) 0.53
24.04 Protective equipment 2.73
24.05 Electrical structures and wiring 34.65
24.06 Power and control wiring 44,10
24.07 Electrical lighting 4.20
24.98 Spare parts allowance 0.62
24.99 Contingency allowance 12.40
25 Miscellaneous Plant Equipment 45,48
25.01 Transportation and 1ifting eq. 18.90
25.02 Air and water service 13.65
25.03 Communication equipment 7.35
25.04 Furnishing and fixtures 1.26
25.98 Spare parts allowance 0.20
25.99 Contingency allowance 4.12
26 Special Materials 3.50
26.01 Helium gas 3.50
TOTAL DIRECT COSTS 2611.28
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XIV.7 Indirect Costs

XIV.7.1 Construction Facilities, Equipment and Services (91)

Included in this account are all the facilities which are temporary aids
during the construction phase. Although for a 1000 MWe plant, this account
runs ~ 15% of the direct costs, it tends to rise exponentially with capacity.
Following the example of other studies (STARFIRE(2) and others) we have
assumed 10% of direct costs for this account.

XIV.7.2 Engineering and Construction Management (92)

The engineering and construction management account is taken as 8% of the
direct costs following the example of other studies.(z)

XIV.7.3 Other Costs (93)

This account includes taxes, insurance, staff training and plant startup,
and owners' G&A costs. A 5% of direct costs are used.

XIV.8 Time Related Costs

The time related costs consist of interest and escalation during con-
struction. As mentioned at the start of this chapter, the cost analysis is
performed in both constant dollars and current dollars. In the constant
dollar mode interest on capital is taken at 5%, and escalation is assumed to
be zero. This estimate reflects the cost of energy comparable with current
costs, and in this sense, a zero escalation is justified since the costing is
done in present day dollar values. Similarly, the interest on capital is
taken as what it may have been eight or ten years ago, when the construction
was begun.

In the current dollar mode, a 10% interest on capital is assumed and

escalation is taken at 5%.

XIv-17



An eight year construction period has been assumed for UWTOR-M. It is
figured that with an established industry, a coil winding facility can be put
into operation within six months at the reactor site. Thereafter, the winding
schedule can go on at the rate of four coils per year, with all the coils
ready at the end of the fifth year of construction.

The cost flow profile used to determine the Finc (interest during con-
struction factor and Fepc (escalation during construction factor) is the
classic s-curve biased about 20% to the right. This kind of profile seems to
fit major fissile and nuclear power plants constructed thus far. The Fipc and
FEDC factors have been taken from Table 2, page 21 of PNL-2648.

XIV.9 Total Capital Cost Summary

Acct. No. Description Cost ($x100)
20 Land and land rights 3.30
21 Structures and site facilities 355.36
22 Reactor plant equipment 1764.99
23 Turbine plant equipment 301.62
24 Electric plant equipment 137.03
25 Miscellaneous plant equipment 45.48
26 Special materials 3.50
TOTAL DIRECT COSTS 2611.28
91 Construction facilities 261.13
92 Engineering and construction management 208.90
93 Other costs 130.56
TOTAL INDIRECT COSTS 600.59
TOTAL DIRECT AND INDIRECT COSTS 3211.87
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Constant Current
Dollar Dollar
94 Interest during construction
Fipc (constant dollar) = 0.170 546.02
Fipc (current dollar) = 0.466 1496.73
95 Escalation during construction
Fepc (constant dotlar) = 0 0.00
Fepc (current dollar) = 0.261 838.30
TOTAL CAPITAL COSTS 3757.89 5546.90

The net power output of the plant is 1836 MWe. Thus the unit plant costs

are:

Constant
Dollar

(1982)

Unit Plant Cost, $/kWe 2047.00

XIV.10 Busbar Energy Cost

in generating a kilowatt-hour of electricity.

electricity to the customer it adds a quantity to account for profit.

4.

Current
Dollar

(1982)

3021.00

The busbar energy cost in mills/kWh is the expense which a utility incurs

The expenses which make up the busbar energy costs are:
Fixed charge rate.

Annual operating and maintenance.

Scheduled component replacement.

Annual fuel costs.

When the utility sells this

Other elements needed to determine busbar costs are plant capacity and plant

availability.

XIV-19
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XIV.10.1 Fixed Charge Rate

A major part of the fixed charge rate is the cost of capital which con-
sists of the annual expense resulting from having to borrow the money to con-
struct and start up the power plant. The cost of procuring the required
capital is equivalent to the rate of return on the investment allowed by regu-
latory agencies. The capital structure of the utility and the rate of return
required for each component of the capital structure determines this cost of
capital. Other elements which are a part of the fixed charge rate are:

1. Depreciation.

2. Interim Replacement.
3. Property Insurance.

4. Federal Income Tax.

5. State and Local Taxes.

The fixed charge rates used are 10% for the constant dollar mode and 15%
for the current dollar mode.

XIV.10.2 Annual Operation and Maintenance

The recommended(l) guideline for operation and maintenance is 2% of
direct and indirect costs. In the STARFIRE study(Z) in which a farily compre-
hensive determination of this account was made, it was found that somewhat
less than 1% of the total direct and indirect costs can be taken when nuclear
1iability insurance, license and inspection fees and major retrofits are
excluded. The 0&M is then taken as 1% of the total direct and indirect costs
for UWTOR-M.

XIV.10.3 Scheduled Component Replacement

The predicted lifetime of the first wall and blanket in UWTOR-M is three

full power years. This is based on a maximum dpa in the first wall of 52.5
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per full power year. At an availability of 75% this amounts to 4 years or 48
months. The total cost of replacing the blanket and the rotating graphite
surfaces of the divertor targets including bearings and drives:

$ x 100

Blanket Structure 71.60
Divertor Targets 8.37
$79.97x108

The annual cost of scheduled blanket and divertor target replacement is
$20 x 106. An additional $3 x 10% is allocated for other reactor components.
The labor of replacement is included in the annual 0&M.

XIV.10.4 Annual Fuel Cost

It is assumed that a fusion reactor which has a T, breeding ratio in
excess of 1.05 is self-sufficient with respect to T,. The only other fuel
needed is D, and a small amount of makeup for burned 1ithium.

The daily Dy burnup is 0.44 kg/day (see Chapter XII). At an availability
of 75% and a unit cost of $2200/kg(3) this amounts to $275,000.

The Li burnup rate at 75% availability is 440 kg/year. From Fig. XIV.3-1
we see the unit cost of 35% OLi enriched Tithium is $410/kg and thus the
annual cost of replacing the lithium is $0.18 x 10°.

The total annual fuel cost is $0.46 x 10°.

XIV.10.5 Plant Availability

It was estimated that 4 weeks of scheduled downtime will be needed to
replace 30% of the blanket. Since the Tifetime of the blanket is taken as 3
full power years (4 operating years at a 75% availability), we will assume a 4

week shutdown every 16 months of operation. To maintain an availability of
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75%, the unscheduled downtime must not exceed 67 days per year. This amounts
to ~ 31 hours every week. Since UWTOR-M is an ignited reactor which dqes not
require any plasma recirculating power fraction, it does not have any critical
components which are continuously exposed to neutrons. It is assumed that the
RF startup launching structures can be protected during the burn and will
therefore have a long life and a high reliability.

On the basis of such reasoning, a 75% availability appears plausible.

X1V.10.6 Overall Plant Capacity

The gross electric power output of UWTOR-M is 1898 MWe (see Chapter IX).

The estimated power requirements are as follows:

Cryogenerators 12 MW
Magnets 5 MW
Heat Transp. & Cond. 30 MW
B.0.P. Auxiliary 15 MW
62 MWe

The net power output is therefore 1836 MWe. It should be kept in mind
that the pumping power of 75 MW was taken off the turbine shaft as thermal
power.

A 75% availability thus makes the saleable plant capacity equal to:

1836 x 103 kW x §Z§g_ﬂﬁ.x 0.75 avail.

Plant Capacity

1.206 x 1010 kwn/yr.
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XIV.10.7 Busbar Unit Costs

XIV.10.7.1 Constant Dollar Mode

The fixed charge rate in this mode was taken at 10%. The busbar costs

are:

[(Total Capital Costs)(Fixed Charge Rate) + (0&M)
+ (Comp. Replacement) + (Fuel Costs)]1000 mills

Busbar Costs = PTant Capacity KWR

[(3757.89 x 10%)0.1 + (37.58 x 10°)
_ + (23.0 x 10%) + (0.46 x 10)11000 mi11s
1.206 x 100 kwn

36.2 mills/kWh .

XIV.10.7.2 Current Dollar Mode

In the current dollar mode the fixed charge rate is taken as 15% and 0&M,
scheduled component replacement and fuel costs are escalated at 5% per year
for 8 years, the construction period for the reactor.

{[(5546.90 x 10%)(0.15)] + (55.47 x 10° + 23.0 x 10°

+ 0.46 x 10%)(1.05)®} 1000 mil1s
1.206 x 10°0 kwh

Busbar Costs

78.7 mills/kWh (in 1990 dollars) .

XIV.11 Results and Discussion

It is interesting to compare the UWTOR-M results with STARFIRE, the most
comprehensive tokamak study to date. Costing guidelines are almost the same
for the two studies but STARFIRE is a great deal more detailed. The results
show that the plant costs and busbar costs are comparable for the two systems

in the constant dollar mode. The difference in the current dollar mode comes
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from the construction period which is 8 years for UWNTOR-M and 6 years for
STARFIRE. Table XIV.11-1 compares the results of the two systems.

Figure XIV.11-1 shows a breakdown of the reactor plant equipment (RPE)
for UWTOR-M. The magnets dominate the picture accounting for 52.4% of the RPE
costs. In constrast, the magnets in STARFIRE claimed only 17.7%, and in
WITAMIR,(4) a tandem mirror with thermal barriers, the magnets comprised 25%
of the RPE costs. The other major accounts are the first wall and blanket
(12%), reflector and shield (8.6%) and supplemental heating (8.4%).

It is also interesting to note that the RPE costs for UWTOR-M make up a
larger fraction of the total direct costs than in STARFIRE. The various
direct cost accounts are compared in Table XIV.11-2.

XIV.12 Conclusions

e A reasonably detailed cost analysis indicates that modular stellarators
are competitive with other magnetic fusion systems.

o To be competitive, indications are that modular stellarators must be in
the 4000-5000 MWth range.

o Risks associated with the magnets are higher for modular stellarators

because they comprise a higher fraction of the reactor plant equipment.
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Table XIV.11-1. Comparison of Plant Costs and

Bushar Costs Between UWTOR-M and STARFIRE

Constant Dollars Current Dollars

Plant Costs
UWTOR-M ($/kWe) 2034 (1982) 3001 (1900)
STARFIRE ($/kWe) 2000 (1980) 2665 (1986)

Busbar Costs

UWTOR-M (mi11s/kWh) 36 (1982) 76 (1990)
STARFIRE (mil1s/kWh) 35.1 (1980) 67.1 (1986)

Table XIV.11-2. Comparison of Direct Cost Accounts

Between UWTOR-M and STARFIRE

Acct. No. Description UWTOR-M STARFIRE

20 Land and Load Rights (%) 0.1 0.2
21 Structures and Site Facilities (%) 13.7 20.

22 Reactor Plant Equipment (%) 67.4 56.1
23 Turbine Plant Equipment (%) 11.6 14.5
24 Electric Plant Equipment (%) 5.3 6.8
25 Miscellaneous Plant Equipment (%) 1.8 2.4
26 Special Materials (%) 0.1 -
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UWTOR-M PARAMETER LIST

GENERAL REACTOR PARAMETERS

1. Thermal Power - MW¢p 4820
2. DT fusion power - MWy 4300
3. Plasma Q - value ®

4.  Gross electric power - MW, 1898
5. Net electric power - MW 1836
6. Recirculating power fraction - %* 3.3
7. Net elect. efficiency - % 38

8. Major radius - m 24.09
9. Minor radius - m 4.77
10. Coil aspect ratio 5.05
11. Plasma aspect ratio 14
12. Average 8 - % 6

13. Magnetic field on axis - T 4.5
14. Max. field on conductor - T 11.6
15. Multipolarity 3

16. No. of field periods 6

17. Coils per period 3

18. Reactor structural material HT-9
19. Breeding material Li,7Pbg3
20. Reactor coolant Steam
21. Breeding ratio (global) 1.08
22. Ave. neutron wall loading - MW /m?2 1.41
23. Peak neutron wall loading - Mw/m2 3.10
24. Total T, inventory (kg) 1.8
25. No. of divertor slots 108
26. No. of divertor targets 216
27. Total power to divertor - Mgy 480

*Pumping power of 75 MWy, is taken off the turbine shaft and thus is not
included in recir. power fraction
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Plasma major radius - m

Plasma minor radius - m
Multipolarity (%)
Plasma aspect ratio

n, - centerline density - m3

n average density (ion) - m-3

T jion energy conf. time - s
i .
Tes electron energy conf. time - s

T, particle conf. time - s

P

nt. (averaged through plasma) - sm™
Bo tenterline toroidal beta - %

<B> average toroidal beta - %

Tio centerline ion temp. - keV

T} average

Té average electron temp. - keV

Centerline
Rotational
Rotational
Duty cycle
Fuel cycle

ion temp. - keV

Zeff
transform - edge

transform - center

Plasma heating method
Plasma heating power - MW

Heating frequency - Hz

Fueling method

Pellet velocity (m/s)

24.1
1.72

3

14
3.82x1020
1.46x1020
3.7

0.9

4.0
5.4x1020
18.3

6

10.4

9.8

9.5

1.28

1.13

0.16

St. state
DT

ICRF

100

69 x 10°
Pellets
1.7x10"
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10.
11.
12.
13.
14,

15.
16.
17.
18.
19.

20.
21.
22.

BLANKET AND SHIELD

Blanket structural material
Blanket coolant

Effective first wall thickness, mm

First wall coolant
Breeding material
6L1' enrichment %

Blanket fractional composition

a. Structure %

b. Coolant %

c. Breeding material %
Blanket dimensions

a. Avg. inside radius, m
b. Outside radius, m

c. Avg. thickness, m
Global breeding ratio
Blanket energy multiplication
Reflector material
Reflector thickness, m
Shield thickness, m

Shield composition

a. 1422 steel %

b. B4C %
C. Pb %

Avg. neutron wall loading, MW/m2
Max. neutron wall loading, MW/m2

Blanket power, thh
Avg. surface heating, W/cm2
Max. surface heating, W/cm2

Coolant inlet temp., C
Coolant outlet temp., C
Max. blanket struc. temp., C

HT-9
Steam

Steam

L117Pb83
35

9-15
82-76

1.88
3.03
1.15
1.08
1.15
1422 steel
0.40
0.30

25
57
14

1.41
3.1
4340
23
57
330
500
530



23.
24,
25,
26.
27.
28.
29.
30.
31.
33.
34.
35.
36.
37.
38.
39.
40.

Coolant pressure MPa

Coolant mass flow, kg/hr

Coolant pumping power, MWy,

Shield coolant

Shield coolant temp., C

Power in the shield, MW

First wall area, m2

Volume of blanket, m3

Volume of reflector, m3

Volume of shield, m3

Max. stress in first wall, MPa
Max. stress in blanket, MPa

Mass of a blanket module tonnes
Total mass of blanket str., tonnes
Total mass of breeding mat., tonnes
Total mass of reflector, tonnes
Total mass of shield, tonnes

4.8x107
75

Ho0
60-100
116
2318
2348
1173
979
46.5
46
45.2
1627
18,100
8,127
4,568



A P W N
L I I B )

10.
11.
12.
13.
14.
15.

DIVERTOR

Power to divertor

a. Surface heat MW

b. Nuclear heat MW

Number of div. slots

Number of div. targets

Shape of div. targets

Divertor target dim.

a. Outer diameter, m

b. Length, m

Materials in div. targets

a. Rotating surface

b. Stationary shield

c. Coolant

Avg. heat load, W/m2

Max. heat load, W/m2

Coolant inlet temp., C

Coolant outlet temp., C

Max. surface temp., C

Surface revolution rate, RPM
Graphite sputtering rate, mm/FPY
Surface replacement rate, years
Mass of diverter target, tonnes

320
160
108
216
Cylindrical

0.6
2.5

Graphite
1422 steel
Steam
31.3

189

330

550

> 1000
100

2

4

4.3
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MAGNET

Major radius - m

Minor radius - m

Total coil current - MA

Field on axis - T

Max. field on cond. - T
Multipolarity

No. of field periods

Coils per period

Total no. coils

Max. field ripple components - %
Total stored energy (GJ)

Coil inductance (H)

Discharge time - s

Overall current density - MA/m2

Type of conductor

Type of supercond.

Conductor current - kA

Conductor current density - MA/m2
No. of turns

Mode of cooling

Stabilizing material

Structural material

Elect. insulating material

Thickness of casing - mm

Vacuum dewar - mm

Thickness of superinsulation zone - mm
Cross section of conductor bundle - mxm
Overall outer dim. of dewar - mxm
Radius to first surface of dewar - m
Mass of each coil and dewar - tonnes
Max. radial force - MN/m

Max. stress in cond. - MPa

24.1

4.77

31.2

4.5

11.6

3

6

3

18

23

171

48

100

11.7
Monolythic
NbTi/NbTiTa
20

33.3

1560

Hell pool
3/4 hard Cu
304 LN-SS
G10-CR
150-250
10

80
1.1x1.3
1.68 1.96
3.77

918

74

120



33.
34.
35.
36.

Max. stress in coil case - MPa
Max. strain in cond. - %
Total refrigeration power - MW
Helium volume/magnet - £

533
0.12

9300



TRITIUM

1. Mode of fueling Pellets
2. T, fractional burnup - % 4.4

3. Rate of T, fueling - g/sec 0.172

4.  Mode of T, recovery LPCE/CD*
5. Type of vacuum pumps Cryopumps
6. Vacuum pumping speed - /s 2x107

7. Ty inventory in blanket - g 180

8. T, inventory in pumps - g 1200

9. Ty inventory in recovery and fueling system - g 400

10. Total active plant T, inventory - g 1800

11. T, inventory for 1 day fueling - kg | 14.9

12. Total plant T, inventory - kg 16.7

13. T, permeation into primary coolant - Ci/day 7.1x10°

*Liquid phase catalytic exchange/cryogenic distillation



NEUTRONICS

1. General

(3-D results except where indicated by an asterisk)

a. Neutron fusion power, MW 3442.5
b.  Max. neutron wall loading, MW/m? 3.121
C. Av. neutron wall loading, MW /m@ 1.41
d. Overall tritium breeding ratio 1.080
e. Overall energy multiplication 1.153
f. Total neutron streaming through divertor siots, n/fusion 0.214
g. Total gamma streaming through divertor slots, y/fusion 2.43 E-2
h. Power in first wall, MW 89.366
i. Power in breeding blanket, MW 3377.157
J. Power in reflector, MW 332.870
k. Power in shield, MW 116.638
1.  Power in 6 divertor targets, MW 159.495
m.  Max. first wall power density*, W/cmd 8.346
n. Max. blanket power density*, W/em3 22.440
0. Max. reflector power density*, W/cm3 13.076
p. Peak dose outside biological shield*, mrem/hr 2.35
2. Composition
a. First wall HT-9
b. Blanket I 82 v/o Liy7Pbgy (35% OLi)
9 v/o HT-9
9 v/o steam
c. Blanket II 76 v/o LijsPbgs (35% OLi)
15 v/o HT-9
9 v/o steam
d. Reflector 90 v/o Fe 1422
10 v/o steam
e. Bulk shield 25 v/o Fe 1422

57 v/o B4C (87% d.f.)

*1-D results



Divertor target shield

Biological shield

Dimensions

—ty
.

TS KT —Hh O a O T 9 |Ww
. . . . . . . . .

First wall equivalent thickness, cm
First wall area, mé

Av. blanket thickness, m

Reflector 1.D., m

Reflector thickness, m

Bulk shield thickness, m

Divertor target radius, m

Divertor region shield thickness, m
Biological shield thickness, m

First Wall

O T o |

Avg. inside radius, m

Volume, ms

4 v/o Hp0

14 v/o Pb

95 v/o Fe 1422

5 v/o steam

87 v/o ordinary concrete

8 v/o C1020 steel
reinforcement

5 v/o Hy0

0.5
2318
1.154

w O
= =W
o

1.871
11.592

Nuclear heating per 14.1 MeV neutron, MeV/fusion

Neutron
Gamma
Total

Av. power density, W/cm3

Neutron
Gamma
Total

Max. DPA* in Fe, dpa/FPY

Max. H production* in HT-9, appm/FPY
Max. He production* in HT-9, appm/FPY
Breeding Blanket

o - @
. . . . .

Avg. inside radius, m

0.057
0.310
0.367

1.197
6.512
7.709
52.539
1111.03
341.334

1.876



b. Volume, m3

c. Overall breeding ratio
6L
Ly
Total
d. Local breeding ratio
e. Nuclear heating per 14.1 MeV neutron, MeV/fusion
Neutron
Gamma
Total
f. Av. power density, w/cm3
Neutron
Gamma
Total
Max. DPA* in Fe, dpa/FPY
Max. H production* in HT-9, appm/FPY

=5 0
. .

Max. He production* in HT-9, appm/FPY
Reflector

Inside radius, m
Volume, m3

O T @ oY -
e ¢ o le .

Nuciear heating per 14.1 MeV neutron, MeV/fusion
Neutron
Gamma
Total
d. Av. power density, W/cm3
Neutron
Gamma
Total
e. Max. DPA* in Fe, dpa/FPY
Max. H production* in Fe 1422, appm/FPY
g. Max. He production* in Fe 1422, appm/FPY

*1-D results
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2348

1.065
0.015
1.08
1.44

7.234
6.635
13.869

0.698
0.640
1.338
49.241
979.395
299.184

3.03
1.157E3

0.088
1.279
1.367

0.019
0.269
0.288
17.283
417.223
128.740



7. Bulk Shield
a. Inside radius, m
Volume, m3
b. Nuclear heating per 14.1 MeV neutron, MeV/fusion
Neutron
Gamma
Total
C. Av. power density, w/cm3
Neutron
Gamma
Total
d. Percentage of energy deposited in shield
e. Max. DPA* in Fe, dpa/FPY
f. Max. H production* in Fe 1422, appm/FPY
g. Max. He production* in Fe 1422, appm/FPY
8. Divertor Region
a. Av. dpa in graphite layer of left divertor target,
dpa/FPY
b. Av. dpa in graphite layer of right divertor target,
dpa/FPY
C. Av. He production in graphite layer of left divertor
target, appm/FPY
d. Av. He production in graphite layer of right divertor
target, appm
e. Neutron streaming through divertor Slot #1, n/fusion

Slot #2
Slot #3
Total

*1-D results
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3.43
967.323

0.351
0.128
0.479

0.088
0.032
0.120
3%

0.440
0.747
0.207

1.411

2.141

13.850

23.015

7.614E-2

7.732E-2

6.018E-2
0.214



Gamma streaming through divertor Slot #1 vy/fusion 8.628E-3
Slot #2 8.735E-3
Slot #3 6.924E-3
Total .0243
Total energy carried by streaming radiation, MeV/fusion
Neutron 0.690
Gamma 0.032
Total 0.722
Energy deposited in a pair of divertor targets, MeV/fusion
Neutron 0.041
Gamma 0.178
Total 0.219
Percentage of streaming energy deposited in the targets 91%
Nuclear heating in shield, MeV/fusion
Neutron 0.067
Gamma 0.027
Total 0.094
Radiation streaming through pumpout port #1
Neutron/fusion 7.290E-3
Gamma/fusion 1.421E-3
Energy carried by radiation streaming through port #1, MeV/fusion
Neutron 6.653E-3
Gamma 1.650E-3
Total 8.303E-3
Radiation streaming through port #2
Neutron/fusion 9.671E-5
Gamma/fusion 3.327E-5
Energy carried by radiation streaming through port #2, MeV/fusion
Neutron 3.496E-5
Gamma 3.750E-5
Total 7.246E-5
Superconducting Magnet
Coil Inside radius, m 4.13
Peak dose in mylar* (after 24 FPY), rad 8.757E9

13



c. Peak dose in epoxy* (after 24 FPY), rad 4.163E8

d. Peak DPA in Cu stabilizer*, dpa/FPY 6.476E-6
e. Peak power density*, mW /cm3
Neutron 0.006
Gamma 0.010
Total 0.016

*1-D results

14



First Wall
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12.

Material

Operating temp. range, °C
Max. stress, MPa

Avg. neutron wall load, MW/mZ
Max. neutron wall load, Mw/m2
Max. surface heat flux

Max. dpa/FPY

Max. He/FPY, appm/FPY

Max. Hp/FPY, appm/FPY

% swelling/FPY

Shift in DBTT, C/FPY
Estimated life, y

Blanket Structure

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

Material

Operating temp. range, °C
Max. stress, MPa

Avg. power density, W/cmd
Max. dpa/FPY

Max. He/FPY, appm/FPY
Max. Hp/FPY, appm/FPY

% swelling/FPY

Shift in DBTT C/FPY
Estimated life, y

Breeding Material

23.
24,
25,
26.
27.

Material

OLi enrichment %
Temp. range - °C
Velocity
Pressure, MPa

Reflector

28.

Material

MATERIALS

15

HT-9
330-530
46.5
1.41
3.1
57
52.5
341.3
1111
> 1
85

4

HT-9
330-530
46

1.34
49,24
299.2
979.4

> 1

200

4

Li,7Pbg3
35

330-550
Static
0.55

1422 steel



29.
30.
31.
32.

Coolant

Temp. range

Avg. power density, W/cm3
Max. dpa/FPY

33. Max. He/FPY, appm/FPY
34. Max. H/FPY, appm/FPY
Shield
35. Materials

a

b

o
36. Coolant
37. Temp. range, °C
38. Avg. power density, W/cm3
39. Percent of energy in the shield, %
40. Max. dpa in Fe, dpa/FPY
41. Max. He/FPY, appm/FPY
42. Max. H/FPY, appm/FPY

16

Steam
330-550
0.288
17.28
128.7
417.2

1422 steel
B4C

Pb

H,0
60-100
0.120

3

0.44
0.207
0.747
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Thermal energy, MW

Steam temperature, °C
Steam pressure, MPa
Reheat temperature, °C
Feedwater temperature, °C
Pumping power, MWy

Net thermal power, MWip
Cycle efficiency, %

Power output, MW

POWER CYCLE

17

4820
454
138
454
280
75
474.5
40
1898




DOE Parameter List

The following parameter 1ist format was prepared by DOE (DOE letter
RS & A:CRH:#478, March 7, 1979) with a request that all reactor design studies
fill it out for comparison. The list is amended slightly to conform to
modular stellarators. "Not applicable" is designated as N.A. whereas "not
available" as N/A.

The nuclear island is defined as all that encompassed in Acct. 22 in
PNL-2648 "Fusion Reactor Design Studies - Standard Accounts for Cost Esti-
mates".

18



Characteristic Machine Dimensions
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Reactor envelope

Height

Width

Length

First wall

Major radius

Minor radius (effective)
Volume

Inner surface area

Plasma Parameters

L Y [ I
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N NN NN NN NN N NN NN NN DD DN DN
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.1
.1.1
.1.2
1.3
.2

.11
.12
.13
.14
.15
.16
.17
.18
.19

Plasma dimensions

Major radius, R

Minor radius, a

Plasma elongation

Centerline fuel density (npyq)
Average density (ﬁbT)

Tg, electron energy confinement time

Tas ion energy confinement time
Tis particie confinement time

n g (averaged through plasma)
Bos peak toroidal beta

<g>, average toroidal beta

Bpo» centerline poloidal beta
<Bp>, average poloidal beta

Ip, plasma current

Tio» centerline ion temperature

T}, average ion temperature

Tegs centerline electron temperature

Té, average electron temperature

Logg, effective plasma ion charge

q, plasma safety factor
Volt-seconds

19

Unit

MA

keV
keV
keV
keV

Volt-s

Value

16.2
64 dia.
N.A.

24.09
1.87
1930
2318

24.1
1.72
Triangular
3.82x1029
1.46x1020
0.9

3.7

4.0
5.4x1020
18.3

6

N.A.

N.A.

0

10.4

9.8

N.A.

9.5

1.28

N.A.

N.A.




2.20
2.20.1
2.20.2
2.21
2.22
2.23
2.24
2.25

Reactor cycle
Burn pulse length
Total pulse length

Fuel cycle (i.e., D-T, D-D, etc.)

Plasma heating method
Plasma heating power

Plasma heating energy or freq.
Plasma energy gain, Qp (plasma
fusion power/plasma heating power)

3. Power Output

3.1
3.2

3.2.1
3.3

3.4

3.4.1
3.5
3.6
3.7

3.8
3.9

3.10

3.10.1

Plasma fusion power (peak)

Plasma fusion power (total cycle

time average)
Thermal power

Power to first wall/blanket (peak

neutron)

Power to first wall/blanket
(total cycle time average)
(fusion neutron power)

Nuclear heating in first-wall/

blanket

Blanket power amplification factor
Power to direct convertor (peak)
Power to direct convertor (total

cycle time average)
Power to divertor (peak)

Power to divertor (total cycle

time average)

Plasma chamber power density

(total cycle time average)
Plasma power density
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Unit

MW
Hz

MWth
MWth

MWth
MWth

MWth

MW

MWth

MWth

MWth
MWth

MW /m3

MW/m3

Value
Steady-state
N.A.

N.A.

D-T

ICRF

100

69x10°

o«

4300
4300

4820
3442

3442

3466
1.15
N.A.

N.A.

159.5
159.5

2.2

3.1



Nuclear island power density
(total cycle time average)
Engineering power density
Plant gross electrical output
Plant net electrical output
Thermal cycle efficiency
Direct convertor efficiency

Blanket outlet temperature
(hot 1eg) - peak/average

Blanket inlet temperature
(cold leg) - peak/average

Blanket outlet pressure

Blanket coolant flow rate
Blanket coolant pipe material
First wall coolant type

First wall outlet temperature
First wall inlet temperature
First wall outlet pressure

First wall inlet pressure

First wall coolant flow rate

3.11
3.11.1
3.12
3.13
3.14
3.15
3.16 Net plant efficiency
4. Reactor Coolant System
4.1 Blanket coolant type
4.2
4.3
4.4
- peak/average
4.5 Blanket inlet pressure
- peak/average
4.6
4.7
4.8
4.9
- peak/average
4.10
- peak/average
4.11
- peak/average
4.12
- peak/average
4.13
4.14

Total number of first wall/blanket

coolant loops
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Unit
MW/m3

Mw/m3
MWe
MWe

%
%

°C
°C
MPa
MPa

kg/s

°C
°C
MPa
MPa

kg/s

Value

0.14
0.32
1898
1836
40

N.A.
38

Ho0
500/500
330/330
5/5
5.1/5.1
13,333
HT-9
H,0
500/500
330/330
5/5

5.1/5.1

2066



4.15 Type of blanket coolant circulator

4.16 Power input to each circulator

4.17 Peak first-wall/blanket temperature
in case of loss of coolant flow

4.17.1 First wall

4.17.2 Multiplier

4,17.3 Breeder

4.17.4 First wall structure

4.18 Energy storage

5. Intermediate Coolant System

6. Steam Generation System

6.1 Steam outlet temperature

6.2 Steam outlet pressure

6.3 Steam flow rate

6.4 Feedwater temperature

6.5 Number of steam generators per loop

6.6 Number of sectors per steam generator

6.7 Steam generator materials, shell/tube

7. Shield Coolant System

7.1 Total energy deposited in the shield

7.2 Shield coolant type

7.3 Shield outlet temperature - peak/
average

7.4 Shield inlet temperature - peak/
average

7.5 Coolant outlet pressure - peak/
average

22

Unit

MWth

°C
°C
°C
°C

OC(OF)
MPa (psia)

kg/s
(1b/hr)
Oc(OF)

MWth

°C

°C

MPa

Value

From turbine shaft
20

N/A
N/A
N/A
N/A
N/A

454 (850)
13.8 (2000)
2464 (19.6x10°)

280 (536)

1

9

Low carbon
st1/inconel 600

116.6
H,0
100/100
60/60

0.35/0.35



Unit
7.6 Coolant inlet pressure - peak/ MPa
average

7.7 Coolant flow rate kg/s
8. Reactor Auxiliary Systems
8.1 Vacuum pumping system
8.1.1 Plasma chamber pressure (base) Pa
8.1. Plasma chamber volume m3
8.1.2.1 Plasma volume m3
8.1.3 Number of pumps
8.1.4 Capacity of each pump Pa-m
8.1.5 Helium pumping speed of each pump m3/s
8.2 Magnet cooling system
8.2.1 Cooling load MW (300 K)
8.3 Plasma heating system
8.3.1 Heat removal from rf system MW
8.4 Plasma fueling system
8.4.1 Type
8.4.2 Fuel composition (i.e., %D, %T, etc.)
8.4.3 Fueling rate kg/s

4. Pellet size (if used) m

4 Pellet injection frequency (if used) s

Tritium processing and recovery
system

8.5.1 Total tritium inventory (active) kg
8. Impurity control system
8.6.1 Type

. Reactor Components

.1 First wall/blanket
9.1.1 Structural material

23

Value
0.6/0.6

992

1.3x10°6
1930
1400

120 (60 on line,
60 regenerating)

5x10°
8600

N.A.

Pellets
504D, 50%T
1.7x10°4 (T)
1.1x1074 (D)
3.6x10°3

50

1.8

Divertor

HT-9



9.1.2

9.1.3
9.1.4
9.1.5
9.1.6
9.1.7
9.1.8
9.1.8.
9.1.8.
9.1.8.

9.1.8.

9.1.8.
9.2
9.2.1
9.2.1.
9.2.1.
9.2.2
9.2.3
9.2.4
9.2.5
9.3
9.3.1
9.3.1.
9.3.1.
9.3.1.
9.3.1.
9.3.1.
9.3.1.
9.3.1.

w N =

—

N Oy AW N e

Breeding material/neutron multiplier

Breeding ratio

Number of sectors

Weight of sector

Weight of largest single component

Dimensions of largest component
First wall loading (peak/average)

14.1 MeV neutrons

Alpha particle flux

Electromagnetic radiation plus
charge exchange neutrals
(peak/average)

Plasma thermal conduction
(particle transport)

Wall life

Shielding

Material

Inboard

Outboard

Number of sectors

Weight of each sector

Weight of largest single component

Dimensions of largest component

Magnets

Modular magnets

Superconducting

Conductor/stabilizer material

Structural material

Operating temperature

Coolant

Maximum stress in coil

Unit

Tonnes
Tonnes
DxL

MW /m@

MW /m?

MW /m2

Mw/m2

Mw-yr/m2

Tonnes
Tonnes
DXL

Yes/no

MPa

Maximum force transmitted to building N/m2

24

Value

L117Pb83
Fe 1422

1.08
18
90.5
90.5
6x4.3

3.1/1.4
(Very small)
0.51/0.23

0.1

Steel, B4C, Pb, Hp0
Pb, B4C, steel, Hp0
18

306

254

7.46 x 8.6

Yes

NbTiTa/NbTi/Cu

304 LN-SS

1.8

He-II, bath cooling
533

N.A.



9.3.1.8
9.3.1.9
9.3.1.10
9.3.1.11
9.3.1.12
9.3.2
9.3.2.1
9.3.2.2
9.3.2.3
9.3.2.4
9.3.2.5

(Yo

.3.2.6
.3.2.7

(Y]

.3.2.8
.3.2.9
.3.2.10
3.2.11
.3.2.12
4

O W W YW W O

9.4.1

9.4.1.1
9.4.1.2
9.4.1.3
9.4.1.4
9.4.1.5
9.4.1.6
9.4.1.7

9.4.1.8
9.4.1.9

9.4.1.9.1

Maximum field

Field on plasma axis

Number of magnets

Field ripple-plasma edge/plasma axis
Stored energy

Poloidal coils
Superconducting
Conductor/stabilizer material
Structural material

Operating temperature
Coolant

Maximum stress in coil

Maximum force transmitted to
building

Maximum field

Field on axis

Number of magnets

Field ripple-edge/center

Stored energy

Energy transfer and storage
for startup

Plasma preparation

Type

Energy per unit

Total energy

Peak power transfer rate

Transfer time

Power required from grid
Recharge time

Pulse frequency

Switching requirements

Current, power supply output

25

Unit

GJ

Yes/no

N/m2
N/m2

MJ
MW

MWe

MHz

Value

11.6
4.5
18
23
171

Yes
NbTi/Cu
304 LN-SS
4.2

Liquid He, bath

cooling
530x108
N.A.

> 1

0/0
N.A.
N/A

ICRF
110
990
90
11
150
N.A.
69

125
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Volts, power supply output
Number of power supplies
Power supplies

Magnet power supply

Type

Peak power rating

On time

Poloidal coil supplies

Main equilibrium coil supply

Electrical energy storage (EF coils)

9.4.4.1. Peak power rating

9.4.4.1. On time

9.4.4 Poloidal coil supplies

9.4.4.1 Main equilibrium coil supply

9.4.4.1.1 Type

9.4.4,1.2 Peak power rating

9.4.4.1.3 On time

10. Electrical Power Requirements

10.1 Cold start power from grid

10.2 Auxiliary power requirements
(normal operation)

10.2.1

10.2.2 Magnet power supply (other than
energy storage)

10.2.3 First-Wall/Blanket Circulators

10.2.4 Divertor coolant circulators

10.2.5 Shield coolant circulators

10.2.6 Refrigeration system

26

Unit
kv

MVA

MVA

MVA

MWe vs.
MWe

MWe
MWe

MWe
MWe
MWe
MWe

S

Value
40

30
N.A.

Solid state
5
Continuous

Solid state
rectifier,
inverter

N.A.

Solid state
rectifier,
inverter

2

N.A.

212 vs. 11
62

None

Turbine driven
Included in 10.2.5
2.5

12



10.2.7 Vacuum system (roughing)

10.2.8 Plasma heating system

10.2.9 Miscellaneous reactor plant
auxiliaries

10.2.10 Feed pump system

10.2.11 Condensing system

10.2.12 Heat rejection system

10.2.13 Misc. BOP auxiliaries (transformer
cable)

11. Buildings

11.1 Reactor building

11.1.1 Characteristic dimensions (IRxORxh)

11.1.2 Enclosed volume

11.1.3 Minimum wall thickness for shielding

11.1.4 Internal pressure, normal/accident
(gage)

11.1.5 Containment atmosphere

11.2 Electrical energy storage building

11.3 Reactor service building

11.3.1 Characteristic dimensions (IRxORxh)

11.3.2 Turbine building

11.3.3 Hot cells

11.3.3. Number

11.3.3. Characteristic volume m3

11.3.4 Fuel handling and storage building

11.3.4. Characteristic volume m3

27

Unit
MiWe
MWe
MWe

MWe

MWe
MWe
MWe

mXmxm

MPa

mxmxm
mxmxm

Value

0.15

N.A.

(Incl. in 10.2.13)

N.A. (turbine
driven)

4.5

23

15

15x38x18
69x103

3.1
5x1079/+0.165

Yacuum
N.A.

40x62x24
60x120x38

2
100x103

10x103



12.

Reactor Maintenance

12.1

12.2

Blanket/first wall replacement

Radioactive material storage

requirement, years/volume

28

Unit

% surface
area/l6
months
tonnes/yr

Yr/m3

Value

30
450

N/A





