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PREFACE

The TITAN Reversed-Field Pinch (RFP) fusion reactor study {s a multi-institutional
research effort [1-3] to determine the technical feasibility and key developmental issues of
an RFP fusion reactor, espectally at high powe- density, and to determine the potential
economics {cost of electricity], operations, safety, and environmental features of high-mass-
power-denstty fusion systems.

The TITAN conceptual designs are DT burning, 1000 MWe power reactors based on
the REP confinement concept, The designs are compact, have a high neutron wall loading
of 18 MW/m® and a mass power density of 700 kWe/tonne. The inkerent characteristics
of the RFP confinement concept make fusion reactors with such a high mass power density
possible. Two different detailed designs have emerged: the TITAN-I lithium-vanadium
design, incorporating the integrated-blanket-coil (IBC) concept; and the TITAN-II agueous
loop-in-pool design with ferritic steel structure. Parameiric systems studies have been
utilized both to optimize the point designs and to determine the parametric design window
associated with each approach. This combination of parametric and point design work is
referred to as a “parapoint” study.

Following is a collection of 16 papers on the results of the TITAN study which were
presented at the International Symposium on Fusion Nuclear Technology (April 10-19,
1988, Tokyo, Japan). This collection describes the TITAN research effort, and specifically
the TITAN-I and TITAN-II designs, summarizing the major resulls, the key technical
issues, and the central conclusions and recommendations,

Overall, the basic conclusions are that high-mass-power-density fusion reactors appear
to be technically feasible even with neutron wall loadings up to 20 MW/m?; that single-
piece maintenance of the FPC is possible and advantageous; that the economics of the
reactor i3 enhanced by its compactness; and the safety and environmental features need
not be sacrificed in high-power-density designs. The fact that two design approaches have
emerged, and others may also be possible, in some sense indicates the robustness of the
general findings. Therefore, magnetic fusion systems may well be feasible over u wide range
of parameter space than previously considered possible and attractive.
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ABSTRACT

The TITAN reactor is a compact {major radius of 3.9m and plasma minor radius of
0.6m), high neutron wall loading (~ 18 MW/m?2) fusion energy system based on the
reversed-field pinck {RFP) confinement concept. The reacter thermal power is 2018 MW
resulting in net electric output of 960 MW e and a mass power density of 700 kWe/tonne,
The TITAN-I fusion power core (FPC) is a lithium, self-cooled design with vanadium
alloy (V-3Ti-15t) structural matericl. The surface heat fluz incident on the first wall
is ~ 4.5 MW/m?2. The magnetic field topology of the RFP is favorable for liquid metal
cooling. In the TITAN-I design, the first wall and blanket consist of single pass, poloidal
flow loops aligned with the dominant poloidal magnetic field. A unique feature of the
TITAN-I design is the use of the integrated-blanket-coil (IBC) concept. With the IBC
concept the poloidal flow lithium circuit i3 also the electrical conductor of the toroidal-field
and divertor coils. Three dimensional neutronics analysis yields a tritium breeding ratio of
1.18 and a molten solt extraction techrique is employed for the tritium eztraction system.
Almost every FPC component would qualify for Class C waste disposal. The compactness
of the design allows the use of single-piece maintenance of the FPC. This maintenance
procedure is expected to increase the plant availability. The entire FPC operates inside
a vacuum tank, which is surrounded by an atmosphere of inert argon gas to impede the
HAow of air in the system ir ease of an aecident. The top-side coolant supply and return
virtually eliminate the possibility of a complete LOCA occurring in the FPC. The peak
temperature during ¢ LOFA i3 991°C.
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1. INTRODUCTION AND BACKGROUND

The TITAN Reversed-Field Pinch (RFP) fusion reactor research effort {1,2]
has been undertaket: to determine the technical feasibility and key developmental
issues of an RFP fusion reactor, especially at high power density, and to determine
the potential economics (cost of electricity), operations, safety, and environmental
features of high-mass-power-density fusion systems. Two different detailed designs,
TITAN-I and TITAN-II, have emerged and parametric systems studies have been
utilized both to optimize ihe point designs and to determipe the parametric design
window associated with each approach. This combination of parametric and point
design work is referred to as a “parapoint” study. This paper summarizes the
engineering efforts of the TITAN research team on TITAN-I, a self-cooled lithium
design with vanadium structure. TITAN-II is an aqueous breeder loop-in-pool
design which is summarized in Reference 3. Complete details of the TITAN-T and
TITAN-II fusion power core designs can be found in the TITAN Final Report [1].

The TITAN conceptual designs are DT burning, ~1000 MWe power reactors
based on the RFP confinement concept. The designs are compact, have a high
neutron wall loading of 18 MW /m? and a mass power density of 700 kWe/tonne.
The inherent characteristics of the RFP confinement coucept make fusion reactors

with such a high mass power density possible.

The reversed-field pinch [4], like the tokamak, belongs to a class of axisym-
metric, toroidal confinement systems that utilize both toroidal (B4} and poloidal
(Bg) magnetic fields to confine the plasma. The fundamental property of the RFP
is that the field configuration and toroidal field reversal are the result of the relax-
ation of the plasma %o a near-minimum-energy state, as proposed by Taylor {5-6];
the generation of the reversed toroidal field is the natural consequence of this re-
laxation process. In the tokamak, stability is provided by a strong toroidal field
By > By such that the safety factor exceeds unity, that is, ¢ > 1. In the RFP,
on the other hand, strong magnetic shear produced by the radially varying (and
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d ‘creasing) toroidal field stabilizes the plasma with ¢ < 1 and relatively modest
B,. RFPs, therefore, can operate with a large ratio of plasma current to toroidal
field and stability constraints on the aspect ratio are removed. High-current-density
operation and chmic heating to ignition are possible, and the choice of the aspect
ratio can be made solely on the basis of engineering considerations. Also, the RFP
can operate at a high total beta, thereby allowing operation at high power den-
sity. The experimentally measured poloidal beta values are in the range 10-20%.
Furthermore, the low magnetic field strength on the external conductors results in
a high engineering beta defined as the ratio of the plasma pressure to the mag-
netic field pressure at the magnets. Low current-density and less massive resistive
coils are therefore possible. The TITAN plasma is chmically heated to ignition us-
ing resistive copper chmic heating (OH) coils, The toroidal-field and divertor coils
are also normal-conducting, Integrated-Blanket-Coil (IBC) for TITAN-I and copper
coils for TITAN-IIL. The equilibrium field is produced by a pair of super-conducting

coils to reduce the required recirculating power.

Extensive parametric system studies have been performed to select and op-
timize the design point and then to determine the associated design window for
an attractive RFP reactor. These design points were then subjected to detailed
engineering analysis and subsystem design. These trade studies pointed to an at-
tractive RFP reactor regime of operation with neutron wall loadings in the range
of 10-20 MW /m? and mass power densities in the range of 500-700 kWe/tonne in
which COE is an insensitive function of the neutron wall loading. Reference design
point, corresponding to 18 MW /m? of neutron wall loading were chosen for TITAN

designs in order o determine the technical feasibility and key developmental issues

for the entire design window.

Another feature of these TITAN-class reactors is that the cost of the FPC is
a small fraction of the overall plant cost (<<10%). This makes the economics of the

reactor less sensitive to changes in the plasma performance ot in the unit cost of FPC
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components. Moreover, since the FPC is smaller and cheaper, a rapid development
program at lower cost is possible, changes in the i PC design would not introduce

large cost penalties, and the economics of learning-curves can be exploited.

2. CONFIGURATIGN

The general arrangement of the TITAN-I FPC is illustrated in Fig. 1. The
entire FPC is contained in a vacuum tank to ease the remote making and breaking of
vacuum welds during scheduled and unscl:eduled maintenance. All of the primary
coolant ring-headers are above the torus so that in the event of a break in the
primary piping, coolant will remain in the torus and the most severe consequence
will be that of a LOFA. The flow paths are aligned with the dominant, poloidal
field so that MHD consequences are reduced. The coolant flow paths are illustrated
in Fig. 2. The first wall and blanket are made of extruded vanadium alloy tubing
and are single-pass, poloidal flow. The shield assembly has two zones, a 30 cm,
30% structure zone immediately behind the blanket and a 15 cm, 90% structure
zone at the back to reduce the neutron flux to the OH coils. All of the structural
material in the FPC is vanadium alloy. Exclusion of other, high-activation alloys
(e.g., HT-9) reduces peak temperature during LOFA’s and allows for Class-C waste
disposal. Operating characteristics of the FPC are listed in Table 1.

The integrated-blanket-coil (IBC) concept [7] is used in TITAN-L An electric
current passed through the poloidal-flow lithium circuit provides the toroidal field
required for the TF and divertor coils, The IBC concept eliminates the need for
shielding of the two coils and reduces the number of components needing access
during maintenance. All of the magneis are normal conducting with the exception
of the two superconducting equilibrium field coils located at the outhoard edge of

the fusion power core.

TITAN uses three toroidal-field divertors for impurity control. The coils used in
the divertors are IBC-type coils similar to those in the blanket. The neutralizer plate
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is a lithium cooled structure with vanadium-alloy coolant tubes and a tungsten-

rhenium surface. The peak heat flux on the divertor plate is 7.5 MW /m?.

3. MATERIALS

In high power density, compact fusion reactors such as TITAN, the harsh
neutron environment limits the choice of structural, shield and insulator materials.
Several loading conditions are addressed such as thermeal, chemical, radiation,
mechanical and electromagnetic. In particular the response of plasma facing
materials to radiation, thermal and pressure stresses, and their compatibility
with the coolant are of primary concern. Because of the retention of mechanical
strength at high temperatures and good thermal properties, vanadium-base alloys
are promising materials for structural components. Relative to austenitic and
ferritic steels, the vanadium alloys have much better corrosion resistance. Three
alloys, V-15Cr-5Ti, VANSTAR and V-3Ti-15i have been studied. Irradiation, creep
and coolant compatibility issues have been investigated and led to the choice of the

V-3Ti-1Si alloy as the primary structural material for the TITAN-I design.

4. NEUTRONICS

Tritium breeding, waste disposal, nuclear heating (both during operation and
after shutdown), annual replacement mass of vanadium alloy and protection of all
magnets in the fusion power core are among the list of important issues taken into
account in the neutronics desiga optimization. An iinportant finding is that some
nuclear performance characteristics such as decay heat, waste disposal rating, and
atomic displacement in structural alloys are dramatically improved if the lithium
coolant is enriched with ¢Li. Therefore, the ?Lj enrichment in lithium is chosen to

be 30% in the reference design.

The first wall and IBC components have a lifetime of one fuli power year. The
hot shield is replaced every five full power years assuming the maximum atomic

displacement in the vanadiuvm alloy structure to be 260 dpa. The olumic heating
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coils are expected to last for the entire 30 full power years plant lifetime. The
limiting factor is radiation damage to the spinel electrical insulator in the magneis,
estimated in terms of neutron fluence to be about 2% 10?2 n/cm? (E, > v.1 MeV).
The global tritium breeding ratio is 1.18 from a 3-dimensional calculation, including
the effsct of the divertors, while the one-dimensional full coverage calculation gives
1.33. The blanket energy multiplication factor, M is 1.2.

5. THERMAL HYDRAULICS

The major features of the thermal-hydraulic design for the TITAN high wall
loading reactor are: (1j alignment of the coolant chanuels along the dominant
poloidal magnetic field, (2) separation of the first wall and blanket coclaui circuits
thus allowing lower coolant exit temperature for the first wall, end (3} use of MHD
turbulent flow heat transfer at the high heat flux first wall, made ossible by the
low magnetic interaction parameter. A thermal-hvdraulic design has emerged that
can handle up to 5 MW/m? of heat flux on the first wall. The coolant velocity in
the first wall tubes is about 20 m/s and in the blanket it is about 0.5 m/s. Material
erosion due to high velocity lithium flow iu the firs: well tubes is estimated to be
neghigible. The total pressure drop in the frst wall tubes is about 10 MPa and
the resulting primary stress is 4 to T times smaller than the allowable stress {e.g-,
~80 MPa at 650°C). A two-si age conlant pump, about 5 MPa per stage, is used for
the first wall while a cingle-stage pump 's used for the blnkei where the pressure
drop is about 2 MPa. The tor:] pumping power requivement fo. coolant circulation
is about 3.6% of the net electric output.

The high velocity required to cool the first wall limits the coolant temperature
risc to 100 °C (the ouilet ‘emperature is 400 °C). Two power-cycle options
are comsidered. One, mix the first wall coolant with the hotter blanket coolant
(blanket ~utlet temperature is 700 °C) and two, have two steam-turbine power
cycles which are optimized for the temperzture conditions of the first wail and

blanket, respectively. The gross thermal efficiency of the latter option is 44% and
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has been choser for TITAN-L

8. TRITIUM SYSTEMS

The maximum off-site tritium release is designed to be 10 Ci/d. The tritium
flux on the first wall is estimated at 1.5x10*7 cm~2 s~1, and 95% of the tritons
have energies below 5 V. With vanadium susceptible to plasma-driven permeation
(PDP) and the triton energies very low, superpermestion of the low-energy tritons
may result {reduced tritium re-emission and increased permeation into the coolant).
The DIFFUSE [8] code gives a minimum of 110 g/d PDP which can be much larger
if superpermeation occurs. Extraction of tritium from Li is based on the molten
salt technique, adequate for extracting 420 g/d of bred tritium plus PDP at a cost
of $5 to $15 million. A tritium concentration of one wppm in Li at equilibrium
gives ~200 g soluble tritium inventory in the primary coolant loop. A Li secondary
loop has an inventory of about 300 g of tritium; use of sodium in the loop would
vield about one gram of inventory and cold-trapping is not required. The divertor
tritium inventory and coolant permeation are insignificant despite the large fuxes

because of the resistance of the tungsten divertor plate to tritium permeation,

The room air detritiation systems can clean up a 5 kg spill of tritium in three
days at a capital cost of §5 million. Plasma exhaust gas processing will be based
on palladium diffusers. DIFFUSE gives a tritium inventory in the FPC structure

between 3 and 7 g and release into the vacuum tank which surrounds the FPC of

~6 g/d.

7. SAFETY

During the study, different fusion power core designs were considered that can
have the potential of operating at bigh neutron wall loading of 18-20 MW /m?.
Safety features have he=n incorporated into this design from the beginning, with
the purpose of designing with passive safety, simplicity, high availability, and low

cost.



The key safety feature of the TITAN-I lithium/vanadium fusion power core
design is the complete enclosure of the lithium primary loop system in an inert gas-
filled confinement building. The blanket containers, vacuum vessel, and confinement
building form three barriers to prevent lithium fires and protect the public from
radioactive materials. All piping connections are located at the top of the torus
to prevent the complete loss of first wall/blanket coolant during an accident.
Lithium drain tanks are provided to reduce passively the vulnerable blanket Jithium
inventory. A totally passive system that could drain all the lithium inventory into
a fire-safe mode within approximately 30 seconds is possible. Two-dimensional
thermal analyses of the loss of coolant and loss of flow accidents (LOCA and LOFA)
in the first wall and blanket regions have been performed. Different design features
are selected to prevent LOCA'’s and to minimize the LOFA peak temperature of the
first wall during accidents in order to minimize the potential rzlease of radioactivity.
To evaluate this design further, lithium fire accident scenarios are studied by using
the LITFIRE [9] code developed by MIT and site boundary dose calculations were
performed to understand the potential release of radioactivity under major accident

and routine release conditions.

The maximum temperaturz during a frst wall LOCA and systemm LOFA (the
most severe accident postulated for TITAN-I) is 991 °C. Thermal creep-rupture
analysis of the vanadium structure indica%s that failure will not occur during the
temperature excursion period of the accident, about 5 to 6 days. The maximwmn
temperature during a lithiumm-fire is 747 °C in the combustion zone. The results
from these accident evaluations indicate that the lithium self-cooled design can

potentially be passively safe, without reliance on active safety systems.

8. MAINTENANCE

The compact design of the TITAN-I fusion power core reduces the system to a
few small and relatively low mass components, making toroidal segmentation of the

FPC uni:ecessary. A single-piece maintenance procedure in which the replaceable
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first wall and blanket is removed as a single unit is, therefore, possible. The
potential advantages of single-piece maintenance procedures are: 1) shortest period
of down time resulting from scheduled and unscheduled FPC repairs, 2) improved
reliability resulting from integrated FPC pretesting in an on-site, non-nuclear test
facility where coolant leaks, coil alignment, thermal expansion effects, etc., would
be corrected prior to commitiing to nuclear service using rapid, and inexpensive,
hands-on repair procedures, 3) no adverse effects resulting from the interaction of
new materials operating in parallel to radiation damaged materials, and 4) ability
to continually modify the FPC design as may be indicated by reactor performance
and technological developments.

The TITAN FPC design provides for tog access to the reactor with vertical lifts
used to remove the components. The number of remote handling procedures is few
and the movements are uncomplicated. The annual torus replacement requires that
the reusable ohmic-heating coil set and reflector/shield assembly be removed and
temporarily stored in a hot cell. The used first wall and blanket assembly is drained
and disconnected from the coolant supply system, then lifted to a prccessing room
where it is cooled and prepared for Class-C waste burial. The new, pre-tested first
wall and blanket assembly is then lowered into position and the removal procedure

is reversed to complete the replacement process.

9. SUMMARY

The TITAN-I reactor is a compact, high neutron wall loading (~ 18 MW /m?)
fuston energy system based on the reversed-field pinch (RFP) confinement concept.
The reactor thermal power is 2918 M'W resulting in net electric output of 960 MW
and a mass power density of 700 kWe/tonne. The fusion power core is a lithium,
self-cooled design with vanadium alloy (V -3Ti -15i) structural material. The
TITAN design utilizes the soft heta limit feature of RFPs and operates with a
highly radiative plasma in order to limit the heat flux on the divertor plates to

acceptable levels. The surface heat flux incident on the first wall is, tlierefore,
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~ 4.5 MW/m?®. MHD eifects had precluded the use of liquid metal coolants for
high heat flux components in previous designs, but the magnetic field topology of
the RFP is favorable for liquid metal cooling. In the TITAN-I design, the first wall
and blanket consist of siigle pass, poloidal low loops aligned with the dominant
poloidal magnetic field. 'The thermal-hydraulic analysis shows a reasonable MED
pressure drop (~ 12MPq in the first wall circuit and ~ 3 M Pa in the blanket)
and a modest pumping power requirement (~ 45 M We)} with a thermal power cycle
efficiency of ~ 44%.

A unique feature of the TITAN-I design is the use of the integrated-blanket-
coil (IBC) concept. With the IBC concept the poloidal flow lithium circuit is also
the electrical conductor of the toroidal-field and divertor coils. Use of the IBC
concept eliminates the need for TF-coil shielding and simplifies the maintenance
procedure. Three dimensional neutronics analysis yields a tritium breeding ratio
of 1.18. A molten sal: extraction technique is employed for the tritium extraction
system. The high neutron wall loading of the TITAN reactor results in a ¢ year
lifetime for the first wall and blanket. The shield, however, will be replaced every
five years. Almost every FPC component would qualify for Class C waste disposal.

The compactness of the design allows the use of single-piece maintenance of
the FPC. The use of single-piece mainteir.ance procedures is expected to provide the
shortest period of downtime resulting from scheduled and unscheduled FPC repairs.
Reduced downtime is achieved hecause the replacement FPC is fully pre-tested in
an on-site, non-nuclear test facility. This maintenance procedure is expected to
increase the plant availability. The general arrangement of the fusion power core

provides for vertical lifts to remove the core components during maintenance.

The entire FPC operates inside a vacuum tank, which is surrounded by an
atmosplere of inert argon gas to immpede the flow of air in the system in case of an
accident. The top-side coolant supply and return virtually eliminate the possibility

of a complete LOCA occurring in the FPC. The peak temperature during a LOFA
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is 991°C.
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Table 1

Major Operating Parameters of TITAN-I

DIMENSIONS
Major plasma radius
Minor plasma radius
First wall minor radius
First wall surface area
Thickness of first wall, blanket
and shield
First wall pipes diameter
IBC pipes diameter
PLASMA
Neutron wall loading
Piasma density
Poloidal beta
Poloidal field at first wall
Toroidal field at first wall
POWER
Fusion power
Total thermal power
Gross electric power
Net electric power
Mass power density
Blanket energy multiplication
Thermal cycle efiiciency
Cycle 1
Cycle 2
Average
Net plant efficiency
Surface heating, peak
First wall
Divertor
Volumetric heating, peak
HYDRAULIC
Li Coolant inlet temperature
Li Coolant outlet temperature
First wall and divertor
IBC and hot-shield
Li Coolant pressure, inlet
Divertor
First wall
IBC and hot shield

39 m
06 m
0.66 m
160 m?

0.77 m
10.5 mm
52.5 mm

18 MW /m?
9.45x10%¢ m—3
0.22
544 T
036 T

2288 MW

2918 MW

1284 MW
958 MW
700 kW, /tonne
1.2

0.37
0.465
0.44
0.34

4.5 MW/m?
7.5 MW /m?
95 MW /in?®

320 °C

440 °C
700 °C

12. MPa
10. MPa
2.9 MPa
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OVERVIEW OF THE TITAN-II REVERSED-FIELD
PINCH AQUEOUS FUSION POWER CORE DESIGN

C. P. C. Wong,2 R. L. Creedon,? S. P. Grotz!,
E. T. Cheng,® S. Sharafat,! P. I. H. Cooke,!"* and
The TITAN Research Group
J. R. Bartlit,** C. G. Bathke,® J. P. Blanchard,! Y. Chu,® R. W. Conn,' E. Dabiri®
W. P. Duggan,* O. Fischer,** N. M. Ghoniem,! P. J. Gierszewski,? G. E. Gorker,®
M. Z. Hasan,! C. G. Hoot,? D. C. Keeton,® W. P. Kelleher,* C. E. Kessel,!

R. A. Krakowski,? O. Kveton,” D. C. Lousteau,® R. C. Martin,? R. L. Miller,?

F. Najmabadi,’ R. A, Nebel,® G. E. Orient,! A. K. Prinja,}*? K. R. Schultz,?
D. Steiner,* D. K. Sze,3 S. L. Thomsoen,® S. G. Visser,? E. L. Vold,! K. A. Werley,®

General Atomics, San Diego, California 92138-5608, U. S. A.

ABSTRACT
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1. INTRCDUCTION

TITAN is a two-year study which began in Deceriber 1985 to investigate the
potential of the Reversed-Field Pinch concept as a compact, high-power-density fu-
sion energy system [1]. It is a multi-institutional project, having participants from
univetsities, industry, and national laboratories, includi-g international participa-
tion. During the scoping phase of this study, we evaluated different blanket concepts
which have the potential of operating at a high neutron wall loading of 18 MW /m?.
A lithium self-cooled and the water-cooled design were selected for further investi-
gation. Details of the lithium self-cooled design are reported in Ref. 2. This paper
presents an overview of the TITAN-II design which uses the Near-term, A-ueous,
Unit-Torus, Immersed-Loop, Ultimately-Safe NAUTILUS concept.

The basic safety design principle of tae Swedish Secure-P fission reactor design
[3] was reviewed and applied to the TITAN-II “loop-in-pool” configuration as shown
in Fig. 1. By adopting the aqueous lithium sclution concept [4], the selection of
breeder and si.uctural material becomes very important, and the related concerns
of corrosion, hydrogen embrittlement and radiolysis effects were ovaluated. The
trade-offs between the lithium concentration in the coolant, neutronics performance,
fluid heat transfer, and power conversion system selection were evaluated hefore the
selection of the TITAN-II reference design. Since water was selected as the blanket
coolant, its capability of removing high surface heat flux was also made use of in the
divertor design [5]. Based on the extensive fission reactor tritium control expertence
from Canada [6], the key concerns of tritium extraction and control were addressed.
The questions of waste disposal, reactor safety and maintenance implications of the

reference design were studied and the results are also presented in this paper.

2. PROJECT OBJECTIVES AND SAFETY DESIGN GOAL

Two primary objectives of the TITAN program are to determine the technical

feasibility and key developriental issues of a Reversed-Field Pinchh (RFP) fusion
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reactor, and to determine its potential economics, cost of electricity, safety and
environmental features. In the evolution and selection of the aquesus eoncept, key
elements of design simplicity, high availability, passive safety and minimum cost
have heen used as design objectives, By considering safety at the beginning of the
conceptual design process, safety features can be built-in, while maintaining design
simplicity which can have favorable impacts on availability and cost of electricity.
Four Jevels of safety assurance were used to facilitate the preliminary evaluation
of different designs [7]. These levels are not precisely defined licensing criteria nor
rule= for formal safety evaluation. They are relatively simple guides for designers to
use to evaluate their designs and improve on their safety features. For the TITAN-11
design w: were aiming for level 2 of safety assurance, which means in order to keep
the public safe we have only to maintain the integrity of the large-scale geometry,

atmospheric pressure water pool.

3. MATERIAL SELECTION

Tritimmn breeding in the aqueous blanket design is accomplished by dissolving
lithium in the blanket coolant [4]. Different lithium compounds were evaluated
[1]. The key questions for the selection are solubility of the compound in water,
corrosion effects of the solvent with the madterials in contact, and radiolysis effects
under the fusion environment. An obvious lithium compound is LiOH. In order to
get adequate lithium concentration in an LiOH solution, it will have a pH value of
above 14, which can cause significant corrosion problems to the structural material.
LiNO; solution has a pH value close to the neutral value of 7, and can he much
less corrosive. Preliminary radiolytic yield estimates indicated that the formation
of explosive gas mixtures of hydrogen and oxygen could he avoided for LINO_ by
the presence of the nitrate ions. Based on these results, the selected TITAN-II
primary coolant is a solution of LINO; containing 6.4 at.% of lithium. Estimated
properties of this solution, which are quite different from water, were used in the

thermal-hydraulics calculations. Details of this are presented in Refs. 8 and 12.
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Evaluation of V, Cu, Zr and ferritic steel alloys was performed for the TITAN-11
design. Due to potential problems in corrosion resistance for the V-3Ti-15i alloy and
helium embrittlement for the V-15Cr-5Ti alloy, they were not considered further |!).
For the Zr-alloy, the problem of hydrogen embrittlement prevents its use for this
design. Potential magnetic field error problems for the high electrical conductivity
copper alloys at the beginning of Iife and the much-reduced thermal conductivity due
to transmutation at the end of life for other Cu-alloys generates uncertainties in the
design. When compared to ferritic steel, Cu-alloys become back-up alloy candidates.
Among the reduced activation ferritic steel alloys, two seem to be suitable for
this design. The first or.> is the high-strength 12Cr-0.3V-1W-6.5Mn-0.08C alloy,
called 9-C, developed by Gelles, Ghoniem and Powell [9]. It has room-temperature
measured yield strength of 531 MPa, after an irradiation d: e of 14.3 dpa at 531°C.
The second is the GA Reduced Activat:on Ferritic Steel (GA-RAFS) developed by
Lechtenberg [10]. Because of its superior yield and ultimate strength, 9-C alloy
was selected as the reference structural material. Since the GA-RAFS alloy has *he
minimum measured swelling and ductile-to-brittle transition temperature (DBTT)
effects under irradiation, it is retained as the alternate ferritic steel structural

material.

The potential concarns of currosion, radiciysis, and hydrogen embrittlement
of ferritic steel in an aqueous solution of LiNO3 were evaluated. Based on limited
experimental data, it was found that with water cl.emistry control, this nitrate
salt and structural material combination shiould have an acceptable corrosior ate.
At the same time, by opersting the coolant and wall interface at > 4u.°Cthis
combination of 9-C ferritic steel and nitrute salt should not be susceptible to
hydrogen embrittlement. Preliminary evaluation indicates that by operating the
caolant at the relatively high coolant temperature of ~ 300°Cin conjunction with
the relatively high hydrogen concentration, the reference TITAN-II coolant system

may be quite tolerant to the effects of radiolysis [11].
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4. CONFIGURATION DESIGN

For the TITAN-II design, we have immersed the high-pressure primary ioop
including the RFP torus and the heat exchangers into a peol of low-temperature
water, as shown in Fig. 1. This concept uses near-term aqueous soluiion technology
and has the potential for completely passive safety. The fusion power core is inserted
and removed from the pool as a single unit, This is called the NAJTILUS concept
for “Near-term, Aquecus Solutica Unit Torus, Immersed Loop, Ultimmately Safe”

concept.

During the evaluation phase of the aqueous solution design, different first wall
and blanket configurations were investigated. The basic requirements are a tl*n
first wall to cake the high-surface heat flux, and a strong enough s{ructure to take
the high coolant pressure. Additional requirements are design simplicity, ve-tical
fiu:d flow to allow natural circulation, and a simple arrang=ment of the coolant

plena. Details of the resulting design are shown in Fig. 2.

The selected blanket design configuration is the integrated first wall and blarket
lobe design illustrated in Figs. 3 and 4. The pressurized coolant at 70 MPa is
enclosed in the lobes. The lobe width is 3 cm, with wall thickness 1.5 mm which
includes an erosion allowance of 0.25 mm facing .he plasma. The coolant comes
in from the bottom of the torus and exits from: the top. In between, the coolant
flows in the 3 cm-thick lobes through the first wall and blanket zoue in a poloidal
direction. The first wall and blanket zones are separated by a flew barrier, such that
detailed tailoring of the first wall flow is possible by adjusting the flow resistance
in the blanket. Beryllium rods clad in 9-C ferritic steel, 0.125 nun thick, will be
packed closely in the blanket zone. The structural load from: the pressurized lobes is
supported by the outer support shell. Details of the individual lobes are illustrated
in Fig. 4.

As illustrated in Fig. 3, the inboard and outboard seginents are self-contained

units. Four of the illustrated segments can then be used to form a sector of one-
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third of the torus. Three sectors can then be joined between the divertor chambers
to form the complete RFP terus. As illustrated, the vacuum boundary of the torus

’

'is located at the back of the shield.

5. THERMAL-HYDRAULICS AND POWER CONVERSION

In order to handie the high neutron wall loading of 18 MW /m? and the corre-
sponding surface wall loading of 4.2 MW /m?, subcooled flow boiling heat transfer
will be needed for the first wall cooling [12]. Due to the coolant property changes
of the aquecus solution pointed out earlier, all the heat transfer characteristics of
the solution have to be adjusted. Considering the equations for incipient boiling,
subcooled flow boiling (SFB) Leat transfer and critical heat flux {CHF) correlations
for pure water, and comparing the properties of the solution to those of water, we
believe that it is conservative to use the pure water CHF as a guide for the TITAN-II
design. We have also estimated the impact to SFB heat-transfer from different con-
centrations of LiNQOjz in water. In the concentration range of 2 to 6 at.% of lithium,
we found that the reduction in SFB heat-transfer can be from 8 to 20%, which is
acceptable, considering the temperature of the structural material. Compared to
water, this solution has higher density, lower specific heat capacity, and a higher
boiling point. Taking advantage of the last property, the reference design is selected
to operate at a coolant pressure of 7 MPa, with inlet and outlet temperatures at

298°Cand 330°C, respectively. By usiug subcooled-flow-boiling heat transfer, we

found that it is feasible to handle the neutron wall loading of 18 MW/m? and a

corresponding first wall surface heat flux of 4.6 MW /m2. At the beginning-of-life,
before the first wall erosion oceurs, the 9-C ferritic steel first wall has a maximum
midwall temperature of 503°Cwhich is quite acceptable. The secondary coolant
was selected to operate at a higher coolant pressure of 7.2 MPa, thus reducing the
probability of leakage of the tritium-containing primary coolant into the steam gen-
erator system. This power conversion system has a gross thennal efficiency of 35%

[12).
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6. NEUTRONICS ANALYSIS

Neutronics calculations were performed to evaluate different design options,
and to select the reference design., With the use of high strength 9-C ferritic steel,
the required structure volume fraction is about 11%, this leads to a total blanket
and shield thickness of thickness of 41.5 cm. This radial thickness includes the first
wall, 20 cm of beryllium multiplicr zone, 10 ¢m of ferritic steel reflector and 10 cm of
shield. At a ®Li enrichment of 12% in the LiNQ; solution, the tritium breeding ratio
and blanket energy multiplication were calculated to be 1.2 and 1.4, respectively
[12). This indicates more than adequate neutronics performance for the TITAN-[I
design. If D20 were used to replace H,O, we found that beryllium would still he
needed in order to obtain adequate tritium breeding,.

7. TRITIUM ISSUES

Tritium control and extraction from a fusion reactor blanket has always been a
serious concern in conceptual reactor designs. For the TITAN-II aqueocus blanket,
the basic technology of tritium control and extraction have already been developed
by the Canadian CANDU fission reactor program. We performed a trade-off study
between operating tritium loss, primary coolant tritium concentration and process
equipment cost. We compared different methods of tritium recovery and the design
options with and without an intermediate heat exchanger for the primary coolant
loop. Since the TITAN-II reference design is to operate the primnary loop at a
lower pressure than the secondary loop, an intermediate heat exchanger will not
be necessary. At a primary loop tritium concentration of 50 Ci/liter, the tritium
extraction system total installed cost is $170 M and the correspouding tritium

release rate is 50 Ci/day [12], which are both relatively high yet acceptable values.

8. REACTOR MAINTENANCE

Due to the high-power-density of the RFP design, the fusion torus including

the blanket, shield and the toroidal field coil systems can be designed to have a total
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mass of less than 500 tonnes. This allows the use of the unit-torus design approach,
That is, the blanket, shield and TF-coil systems can be removed in one piece by
vertical lift. This approach can also facilitate pre-testing before the torus system is

lowered into place in the reactor pool.

9. WASTE MANAGEMENT

The question of waste disposal was also addressed. Mainly due to the presence
of the alloying element tungsten in the 9-C ferritic steel, after one year of operation
at 75% eavailability, and & neutron fluence of 13.6 MW-yr/m?, the average waste
disposal rating for the blanket structure was found to be equal to 1.43. This means
that the blanket will need to be disposed of as high level waste. Class C waste
classification can still be attained by operating at lower fluence or by reducing the

content of tungsten in the 9-C ferritic steel by a factor of three [12].

10. SAFETY ISSUES

Based on the NAUTILUS concept of the TITAN-II design, different scenarios
for the handling of accident situations were evaluated [13]. The basic sources of
thermal energy after reactor shutdown are from the plasma thermal and magnetic
energy, the thermal energy of the hot loop, and the induced afterheat from the
torus first wall and blanket structures. The first wall and blanket coolant channel
configurations are designed to allow natural circulation to be developed in the
case of a loss-of-flow accident (LOFA). During normal operation, the fusion power
core is designed to thermally conduct away 34 MW of power through the heat
exchanger and primary coaolant piping walls into Lhe low temperature pool. This will
allow the passive removal of 34 MW of shutdown afterheat power, corresponding
to the maximum blanket afterheat power, during a LOFA. The maximum first
wall temperature under a LOFA was 348°C, 355 sec after shutdown. This design
approach will thus eliminate the probability of a LOFA leading to a LOCA. Even

under the catastrophic accident of loss of primary coolant pressure, the low pressure

-8~



and low temperature cold pool of water, coupled with the heat transmisst. 1 of the
blanket afterheat to the surrounding earth, will make it possible to control the pool
temperature to less than 100°Cfo: longer than 90 days. This should allow enough
time for the recevery or installation of active afterheat removal system. This will
minimize the probability of radioactivity release. Since the protection of the large
pool integrity is the only requirement for the protection of the public, by definition
TITAN-II is a level 2 of passive safety assurance design.

11. DESIGN PARAMETERS

Table 1 shows the design parameters of the TITAN-II design.

12. SUMMARY AND CONCLUSIONS

We have evaluated and selected the reference design of the TITAN-II RFP
agueor - solution design. It is a loop-in-pool design that can operate at a neutron
wall loading of 18 MW /m2. The selected breeding and structural material are
LiNOj; and reduced activation, high-strength 9-C ferritic steel, respectively. The
lithium concentration in the water is 6.4 at.%. A lobe configuration was selected
for the integrated first wall and blanket design. Adequate neutronics performance
was predicted at a total blanket shield thickness of 41.5 cm. Based on the low-
pressure pool configuration, reactor safety implications were assessed. By using the
pool to absorb the fusion power core thermal and afterheat energy, this design is

passively safe and can achieve level 2 of safety assurance.

Design approaches to address different critical design areas have been iden-
tified. Some of these are based on engineering extrapolation of existing results.
Others require experimental investigation and design improvements, These are:
measurement of the nitrate solution physical properties; corfirmation of the nitrate
salt subcooled flow boiling heat transfer, critical heat flux and pressure drops; ex-
perimental measurements of the effects of corrosion, hydrogen embrittlement and

radiolysis effects; reduction of tritimin extraction cost; and the control of tritinm

-9-



Table 1
TITAN-II Design Parameters
{Superconducting equilibrium field coils)

Major radius, m 3.9

Minor first wall radius 0.6
Neutron wall loading, MW /m? 18.0
Surface loading, MW /m? 4.2
Thermal power, MWe ~3000

Net electricity power, MWe ~900
Tritium breeder LiNO;
Neutron multiplier Be

1-D Tritium breeding ratio 1.2
Blanket energy multiplication 1.4
Primary coolant 7.0 MPa
Secondary coolant 7.2 MPa
T, °C 298

Tout, °C 330

First wall material 9-C ferritic
Structural material 9-C ferritic
First wall thickness, mm 1.5
Allowable erosion thickness, mm 0.25
Maximum mid-first wall temperature, °C 503

Gross thermal efficiency, % 35

leakage to the public. In addition, further development of acceptable low activation
alloys that can be classified as Class C waste material will be needed for design

improvement.

We concluded that the TITAN-II aqueous loop-in-pool reactor is a passively
safe design. Since most of the needed technologies require only minimum extrapo-
lations from existing practice, TITAN-II can be considered a near-term design. It

is also able to handle the high nentron wall loading of 18 MW /m? and has as high a
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thermal performance as the best existiug fission pressurized water reactors. Further
studies will be needed to address some of the critical issues. Reduction in the cost

of tritinm extraction and in the routine release of tritium will definitely enhance its

overall attractiveness as a design.
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ABSTRACT

TITAN [1] is e study to investigate the potential of the reversed-field pinch
concept as a compact, Righ-power density energy system. Two reactor
concepls were developed, a self-cooled lithium design with vanadium structure
and an agueous solution loop-in-pool design, both operating at 18 MW/m?,
The key safety features of the TITAN-I lithium-vanadium blanket design
are in material selection, fusion power core configuraticn selection, lithium
piping connections and pessive lithium drain tank system. Based on these
safety features and results from accident cvaluation, TITAN-I can at least be
rated as level 3 of safety assurance. For the TITAN-II aqueous ioup-in-pool
design, the key passive feature is the complete submersion of the fusion power
core and the corresponding primary coolent loop system into a pool of low
temperature water. Based on this key safety design feature, the TITAN-II
design can be rated as level 2 of safety assurance.



1. INTRODUCTION

TITAN is a two-year study which began in December 2985 to investigate the
potential of the Reversed-Field Pinch (RFP) concept as a compact, high- ower
density fusion reactor system [1]. Two fusion power core concepts were studied
in detail: they are the TITAN-I lithium self-cooled design [2] and the TITAN-II
aqueous loop-in-pool design [3]. Safety is an important activity in the TITAN
study. This activity was incorporated at the beginning of the study into the process
of design selection and integration. We did not take the approach of add-on safety,
which is to analyze the safety implications of a design after it was finished and
to add in safety features in order to satisfy regulatory requirements. Instead, we
took the active approach of identifying safety de “3n features and recommending
them at the beginning to guide the development of the TITAN designs. This
approach was projected to enhance the potential of attaining the goals of simplicity,
passive safety, high availability and low cost of electricity. This paper presents the
safety designs and evaluations of the TITAN-I lithium self-cooled reactor and the

TITAN-II aqueous loop-in-pool reactor concepts.

2. SAFETY DESIGN GOALS

For the TITAN safety design, we have two objectives. The first one is to satisfy
all the safety design criteria as specified by the U.S. Nuclear Regulatory Comumission
(USNRC) on accidental releases, occupational doses, and routine effluents. The

second one is to aim for the best possible level of safety assurance.

In accordance to the first safety objective, we follow the existing USNRC safety
design criteria observed by the fission reactor industry. Although the accident
scenarios and classification systems developed by the U.S. fission industry may not
apply directly to fusion reactors, the dose guidelines used by the fission industry will
probably either be directly applicable or serve as useful references in defining the

radiological safety requirements for fusion reactor designs. These regulations are
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described in the Code of Federal Regulations 10CFR20, 10CFR50, and 10CI'R100
(4]-

For conceptual fusir.. reactor design studies, {our levels of safety assurance were
created to facilitate the preliminary evaluation of different designs [5]. These levels
ere not precisely defined licensing criteria nor rules for formal safety evaluation.
They are relatively simple guides to designers who can then make use of these
definitions of different levels of safety to evaluate their designs or ‘o improve on

their scf=tv features when appropriate.

The following summarizes the interpretation of these four levels of safety

assurance us suggested by S. Piet [5] of INEL (also see Ref. 6).

Level 1 — “Inherent safety.” In a level 1 reactor, safety is assured by passive
mechanisms of relesse limitation no matter what the accident sequence. The
radioactive inventories and material properties in such a reactor preclude a violation

of release limit regardless of the reactor’s condition.

Level 2 — “Large-scale passive safety assurance.” In a level 2 reactor, safety is as-
sured by passive mechanisms of release limitation as long as severe reconfiguration
of large-scale geometry is avoided, and escalation to fatality-producing reconfigura-
tions from less severe initiating events can plausibly be precluded by passive design
features. In such a reactor, natural heat-transfer mechanisms suffice to keep tem-
peratures below those needed — given its radioactivity inventories and material

properties — to produce a violation of release limits unless the large-scale geometry
is badly distorted.

Level 3 — “Small-scale passive safety assurance,” In a level 3 reactor, safety is
assured by passive mechanisms of release limitation as long as severe violations of
small-scale geometry — such as a large break in a major coolant pipe — ate avoided,
and escalation to fatality-capable violations from less severe initiating events can

plausibly be precluded by passive design features. In such a reactor, sufficiency
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of natural heat-transfer mechanisms to keep temperatures low enough — given its
radioactivity inventories and materials properties — to avoid a violation of release

limits can only be assured while the coolant houndary is substantially intact.

Level 4 — “Active safety assurance.” In a level 4 reactor, ianere are credible
initiatiog eveuts that can only be prevented from escalating to site boundary release

limit violations or reconfigurations by means of active safety systems,

The public is adequately protected by all four levels of safety assurance. To
understand the meaning of adequate protection of the public, the concept of safety
assurance can be further strengthened in the context of probabilistic risk assessment,
The risk-based safety goal for TITAN is that fusion accidents would not increase
the individual cancer risk of the public by more than 0.1% of the prevailing risk.
As a consequence of this goal, we have followed the fission reactor 10CFR100 [4]

site boundary accidental release whole body dose limit of 25 rem as our accidental

release limit.

3. LITHIUM SELF-COOCLED DESIGN SAFETY DESIGN AND
sNALYSIS

For the TITAN-I lithium self-cooled design, we have taken four basic safety
design approaches. The first approach is the physical separation of potentially
reactive materials, such as lithium, water, concrete and air. The second approach
is to minimize the amount of induced radinactivities. The third approach is to
reduce the maximum material temperature due to afterheat generation, and the
fourth approach is to minimize the amc ant of vulnerable lithinm coolant. The first
approach can he achieved by the use of multiple physical barriers and steel liners.
The second approach can be achieved by the use of reduced activation materials.
The third approach can be achieved by the selection of low afterheat materials and
by providing ccriducting paths from the front to the back of the blanket. These

safety design approaches helped us to generate a list of design recommendations
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from which specific safety design options were generated, evaluated and selected for

the TITAN-I design.

3.1. Design Features

The selected key safety features of the lithium self-cooled design are:
e The selection of a low afterheat structural material, V-3Ti-1Si.

s The selection of a relatively high ®Li enrichment at 12%, to aid in the further

reduction of afterheat and radioactive wastes.

e The use of three enclosures separating the lithium and air. These enclosures are
the blanket tubes, the vacuum vessel, and the argon inert gas-filled confinement
building as shown in Fig. 1.

o All piping connections are located at the top of the torus to prevent a complete
loss of the first wall and blanket coolant.

e Lithium drain tanls are provided to reduce the vulnerable blanket lithium
inventory.

e A steel liner is used to cover the confinement building floor to minimize the

probability of lithium and concrete reactions.

Most of these features are illustrated in Fig. 1.

3.2. LOFA and LOCA Analysis

With the above design features we found that during a loss-of-flow accident
{LOFA), the first wall temperature rises to a maximum of 990°C", well below its
melting point. We also found that the hydrostatic pressure of the lithium is not
sufficient to over-stress the first wall and blanket and lead to thermal creep-induced
rupture. Coupled with the design feature of locating all the piping connections
above the fusion power core, a LOFA will not lead to a loss-of-coolant accident

(LOCA}, and a complete LOCA due to coolant drainage will not be possible.
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3.3. Lithium Fire Analysis

In the event of major primary pipe breaks and failure of the confinement
building and vacuum vessel, air could enter the vacuum chamber and start a lithium
fire. Based on the design configuration of the drain tank system, as shown in Fig. 1,
which is designed to drain the maximum amount of lithium in less than 30 sec, we
found that during the perceived worst accidental condition of a lithium fire, the
maximum combustion zone temperature is less than 1000°C. The tritium release in
this case would be about 60 Ci which is quite acceptable under this worst accident
scenario. Critical concerns under the lithinm fire scenario are the formation and
release of vanadium oxide. Further measurement of vanadium oxide formation and
its vapor pressure with temperature, and the calculation of potential releases to the

public based on the TITAN-I configguration and accidental scenarios will need to be

performed.

3.4. Tritium Inventory and Leakage

The total tritium inventories in the lithium primary loop and the secondary
loop are 344 and 300 g, respectively. These are acceptable inventories when passive
drain tanks are used to control the anount of possible tritium releases. The tritium
inventory in the blanket structure is less than 10 g, which is also acceptable. The
tritium leakage rate from the primary loop was estimated to be 7 Ci/day which is

within the 10 Ci/day design goal.

Based on the analy<es summarized above, TITAN-I does not need to rely on
any active safety systems to protect the public. A LOFA will result in no radioactive
release and will n~t lca to a more serious LOCA. A complete LOCA from credible
events is not possible. Only the assurance of piping and vacuum vessel integrity will
be needed to protect the public. TITAN-] therefore meets the definition of level 3
of safety assurance, “small-scale passive safety assurance.” Peuding intormation on

vanadium oxide formation and releases from the TITAN-I vacuum chamhber under
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the lithium fire accident scenario, the qualification of TITAN-I as a level 2 of safety

assurance design, “large-scale passive safety assurance,” may be possible.

4. AQUEOUS LOOP-IN-POO!I. SAFETY DESIGN AND ANALYSIS

For the TITAN-II aqueous loop-in-pool safety design, we are dealing with a
pressurized water system. To handle different accident scenarios, we hiave to devise
a passive system to control the potential release of high pressure primary coolant
containing tritium at a concentration of 50 Ci/liter, and to prevent the release of
induced radicactivities in the reactor structural materials under the conditions of
a LOCA. The general approach we took to handle the scenario of a LOCA is to
minimize its probability of occurrence and to reduce its impact. We designed the
configuration of the reactor to make sure that a LOFA will not lead to a LOCA.
Based on this approach, we were led to the use of the low-pressure pool design,
wherein the high-pressure primary loop is submerged in a low-pressure water pool

as show in Fig. 2.

The basic sources of thermal energy at reactor shutdown are from the plasma
thermal and magnetic energy, the thermal energy of the hot loop, and the induced
afterheat power from the torus first wall and blanket structures. In the case of a
LOFA, the fusion power core and the primary loop piping routing is designed such
that natural circulation can be developed to remove the blanket afterheat to the

secondary loop.

4.1. LOFA and LOCA Analysis

Two of the postulated accidents for fusion reactors are LOFA and LOCA. A
finite element heat conduction code was used in the evaluation of the TITAN-II
design. Three accident scenarios were studied. The first case is a LOCA without
a pool. This case was studied to verify the necessity of the low-temperature
atmospheric-pressure pool. The second case is the LOFA (with pool as the heat

sink). The final case studied is the LOCA with pool. In this case the primary coolant
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piping is assumed to have ruptured into the low-pressure pool, Tlie primary coolant

will flash to steam, leaving the fusion power core uncooled until the pool refloods
the core through the broken piping.

For the case of LOCA without a pool, the calculated peak temperature
in the first wall is 1780°Cand in the beryllium, 1755°C. These are 360°Cand
471°Cabove the melting points for the ferritic steel and beryllium, respectively.
These temperatures are clearly unacceptable, and a safety design approach is
the use of the low-temperature pool. For the case of LOFA with a pool, the
peak temperature of 348°Cwas calculated to occur at the first wall 355 sec after
shutdown. Assuming a reflood time of 300 sec for the case of LOCA with 2. pool, the
peak temperatures at the first wall and the beryllium zones are 732°Cand 481°C,
respectively. The temperatures for the last two cases are quite acceptable, When
reflood was not assumed, the maximum temperature of 856°C, beyond which the
structure cannot be reused, will be reached in 9 min. The melting temperature of
the structure will be reached in 47 min. These effects will need to be considered in
the detailed design for the purpose of investment protection, but due to the presence

of the low-temperature pool, these accidents are not of concern for public safety.

4.2. Safety Scenarios
Based on the loop-in-pool concept of the TITAN-1I design, different scenarios
for the handling of normal zad off-normal situations were evaluated. They are

discussed in the following:

4.2.1. Normal operation

Under normal operation, the fusion power core will be actively cooled by the
primary coolant loop system, and the thermal power will he removed by the heat
exchangers for power conversion. At the same time, 34 MW of thermal power is
conducted through the heat exchanger vessel and piping walls to the atmospheric

pressure cold pool. This power is then removed by separate heat exchangers in the

-8 —-



Ui N AW B By E wm e

pool.

4.2.2. Loss of primary coolant flow

In the accidental condition of the loss of primary coolant flow, the plasma
reaction will need to be terminated. The primary lheat exchaungers are located
above the fusion power core, at a distance of much higher than 1 m which is the
minimum static head required to establish natural circulation in the loop. Thus,
natural circulation will be established in the primary locp to remove the afterheat
generated in the fusion power core. This afterheat power can then be removed from

the primary loop by the active secondary loop heat removal system.

4.2.3. Loss of secondary coolant flow

In the situation of the loss of ~econdary coolant flow, the plasme reaction will
need to be terminated. The afterheat power from the fusion power core can then
be removed by natural circulation in the secondary loop or by conduction to the
cold pool through the primary heat exchanger vessel walls and coolant piping, and

then removed by the heat removal system in the cold pool.

4.2.4. Loss of secondary coolant

In the case of the loss of secondary coolant, the plasma reaction will have to he
terminated and the afterheat power will be conducted to the cold pool and removed

hy the afterheat removal system in the pool.

4.2.5. Loss of primary coolarit pressure

In the case of the loss of primar, loop coolant pressure, which can potentially
be caused by any sizable leakage in the primary coclant loop, the plasma reaction
will need to be terminated. The thermal energy in the cootant of the primary loop
will he mixed v "h the coolant of the cold pool. This pool coolant will also absorb
the afterheat power from the first wall and blanket system. The discharged thermal

energy in the pool can then be removed by the afterheat removel system in the
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pool. If the pool afterheat removal system also fails, it hecomes crucial to find out
how fast the pool temperature would rise. A finite element transient heat transfer
calculation was used for the evaluation. By including the earth surrounding the
pool to help absorb the afterheat energy, results show that with an initial pool
temperature of 70°C, it would take more than 90 days for the water in the pool to
reach 100°C. This shows that the TITAN-II pool is fully adequate to handle the
fusion power core shutdown afterheat, while allowing enough time for the recovery

or replacement of the active afterheat power removai system.

4.2.6. Catastrophic failure of primary loop and pool containment

Ounly the catastrophic situation of the failure of the primary loop and the
pool containment, would we face the worst case accident of release of the tritium
inventory of the primary loop and the activation products from the first wall
(LOCA without pool). Considering tritium alone, at a primary coolant loop tritium
concentration of 50 Ci/liter, the complete release of the primary loop water would
amount to 1.37 kg of tritiun. This would be higher than the maximum allowable
release of ~200 gm [7] which would give a site boundary dose of 25 Rem, the
maximum allowed during severe hypothetical accidents (10CFR100) [4]. Due to the

presence of the large pool of water, this is a very unlikely event.

4.3. Routine releases

For the TITAN-II design, routine tritium releases and handling of '*C waste are
more of a concern than the releases under severe accidents. The potential tritium
leakage rate hecomes a «cade-cT between tritium release and the costs of leakage
control and the tritium extraction system. At a primary loop tritium concentration
of 50 Ci/liter, the tritium extraction system total installed cost is $170 M and would
have a routine release rate of 50 Ci/day. These are reiatively high yet acceptable
values. Due to the generation of *C from the nitrate salt, frequent replacement of

the water purification system ion exchange resin beds may been needed. Care in
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the handling of the resin beds will be needed to control the routine release of '*C to
within allowable levels. The *C may require the resins to be treated as high level

waste.

5. PLASMA CURRENT TERMINATION

A significant amount of energy is stored in the poloidal magnetic field in RFPs.
For TITAN, I, = 18 MA and the poloidal field energy of 1/2 Ly I, = 2 GJ. Any
rapid release of this stored energy caunsed by uncontrolled current termination, or
loss of the equilibrium control system, can lead to severe consequences for both

TITAN-I and TITAN-II fusion power core designs.

In order to guard against plasma accidents, a passive shutdown system is
envisioned for the TITAN reactor which rapidly removes the poloidal field energy
and reduces the plasma current while maintaining the plasma equilibrium and
toroidal-field reversal. Such an emergency shutdown procedure starts with discharge
of the superconducting equilibrium field {EF) coil through a resistor. As a result of
the strong magnetic coupling between the plasma and the EF and chmic heating
(OH} coils in TITAN, the plasma current is reduced rapidly. The parameters of the
EF and OH circuits can be chosen such that the plasma equilibrium is maintained
during this discharge. The large time constant for field penetration of the Integrated
Blanket Coil (IBC) toroidal field (TF) [2] coils is also utilized to ensure maintenance
of field-reversal during the shutdown, similar to the current ramp-down technique.

celiminary simulations of such a shutdown procedure indicate that most of the
poloidal fie:d field energy is removed from the system and only about 200 MJ of
energy is transferred to the first wall in a timme scale of 50 to 100 ms, resulting in an
average tenmiperature rise in the first wall of about 300°C’; failure of the first wall is

not expected.
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8. CONCLUSIONS
Based on the safety designs for the TITAN-J lithium self-cooled design, the

following conclusions and recommendations can be made:

Judicious choices of safety design can limit the damage potential of the TITAN-I
lithium self-cooled design. These choices are in the areas of material selection,
neutronics design, cover gas, drain tanks, and configuration selection, Based on the
analysis summarized above, TITAN-I does not aeed to rely on any active safety
systems to protect the public. A LOFA results in no radioactive release and will
not lead to a more serious LOCA. A complete LOCA from credible events is not
possible. TITAN-I therefore meets the definition of level 3 of safety assurance,
small-scale passive safety assurance. In the event of major primary pipe breaks and
failure of the confinement building, air could enter the vacuum chamber. Because of
the low lithium fire temperatures predicted during such an event, radioactive release

due to reaction between air and the hot vanadium alloy may be quite modest.

The above results also indicate that the TITAN-II aqueous loop-in-pool design
is a passively safe design by using the large pool of low temperature, atmospheric
pressure water to dilute the contained thermal and afterheat energy to low enough
temperature levels such that the tritivun or other radicactive materials in the hlanket
coolant system will not be released. That means we can keep the public safe by
maintaining the integrity of the water pool. Since the water pool structure can be
considered a large-scale geometry, the TITAN-II design can he rated as a level 2 of

safety assurance design.

To further quantify or to improve the safety features of the TITAN-I and
TITAN-1I designs, we will need some experimental data and to address some key
issues. For the TITAN-I lithium self-cooled design, in order to further quantify the
impacts from lithium fire, material data will be needed on oxidation of V-alloy at
Ligh temperature. For the TITAM-II agueous loop-in-pool design, better control

of the routine tritium releases and the handling of routine 4C waste disposal will

-12 -
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enhance its safety features. For both TITAN-1 and TITAN-II fusion power core
designs, the safety impact of plasma accidents should be further investigated and

various passive means for a safe plasma shutdown should be further explored.
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ABSTRACT

The TITAN-I lithium self-cooled and TITAN-II agueous lithium nitrate
solution-cooled fusion reactors are based on the reversed-field-pinch (RFP)
toroidal confinement concept and operate at high power densily with an
18.1 MW/m? neutron wall loading. These designs were analyzed to study
tae activation and waste disposal aspects of such high-power density reactors.
It was found that becguse of the vse of V-3Ti-15i (TITAN-I) and reduced
activation ferritic steel (TITAN-II) as structural alloys for the first wall,
blanket, reflector, and shield components, all the TITAN components except
the uwertor collector plates can be classified as shallow-land burial (10CFR61
Class C or better] nuclear waste for disposal, provided that the impurity
elements, niobium and molybdenum, can be controlled below about I and
0.8 appm levels, respectively. The average annual disposal masses were
estimated to be 150 and 96 tonneas, respectively, for the 1000 MW TITAN-I
and TITAN-II reactors. This corresponds to about 11% of the totc! mass
in the fusion power core of both reactors. The divertor collector plates
are fabricated with tungsten because of its low particle sputtering properties.
These divertor collector plates in the TITAN.I reactor will be qualified as
Class C waste after 17.1 MW-y/m® operation. The waste disposal rating of
the divertor collector plates in the TITAN-II reactor, however, is estimated
to be a factor of § higher than allowed for Class C disposal, because of the
soft neutron spectrum in the beryllium environment. The annual disposal
mass of this non-Class C waste s 0.35 tons, about 0.04% of the average
annual discharge n:ass for the TITAN-II reactor. An additional 7{ m® annual
discharge of Class C' waste containing ¥ C may be needed for the TITAN-II
reactor because of the use of nitrate salt in the aqueous coolant as the tritium
breeder. The conclusions derived from the TITAN reactor study are general,
and provide strong indications that Class € waste disposal can be achieved for
other high-power density approaches to fusion, for ezample, the tokamak.



1. INTRODUCTION

Shallow land burial waste disposal (L0CFR61 Class C or better) is an attractive
goal for handling nuclear waste [1]. The fusion reaction (D -+ T — He + n) itself
does not produce radioactive waste, and hence fusion energy has the potential of
achieving the Class C waste disposal if the reactor materials are carefully selected

and processed.

The conceptual design of the TITAN RFP fusion reactor, a high-power den-
sity reactor based on the reversed-field-pinch (RFP) toroidal confinement concept,
was conducted recently [2]. A lithium self-cooled, vanadium alloy structured blan-
ket and an aqueous solution-cooled, beryllium multiplier, ferritic steel structured
blanket were selected as the promising concepts for the high neutron wall loading
(18.1 MW /m?) reactor design study. The activation of reactor materials and cor-
responding waste disposal issue were very important parameters considered during
the neutronics design of the reactor. In this paper we present issues and results of
analysis relevant to the waste disposal aspects of the reference TITAN RFP reactors,
TITAN-I and TITAN-IL

2. RADIOACTIVE WASTE DISPOSAL ISSUES

The classification of nuclear waste disposal is given under the Code of Federal
Regulations 10CFR61 [3]. Four waste classes have been defined: Class A (segre-
gated waste), Class B (stable waste), Class C (intruder waste), and geologic waste.
The first three classes of waste disposal involve shallow-land or better (near-surface)
burial of nuclear waste, while the last class needs deep geologic burial. Most ra-
dionuclides with half-lives less than five years will decay by at least six orders
of magnitude in 100 years after disposal. These radionuclides can he reasonahly
managed to meet either Class A or Class B disposal requirements. The long-lived
radionuclides with lLalf-lives greater than 100 years, however, will be difficult to
meet hotl: Class A and Class B disposal requirements solely by radioactive decay
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to reduce the activity level, To gualify as Class C or hetter nuclear waste, the nu-
clear components in a fusion reactor should minimize the quantity of their alloying

and/or impurity elements that would produce long-lived radionuclides.

The limiting specific activities for near-surface {Class A, B and C) disposal of
nuclear waste are specified in 10CFR61 regulations for the following radionuclides:
ONi, %4Nb, ®°Tc, }**1, ®°Sr, 137Cs, and alpha-emitting transuranic nuclide with
half-lives greater than five years. Note that these limiting specific activities are
given primarily for radionuclides relevant to present-day applications such as fission
reactors. Many radionuclides with half-lives greater than five years, such as 2Ar
(half-life 33 y), 19*™Ag (127 ¥), and ¥%™Re (2 x IC* y), may bhe produced in fusicn
reactors in the elements censtituting the structural materials such as vanadium
alloy, the particle collecting plates such as tungsten, and in impurities in the
structural alloys. However, the limiting specific activities for near-surface disposal
of nuclear waste containing these nuclide are not available in 10CFR61. There
are also several important radionuclides whose specific activity limits are not given
by 10CFR61 evaluations or other estimates: 3°Ar, 52Ey, 192m]p, 137}, 88mp,
121mg, and !58Th. A complete evaluation was recently perforined by Fetter [4],
providing limiting specific activities for near-surface disposal of all radionuclides
with proton numbers less than 84. These evaluations, consistent in methodology
with the 10CFR61 regulations, will be employed in the waste disposal analysis of the
TITAN study. Note that there may exist discrepancies between Fetter’s evaluations
and 10CFRS1 or other estimates. The major discrepancy occurs with the nuclide
Ni-63 for which Fetter's evaluation is greater than 10CFR61 evaluation by more
than two orders of magnitude. Comparison of these evaluations and resolution over

the discrepancies should he carried out frequently as the development of fusion

energy technologies goes along.

3. REFERENCE DESIGN AND NEUTRON FLUXES

Neutronies designs of the vanadiuni-alloy (V-3Ti-1Si) structured, lithium self-
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cooled TITAN-I and nitrate salt aqueous solution-cooled TITAN-II reactors were
performed considering several parameters including tritium breeding radio, replace-
ment mass of the blanket/shield, afterheat, and radiation damage to the ohmic
heating (OH) magnets. The details of the blanket/shield design for both reactors
are given in Refs, 5 and 6. The reference designs derived from the neutronics de-
sign study are given in Table 1 and summarized below. The TITAN-I reference
design consists of a 10 mm first wall, a 0.28 m integrated blanket coil (IBC) zone,
a 0.3 m reflector, and a 0.15 m shield, as shown in Table 1. The first wall is based
on the tube concept and is composed of 40% vanadium alloy, 37.5% lithium, and
22.5% void, all by volume. The IBC zone consists of 18% vanadium alloy, 72%
lithium and 10% veid. The reflector is made of 30% venadium and 70% lithium.
Finally, the shield is composed of 90% vanadium and 10% lithium. The ©Li enrich-
ment in lithium is chosen at 30% for the reference design as a compromise between

neutronics performance and cost of enrichment.

The TITAN-I! design, also shown in Table 1, cousists of a 15 mm first wall, a
0.2 m beryllium multiplying zone, a 0.17 m reflector zone, a 30 mm shield, and =
50 mm TF coil zone. The first wall is made of 16.7% ferritic steel, 61.8% coolant,
and 21.5% void. The compositions in the beryllium zone are 12.2% ferriti- steel,
29.1% coolant, and 58.7% beryllium (90% dense). The reflector is composed of 9%
ferritic steel structure and 91% coolant. The shield consists of 91% ferritic steel
and 9% coolant. A copper TF coil is needed for the TITAN-II design. It is located
immediately behind the shield and cooled by cold water. The first wall, Llanket,
reflector and shield are cooled by an aqueous solution of lithium nitrate dissolved in
water, The {ithiwn content in the aqueous coolant is 6.4 at.%. The °Li enrichment
in lithium is adjusted to optimize the tritium breeding ratio which is 1.2 in the one-
dimensional model. The corresponding ®Li enrichment in the TITAN-II reference

design is 12%.
The neutron fluxes calculated for the reference TITAN reactors were employed
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as the input to the activation calculation code, REAC [7]. The neutron spectra
at the first wall, reflector, shield, and OH magnet components are discussed below.
The neutron fluxes integrated from thermal to 14.5 MeV for TITAN-I and TITAN-II
are 4.4 x 10" and 5.5 x 10?° n/cm?/sec, respectively, at the first wall, when the
neutron wall loading is 18.1 MW/m?. The maximum integrated neutron fluxes at
the reflector, shield, and OH magnet components are about 1.5 x 103, 4.6 x 104,
and 1.7 x 10 n/cm?/sec, respectively, for the TITAN-I design and 8.0 x 10,
3.8 x 10, and 7.2 x 10'® n/cm?/sec, respectively, for the TITAN-II design. The
neutron flux reduction factors in the blanket, reflector, and shield components are,
therefore, 2.9, 3.3, and 2.7, respectively for the TITAN-I design. They are, however,
6.6, 3.5 and 1.3, respectively, for the TITAN-II design. It is obvious from the above
comparison that beryllium is a much better neutron moderator/attenuator than
lithium.

For the TITAN-I lithium blanket design, the contribution of neutron flux
by neutrons at energies above 0.1 MeV is about 82% at the first wall. It then
drops to 70%, 52% and 43%, respectively, at the reflector, shield and OH magnet
components. For the TITAN-II aqueous solution-cooled blanket design, however,
the contribution of neutron flux above 0.1 MeV at the first wall is about 60% and it
remains so throughout these components. This indicates a relatively high fraction
of low-energy neutrons in respective components due to either enhanced neutren
moderation (TITAN-II) or reduced lithium content (TITAN-I reflector and shield).
The incrzase of low-energy neutron population in the reactor components will result
in a higher production rate of long-lived radionuclides, such as Nh-94 which depends

oi {n,v) reactions in niohium.

4. ANALYSIS OF RADIOACTIVITY AND DECAY-HEAT

Activation calculations were performed for the TITAN-I and II comnoneats
following one full-power-year operation at 18.1 MW/m? wall loading. Table 2 shows

the elemental compositions used in the analyses. Note that the lists of elements
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shown in Table 2 include all major constituent elements in both V-3Ti-1Si alloy
and reduced activation ferritic steel. But they de not cover all possible impurity
elements in these alloys. The implications of the lack of information on complete
lists of impurities will be addressed whenever appropriate, The results of activation
calculations for structural alloys at the first wall are given in Tables 3 and 4. The
resilts in components other than the first wall are primarily very similar except
thet the levels of activation will be reduced according to the attenuation of neutron

fiuxes when the location is moved away from the first wall.

Tables 3 and 4 give the induced radicactivity and decay-heat values, respec-
tively, in the first wall component for V-3Ti-15i alloy and reduced activation ferritic
steel in the TITAN-I and -II neutron radiation environment. They are presented at
ope minute, one day, one year, and 100 years after shutdown. The corresponding
major contributing radionuclides are also identified in these two tables. As shown
in Table 3, the activity induced in V-3Ti-1Si alloy is ahout 200 Ci/cm?® at one
minute after shutdown. It drops to 60 and 6.3 Ci/cm3, respectively, at one d=v and
one yea;r after shutdown. Within one year after shutdown, the activities induced
in V-3Ti-1Si alloy are primarily dominated by #¥Sc (half-life 43.7 h), 19V (330 d),
47Sc (3.35 d}, ¥"Ru (2.9 d), °®*™T¢ (6.02 h), and a few very short-lived radionuclides
such as 5!Ti (5.76 min) and 52V (3.75 min), as seen in Table 3. The dominating ra-
dionuclides, except *"Ru and **'Tkc, are all induced from the constituent elements,
namely vanadium, titanium, and silicon. The radionuclides *"Ru and *®™Tc are
due to the impurity element, molybdenum (351 appm}, included in the activation
calculations, as shown in Table 2. A minor contribution {less than 10%) is also ob-
served at one year after shutdown due to iron impurity (568 appim}, while the main
contributor is °V resulting from 5°V (n,2n} reactions. At 100 years after shut-
down, the activity is reduced to about 1x 1072 Ci/em?, and is primarily dominated
by radionuclides induced from imjpurities included in the calculation. As shown in

Table 3, these dominating radionuclides are °>Tc {2.6 x 10°% y), 'NbL (700 y), and
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%3Mo (3.5 x 10% y), all from molybdenum impurity; *C' (5730 y) from nitrogen
(0.22%), and %3Ni (100 y) from copper impurity (59 appm). This implies that the
induced activity in V-3Ti-1Si alloy due to major constituent elements drops signif-
icantly at times beyond about 10 years after shutdown, and the long term activity

is primarily due to either minor constituents such as nitrogen or impurities such as

Mo and Cu.

The activity profile for reduced activation ferritic steel is very similar to that for
V-3Ti-15i alloy, except that the long-tern: activity is also contributed to significantly
by the constituent elements, Fe (80.3%), and W (0.89%). The activity at one minute
after shutdown is about 1.4%10* Ci/em?, as shown in Table 3. It then drops to about
5.5 x 102, 2.3 x 10%, and 9.9 x 10~ Ci/cm?, at one day, one year, and 100 years after
shutdown. The dominating radionuclides up to one year after shutdown are 5°Fe
(2.68 y), *Mn (313 d), and 3!Cr (27.7 d), mainly resulting from neutron reactions
with Fe, Mn (6.47%), and Cr (11.8%) isotopes. The dominating radionuclides at
100 years after shutdown are "®Hf (31 y) and '®¢™Re (2 x 10° y) from W; and
53Mn (5.7 x 10° y) from Fe. The contribution to long-term radioactivity due to
impurities not shown in Table 2 should be comparable to the levzl induced from the

main constituent elements, as will be described in detail in the next section.

Table 4 shows the decay-heat heating values, the integrated decay energy, and
the corresponding dominating radionuclides for V-3Ti-1Si and reduced activation
ferritic steel at several times after shutdown. As seen in Table 4, the decay-
heat heating values from V-3Ti-1Si are about 2.5, 0.77, 2.94 x 10732, and 2.2 x
10~% W/em?, respectively, at one minute, one day, one year, and 100 years after
shutdown. The dominating radionuclides contributing to the afterheat within one
year after shutdown are primarily **Sc [induced from 'V (n,a) reactions|, and
two other short-lived radionuclides, *'Ti and 5%V, from Ti and V. Manganese-
54 is induced from Fe impurity but its activity is not significant until about one

year after shutdown as shown in Table 4. At 100 years after shutdown, again the
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major contributors are those induced from minor constituents, namely nitrogen and
impurities. The integrated decay energies for V-3Ti-1Sj in the TITAN-I first wail
are, as indicated in Table 4, about 1.4x 102, 7.3 x 10, 1.7x 10%, and 2.0x 18° J/cmn?,

respectively, at one minute, one day, one year and 100 years after shutdown.

The decay-heat heating values for the reduced activation ferritic steel in the
TITAN-II first wall are, as also shown in Table 4, about 12.4, 0.72, 0.26, and
3.3x10™® W/cm?, respectively, at one minute, one day, one year, and 190 years after
shutdown. The corresponding integrated decay energies at these times are 7.5 x 102,
2 5x10% 2.4% 108, and 1.1 x 10”7 J/em?, respectively. The dominating radionuclides
at times up to about one year are primarily 3'Mn and **Mn from Fe and Mn. The
decay-heat heating values at 100 years after shutdown are, however, dominated

by '""“Hf and !86™Re, all from the minor constituent element, W, although these

values are relatively insignificant.

5. ANALYSIS OF RADIOACTIVE WASTE DISPOSAL

The activation calculations performmed for the TITAN reactor components
at 18.1 MW/m? peutron wall loading were analyzed to obtain the allowable
concentrations of alloying and impurity elements, in terms of atom % or appm in the
vanadium alloy that possesses a number density of 7.22 x 10%Z atoms/cm?, and in the
reduced activation ferritic steel that has a number density of 8.37 x 10?2 atoms/cm?,
in the materials constituting the first wall/blanket, reflector, shield, and magnet
components of the TITAN-I and TITAN-HI reactors. Note that the two main
alloying elements in the V-3Ti-15i alloy, namely vanadium and titanium, have
no limits on their concentrations as far as Class C nuclear waste is concerned
at any locations in the TITAN-I reactor. The other alloying element, silicon,
also poses no problem for the Class C disposal of the vapadium alloy since its
allowable concentration (23%) is much higher than needed in this alloy (1 wt%).
By the same token, for the TITAN-II reactor, the main alloying elements of

reduced activation ferritic steel, namely iron, chromium, and manganese, and all
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minor constituent elements also have no limits ci. their concentrations for Class C
near-surface disposal. It appears, hence, that impurities and their levels are the

most important subjects for investigation in the nuclear reactor materials for both

TITAN-1 and TITAN-IIL.

The impurity elements and their levels in the V-3Ti-1Si alloy and the reduced
activation ferritic steel are not specifically given in literature. The information
compiled in Ref. 8 for V-15Cr-5Ti and modified ferritic steel was employed for
comparison in this study. Table 5 gives the allowable concentration levels of alloying
and impurity elements for Class C disposal of TITAN I and TITAN-II components,
The impurity elements shown in this table are those considered to he the most
important ones, as identified in a recent study [4]. By comparing Table 5 and Ref. 8
we found that Nb (4 appm in Ref. 8) and Mo (3 ppm in Ref. 8) are probably the
only impurity elements that have to be controlled for the TITAN-I and TITAN II
blanket/shield component, respectively. As shown in Table 5, the allowable impurity
level for Nb in the TITAN-I blanket/reflector/shield is ahout 1.4 appm, while
the allowable concentration level for Mo is about 0.27 appm for the TITAN-II
reactor materials. Although the list of impurity elements is given in Ref. 8, caution
should be made with some elements that are not shown in the list require strict
concentration limits (1 appm or less) for Class C disposal. These elements are Ag,
Ir, and Tb and their concentration limits for TITAN-I materials are 1.3, 0.1, and
0.4 appm, respectively, as shown in Table 5. The allowable concentration levels of
Ag and Ir for TITAN II materials are, still, more restrictive due to a softer neutron
spectrum. These levels are, as shown in Table 5, 0.05 and 0.001 appin, respectively,
Tl.: allowable concentration level of Th for TEFTAN-1I materials, 1.1 appm, is slightly
higher than for TITAN-I material. The crustal abundauce of Ag, Ir, and Th are,
however, 0.07, 0.001, and 0.9 appm, respectively. This imiplies that with the natural
crustal abundance, the Th impurity concentration in the TITAN-I reactor, and Ag

impurity concentration in the TITAN-II reactor, may exceed the limit for Class C
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disposal. Special attention has to be made to control the concentration of these

impurity elements, Th and Ag,

Table 5 also gives the allowable concentrations of tungsten in the TITAN
first wall, blanket, reflector and shield components. Tungsten collector plates are
needed in the divertor component because of their low particle sputtering and high
temperature properties. Tungsten is also a minor alloying element in the reduced
activation ferritic steel structure (replacing the more restrictive molybdenum in
the regular ferritic steel) for the TITAN-II blanket and shield. The allowable
concentration of tungsten in the divertor collector plates, located mostly close to
the plasma, is more than 100% for the TITAN-I reactor, and is about 13% for the
TITAN-1I reactor, if the branching ratio to produce the isometric '**™Re nuclide
is only 1%. Mixing with the adjacent vanadium alloy and ferritic steel in the
TITAN-I and -II reactors, respectively, the tungsten concentration in the collector
plates/tubes is about 50%. This gives the divertor component a Class C waste
rating for the TITAN-I, unless the branching ratio is much higher than 1% or other
more restrictive alloying elements are employed. The waste disposal rating of the
divertor collector plates in the TITAN-II reactor will be, however, a factor of 4
higher than the limit for Class C disposal. Nevertheless, the quantity involved in
the divertor collector plate component to be disposed of annually is very small,
only about 0.35 tons (0.03 m? by volume). A non-Class C disposal of the divertor
component should result in little impact on the waste disposal characteristics of
these TITAN reactors. We may conclude from the above dic ssions that all TITAN
components, except the divertor collector plates in the TITAN-II reactor, may
be classified as Class C or better nuclear waste if the impurity elements (nainly

niobium and molyhdenum) are controlled helow the allowable limits.

Table 6 summarizes the TITAN-I and TITAN-II materials and related quan-
tities for Class C disposal. Note that the total weight in the fusion power core of

the TITAN-I reactor is about 1363 tons, of which about 73% is due to the mag-

_10_



netic systems (OH and EF coils, and EF shield) that have a 30 full-power-year
lifetime. The total weight in the fusion power core of the TITAN-II reactor is about
846 tonnes, of which about 60% is due to the TF coils and other magnetic systems
that also have a 38 full-power-year lifetime. The disposal of these magnetic sys-
tem materials is needed only at decommissioning of the power plant. The average
annual replacement mass of the fusion power core is about 150 tonnes (23.8 m?),
as shown in Table 6 for the TITAN-I reactor. It is about 96.4 tonnes (12.3 m?)
per year, for the TITAN-II reactor, as also shown in Tahle 6. For the TITAN-II
reactor, because of use of nitrate salt in the aqueous coolant, *4C is produced due
to *N (n,p) reactions. The annual production rate of 1¥C is about 52,000 Ci. An
additional 74 m3® by volume quantity of Class C waste in the form of ion exchange

resins contaminated with C needs to be disposed of annually.

6. CONCLUSIONS

As a result of the waste dispesal analysis, we found that a compact, high-power
density fusion reactor, particularly the TITAN reactor, can be designed to meet the
criteria for Class C waste disposal. The key features for achieving Class C waste
in the TITAN reactors are attributed to (1) materials selection and (2} control of
impurity elements. The materials selected for the TITAN reactors are V-3Ti-1Si
and lithium, and reduced activation ferritic steel and aqueous coolant, for the first
wall, blanket, reflector and shield. The main alloying elements of these materials
do not produce long-lived radionuclides with activity levels exceeding the limits for
Class C disposal. The impurity elements, however, mainly niobium, molybdenum,
and possibly silver, terbium, and iridium, need to he controlled in the vanadium
alloy and ferritic steel to part per million levels or [ess.

The average annual disposal mass for the TITAN-] reactor was estimated to
be 150 tonnes (23.8 m?), about 11% of the total mass in the fusion power core, for
producing 1000 MW electric power. It is 96.4 tonnes (12.3 m?) for the TITAN-II

reactor, representing also about 11% of the total mass in the fusion power core.
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The divertor collector plates are fabricated with tungsten hecause of its low particle
sputtering properties. The waste disposal rating of the divertor collector plates for
the TITAN-1I reactor was estimated to be a factor of 4 higher than allowable for
Class C disposal. The annual disposal mass of these non-Class C divertor collector
plates, however, is only 0.35 tonnes, about 0.4% of the average annual discharge
rate for TITAN-II. Nitrate salt is chosen in the TITAN-II design as the lithium
compound to be dissolved in the aqueous solution for tritium breeding purpose.
The production of significant quantity of **C due to N (n,p) reactions results in

the disposal of additional Class C waste, about 74 m*® annually.

The conclusions derived from the TITAN reactor study are general, and provide
strong indications that Class C waste disposal can be achieved for other high-power
density approaches to fusion, for example, the tokamak. These conclusions also
depend on the acceptance of recent evaluations of specific activity limits carried out

under 10CFR61 methodologies.
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Table 1

Dimensions and Material Compositions

of the TITAN-I and -II Reactors for Neutronics Analysis

TITAN-I TITAN-II
Region Thickness (m)  Material Thickness (m) Matenal
(lifetime) Composition (lifetime) Composition
First wall 0.01 40% structure® 0.015 16.7% structure®
(1 FYP) 35% Lithinm® (1 FPY) 61.8% coolant?
22.5% void 21.5% void
Breeding 0.28 18% structure 0.20 12.2% structure
blanket (1 FPY) 72% lithium (1 FPY) 29.1% coolant
22.5% void 58.7% beryllium®
Reflector 0.28 30% structure 0.17 9% structure
(5 FPY) 70% lithium (1 FFY) 91% coolant
Hot shiel 0.15 90% structure 0.03 91% structure
(5 FPY) 10% lithium (1 FPY) 9% coolant
TF coils 0.0 Integrated- 0.05 10% structure
— blanket- (30 FPY) 10% spinel
coil concept 10% H, 0O
employed 70% copper
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Cold shield 0.0 none 0.05 H20
_ (30 FPY)
OH coils 0.42 10% structure 0.42 10% structure
(30 FPY) 10% spinel (30 FPY) 10% spinel
10% helium 10% H;0
70% copper 70% copper

*Vanadium alloy, V-3Ti-1Si.

530% ©Li in lithiura.

‘Reduced activation ferritic steel,

4Aqueous solution with lithium nitrate dissolved in water. The lithium content in the
solution is 6.4 at.n%. The ®Li enrichment in lithium is 12% to optimize the tritium
breeding ratio (1.2).

£90% dense.
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Table 2
Elemental Compositions (atomic
percent) of V-3Ti-15i Alloy
and Reduced Activation Ferritic Steel

Employed for TITAN-1 and -II Analyses

Reduced Activation
Element V-3Ti-1Si Ferritic Steel

\7 93.65 0.280

Ti 3.72 —

Si 2.13 0.110

Fe 0.0586 80.33

Cr 0.0172 11.81

Cu 0.00585 —

Mo 0.0351 —

N 0.22186 0.0030

C 0.0846 0.0970
(o] 0.0856 —

Nb 0.00053 —

Mn — 6.47

S — 0.0050

P — 0.0050
w —_ 0.890
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Table 3
Radioactivity and Corresponding Major Contributing Radionuclides
Induced in Main Alloying Elementsfor V-3T'i-1Si (TITAN-I)
and Reduced Activation Ferritic Steel (TITAN-1I) at the First Wall
After One Full-Power-Year Operation =
{18.1 MW/m? Neutron Wal! Loading)

Time After Shutdown
1 mirmte 1 day 1 year 100 years
Activity
(Ci/em®}) 1.9% x 107 5.96 x 10* 8.28 1.02 x 102
V.aTi-1S5i Dominating 5 Tij (8.75 min)%; 52V (3.75 min)™; 4839, 4oy, wys, 29Te (2.6 x 10° )%
{TITAN-I) radiomuclides %S¢ (43.7 h)®; %™ Te (6.02 h); 47, 9TRUS, ESFe (2.88 ¥)* O3Nb (700 y)%;
(half-life) 49y (330 Q)% %A1 (2.24 min)®; 40gc (83.8 4); 140 (5730 v)%;
47Sc (3.36 d)P; 7TRu (23 d)® 97T (0.5 d)?; BN; (100 y)*;
45Ca (164 4)° B3Mo (3.5 % 103 yi®
« Activity
(Cifem®) 1.37 x 102 5.47 x 102 2.32 x 107 9.9 x 104
Reduced Dowminsting SOMn (2.6 h)%; 56F. (2.68 y)°; 3BF:?; 64Mn?; B3RS, BAMn®  373HF (31 y)%
activation  radionuclides ®4Mn (313 dY®; ¥ Cr (27.7 4)° sL0p9; 188 yb, 180Mp. (2 X 108 y)%;
ferritic (half-life) 82y (2.75 min)®; 1%™W (1.67 min)®; '®7w?, 185R,0 B3Mp (3.7 x 10° ¢)°
steel 5w (75.1 d)¥ 297w (23.9 b)Y
(TITAN-IN) 1880, (908 h)®

“More than 10% contribution.
b Contribution more than 1% but less than 10%.
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Table 4
Decayheat, Integrated Decay Energy, and
Corresponding Major Contributing Radionuclides
Induced in Main Alloying Elements for V-3Ti-15i (TITAN-I)
and Reduced Activation Ferritic Steel (TITAN-II) at the First Wall
{After One Full-Power-Year Operation
at 18.1 MW /m?® Neutton Wall Loading

Time After Shutdown
1 minute 1 day 1 yeur 100 years
Decayheat
(W /e, 2.54 7.70 x 10~* 294 % 10~ 2.21 x 10-8
Integrated
decay energy 1.41 x 10® 7.31 x 104 1.71 x 105 2.01 x 105
V-3Ti-15i Ifem?
(TITAN-D  poinating BT (5.76 min}®; 485c (3.7 h)%;, 495, 19y (330 dj%;  ©PTc (2.6 x 109 )9
redionuclides 57V (3.78 min)®; *%A1 (224 min)® 47Sc (3.35 4)%  S4Mn (313 d)%  MC (5130 y)%;
(half-life) 1%sc (338 d)% %°Co (5.27y)° HNb (2 x 101 y)%;
9TRy (2.9 4)° o8 (4.2 % 10° 48,
1N (700 y)°;
Bani (100 y)%;
82Mo (3.5 x lﬂay)b
Decayhent
(W /emd) 1.24 x 10* 7.21 x 107 257 x 10~*  3.34 x 10~®
Reduced Integrated
activation  deesy energy  7.54 x 107 2.50 x 108 2.42 x 10° 1.13 x 107
ferritie (3/=m®)
stecl Dominating  5°Mn (28 h)%; 59Mn (3134)%;  S1Mn®; S4Mn; VIemyL (31 )%
(TITAN-I}  , fiomuclides 53V (3.75 min)® 187w (23.9h)° 95Fc (268y)® ‘%OMRc (2 x 105 y)°

“More than 10% contribution.
bContribution more than 1% but less than 10%.
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Table 5
Allowable Concentration Levels of Impurity Elements
in TITAN First Wall, Blanket, Reflector and Shield Materials
to Qualify as Class C Near-Surface Disposal After Full Scale Exposure

TITAN-I TITAN-11 Crustal
Element Major Nuclide Self-Cooled Lithium Lithium Nitrate Aqueous Solution  Abundance
(sctivity limit)® No Multiplier Beryllium Multiplier (ppm)
Ag 198m A g (3 Ci/m?) 1.3 ppm 0.05 ppm 0.07
Ir 20™r (2 Ci/m?) 0.1 ppm 0.00t ppm 0.001
Mo 99Tc (0.2 Ci/m? 65 ppm 0.27 ppm 6
*Nb (0.2 Ci/m3)
Nb 94NDb (0.2 Ci/m3) 1.4 ppm 8.3 ppm 20
Th 158Th {4 Ci/m3) 0.4 ppm 1.1 ppm 09
w 1#8mpe (9 Ci/m?) 500% 76%° 2

95ee Ref. 4.
®The allowable level in the first wall component is 13% only.
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Table 8

Summary of TITAN-I and TITAN-II Reactor
Materials and Related Waste Quantities
for Class C Near-Surface Disposal

TITAN-I TITAN-II -
Companent  Material Volume® Mass? Material Volume Mass
(Lifetime) {m3/y)  (tonnes/y) (Lifetime) (m3/y) (tonnes/y)
FW /blanket, V-3Ti-18i 6.8 41.7 RAFS® 2.8 21.7
(1 FPY) (1 FPY)
Reflector V-3Ti-18i 8.7 53.5 RAFS 6.9 45.8
and shield (5 FPY} (1 FPY)
OH, EF ccils  Copper + 4.7 333 Copper + 3.14 25.1¢
and shield steel + B,C stee] +
+ insulator insulator
{30 FPY) (30 FPY)
Divertor V-3Ti-15i 3.6 224 RAFS 05 3.8
shield
Total Total
Class C Waste 23.8 151 Class C Waste 12.3 96.4
%Annual average disposal value.
bAnnual average disposal mass.
°Reduced activation ferritic steel.
9ncluding TF coils.
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MAINTENANCE PROCEDURES FOR THE TITAN-I
AND TITAN-II REVERSED FIELD PINCH REACTORS

S. P. Grotz, R. L. Creedon?, P. I. H. Cooke?, W. Duggan?,
R. Krakowskit, F. Najmabadi and C. P. C. Wong?, and
The TITAN Research Group

Department of Mechanical, Aerospace and Nuclear Engineering
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ABSTRACT

The TITAN reactor is a compact, high-power-density (neutron wall loading
18 MW /m?2) machine, based on the reversed-field-pinch (RFP) confinement
concept. Two designs for the fusion power core have been ezxamined; TITAN-
I uses a self-cooled lithium loop with a vanadium-alloy structure for the first
wall, blanket and shield, and TITAN-II is based on an aqueous loop-in-pool
design with a LiN O3 solution as the coolant and breeder. The compact design
of the TITAN fusion power cores (FPCs) reduces the system to a few small
and relatively low mass components, making torcidal segmentation of the
FPC unnecessary. A single-piece maintenance procedure is possible. The
potential advantages of single-piece maintenance procedures are: 1) shortest
period of doum time resulting from scheduled and unscheduled FPC repairs,
2) improved relighility resulting from integrated FPC pretesting in an on-
site, non-nuclear test facility where coolant leaks, coil alignment, thermal
expansion. effects, etc., would be corrected prior to committing to nuclear
service using rapid, and inexpensive, hands-on repuir procedures, 3) no
adverse effects resulting from the inferaction of new materials operating in
parallel to radiation darmnaged materials, and {) ability to continually modify
the FPC design as may be indicated by reactor performance and technological
developments. Increased availability can be expected from a fully pre-tested,
single-piece FPC. Pre-testing of the FPC throughout the assembly process
and prior to installgtion info the reactor vault is discussed.
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? Permanent address: UKAEA Culham Lab., Abingdon, Ozon OX14 3DB, U. K.
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1. INTRODUCTION

The TITAN Reversed-Field Pinch (RFP) fusion reactor research effort (1,2
has been undertaken to determine the technical feasibility and key developmental
issues of an RFP fusion reactor, especially at high power density, and to determine
the potential economics (cost of electricity), opérations, safety, and environmental
features of high-mass-power-density fusion systems. Two different detailed designs,
TITAN-I and TITAN-II, have emerged and parametric systems studies have been
utilized both to optimize the point designs and to determine the parametric design
window associated with each approach. This combination of parametric and point
design work is referred to as a “parapoint” study. Complete details of the TITAN-I
and TITAN-1I fusion power core designs can be found in the TITAN Final Report
[1]. This paper summarizes the maintenance procedures for both designs. Also
discussed are the potential advantages of single-piece maintenance and pre-testing

of the FPC.

TITAN is a compact, high neutron wall load reversed-field pinch reactor. The
small size of the fusion power core, (FPC) permits the design of the reactor to
be a single piece rather than a modular system. The potential advantages of
single-piece maintenance procedires are: 1) shortest period of down time resulting
from scheduled and unscheduled FPC repairs, 2) improved reliability resulting from
integrated FPC pretesting in an on-site, non-nuclear test facility where coolant
leaks, coil alignment, thermal expansion effects, etc. would be corrected prior
to committing to nuclear service using rapid, and inexpensive, hands-on repair
procedures, 3) no adverse effects resulting from the interaction of new materials
operating in parallel to radiation damaged materials, and 4} ability to continually
modify the FPC as may be indicated by reactor performance and technological

developments.
A key assumption for the TITAN maintenance program is that a high degree
of antomation is available. Specifically, powered-joints are used extensively for

[

&



hydraulic and electrical connect/disconnects. The use of powered-joints allows
many tasks to be done quickly and in parallel, thus reducing the time required
for maintenance. Typical powered-joints can be found in Reference 3. Automation
and remote connections are highly specialized components, designed to perform
only a single function. This ensures that they can be designed robustly, have good
reliability and operate quickly. An analogy can be drawn to the automotive industry.
Replacement of a flat tire on a passenger car is a task that requires nany minutes,
at best. However, replacement of the tire on a racing car, using highly specialized
tooling and automation is routinely done in under 15 seconds. With a high level
of automation, we have assumed that the TITAN scheduled fusion-power core
maintenance can be performed during the same period as the scheduled balance-
of-plant (BOP) maintenance, about 30 days. If future advances in automation and
remote technologies are subst:;.ntial, then scheduled fusion power core maintenance
may be faster than BOP maintenance. Such a situation would then place demands

on BOP designers to decrease down time and increase availability.

2. TITAN-I MAINTENANCE PROCEDURES

The elevation view of TITAN-I is shown in Fig. 1. All of the maintenance
procedures are with vertical lifts which are done with a inoveable gantry crane.
The heaviest component is the moveable set of OH coils and its support structure,
~300 tonnes, The first wall and blanket of TITAN-I consist of extruded vanadium
tubes cooled by liquid lithium. The shield is also made of vanadium, however large
square channels are provided to reduce the void fraction. The lifetime of the first
wall and blanket is 14 MW yr/m?, thus a neutron wall load of 18 MW /m? and plant
availahility of 75 percent require replacement of the first wall and hlanket annually.
The hot shield has a lifetime of 5 years, therefore, to reduce rad-waste, the shield

is reused following replacement of the first wall and hlanket.

The entire TITAN-I confinement building has an argon atmosphere to prevent

lithium fires in the event of a lithium spill. New, pre-tested first wall, blanket and

-3-



divertor assemblies (FW/B/D) are also stored in the inert argon. This reduces
outgasing when the assembly is installed into the vacuum tank. A plan-view of
the confinement building, Fig. 2, illustrates the lay-down areas for the components
moved during maintenance and the storage area for the new FW/B/D assemblies.

Major operating parameters for the TITAN reactors are listed in Table 1.

Seventeen principal tasks must be accomplished for the annual, scheduled
maintenance of TITAN-1. These steps are summarized in Table 2. Although many
of the tasks are the same for single-piece and modular designs, four arc not. These
four tasks are marked as such in Table 2. Any unscheduled maintenance of the

FW/B/D assembly will follow the same removal procedure as for the scheduled

maintenance,

3. TITAN-II MAINTENANCE PROCEDURES

An elevation view of TITAN-II is shown in Figure 3. The entire primary loop
is submerged in a low-pressure pool of pure water. The pool acts as a heat sink
durieg off-nonnal operation and as a barrier to prevent off-site release of activation
products. The structural material used is a low-activation, high-strength ferritic
steel, 9-C [4]. The coolant is a solution of water and LiNOjs. Tritium breeding
takes ,‘lace in the primary coolant. The lifetime of the first wall is one year at 75%

availability, therefore, annual replacemens of the torus is required.

Maintenance procedures for TITAN-II are outlined in Table 3. Vertical lifts are
used, as in TITAN-I. Extensive use of automated remote connects and disconnects
are also used. The significant difference hetween the two reactor configurations is
the low-pressure pool used in TITAN-II. Several maintenauce options are available.
One is to drain the pool and another, retain the water in the pool and perform
the torus removal procedures under water. The latter option requires isolation
valves at all of the remote connects to prevent infiltration of the pool water into

the system. This isolation is required at all of the hydraulic, electrical and vacuum
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systems. Draining the pool requires a storage tank for the water and time to
transfer the water. A third option is to divide the pool into an inner cylinder
and an outer annulus by installing a vertical cylindrical wall just outside the FPC.
During maintenance, only the inner cylinder, which contains the FPC, needs to be

drained.

Accessing the old torus requires the removal of the upper OH coil set. Following
the removal of the coils, the used torus assembly is removed as a single unit and
transported to a hot cell for disposal preparation. The torus assembly consists of the
first wall, blanket and shield modules connect by three divertor sectors, encircled by
the TF coils all of which is contained within the vacuum shell. The new, pre-tested
torus assembly is installed and the OH coil set replaced. The remote connects are
oriented in a vertical position so that the tori can be removed with a single vertical

lift. This eliminates the need for complex twisting and tilting of the large torus.

4. FUSION-POWER CORE PRE-TESTING

An important feature of the TITAN design is the inclusion of a pre-test facility.
This facility allows the plant personnel to fully test new FW/B/D assemblies in a
non-nuclear envircnment prior to committing it to power operations in the reactor
vault. Any faults discovered during pre-testing can be quickly repaired using
inexpensive hands-on maintenance. Furthermore, additional testing can he used
as a shake-down period to reduce the infant-mortality rate of the new assemblies.
Although difficult to quantify, a well detailed pre-test program could greatly increase

the reliability of the fusion-power core, hence increasing plant availability.

A list. of pre-tests for the TITAN-I design is included in Table 4. The tests are
categorized by level of assembly and by type of test. Level of assembly includes
sub-modules, modules and full torus. Sub-modules are sucl items as formed first
wall pipes, blanket pipes and ring headers. Modules are the assembled blanket units

as shipped from the factory to the site (12 per reactor). The full torus is the unit
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that is installed into the reactor vault (12 blanket modules and 3 divertor modules
mechanically attached together). Full-torus pre-testing is subdivided into with- and

without plasma tests.

The benefits of pre-testing (higher reliability, higher availability) must bhe
balanced with the additional cost associated with the pre-test facility. The more
representative that the tests are of actual operation, then more duplication of
primary loop components is required. For example, vacuum field mapping and
divertor plate alignment will require a vacuum system, simulated OH, EF, TF and
divertor field coils and the diagnostics for the tests. Furthermore, since the TF and
divertor coils are IBC-type coils [5] (i.e., the poloidal-flow lithinm coolant circuit is
used as as the electrical conductor of the coil) then a lithium circuit will be required
for pretest. The optimum level of pre-testing can be determined with a detailed
trade-off study to compare the benefits of higher reliability and availability versus
the cost penalties associated with the pre-test equipment. The new technologies and
configurations proposed for fusion systems, and thus a lack of operating experience
and data, would lead to a great degree of uncertainty in that type of trade-off study.
Simple models of availability have been developed 6] and could be used to show
relative benefits of increased reliability. In situations where several reactors are

clustered together, the cost of a single pre-test facility could be shared.

5. BENEFITS OF SINGLE-PIECE MAINTENANCE PROCEDURES

A simplistic comparison can be made hetween the single-piece and modutar
maintenance schemes.! Examination of the maintenance steps listed in Table 2
indicates that only 4 of the 17 tasks would be nicre time consuming for a modular

reactor. Specifically, the differences are associated with steps that involve interfaces

! For purposes of discussion, a modular design is assummed. The same dimmensions

and wall loading are used but toroidal segmentation separates the unit into three

or more units.



between modules and lifting of individual modules. Since only a few steps are
different, it is possible that the total time required to change-out the entire FW/B/D
assembly is comparable for TITAN and the assumed-modular design. If, however,
these few steps are much more time consuming than the others, then a modular
design will have a proportionally longer period of downtime. The mean-time-to-
repair will be longer for scheduled maintenance of the modular design, and longer
for the unscheduled maintenance of the single-piece design. The difference results
because only single module replacement is reqttired for unscheduled maintenatice,
but in single-piece designs, that module is the entire core. The sector-to-sector
interfaces in the modular design adds to the number of possible fault areas, hence,
possibly reducing the reliability. An absolute comparison between our single-
piece and modular designs would not be possible for two reasons; 1) There is
no operating experience with large-scale, remote maintenance fusion machines and
2) our assumption for a modular design is not for an optimized, fully-engineered

reactor.

Vertical lifts have been chosen for the component movements during main-
tenance. The absolute choice between vertical and horizontal transport is not self
evident. In the TITAN configuration, fewer components need to be moved to access
the FW/B/D assembly via vertical lifts, hence the choice for this design. Vertical
lifts also provide for a more compact reactor bnilding, consistent with the FPC de-
sign goal. Lift limits for conventional cranes is around 500 tonnes, with special order
crane capacities in excess of 1000 tonnes. The most massive component lifted dur-
ing TITAN-I maintenance is the upper OH coil set. This coil set weighs about 300
tonnes, within conventional limits. The four major component lifts are illustrated
in Fig. 4a-d. Temporary storage for the vacuum lid, upper OH coil set and upper
hot-shield is provided, as shown in Fig. 2. These three components are re-installed
following the installation of the new FW/B/D assembly. Once the new torus is

lowered into position, horizontally oriented remote connects attach the torus to the
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stationary primary lithium supplies. Access to the TITAN-II torus requires only
the lifting of the upper OH coil set.

8. CONCLUSIONS

The major tasks required for annual maintenance of the TITAN-I and
TITAN-II fusion power cores have been identified. Single-piece maintenance of the
first wall, blanket and divertor assembly appears feasible and must be performed
yearly. Vertical lift of three components is required to access the torus assembly of
TITAN-1, and none of the component’s masses is beyond the limits of present-day
crane technology. The maintenance of TITAN-II requires lifting only the upper
OH coil set to access the torus, but partial draining of the pool may be necessary.
Following the removal of the old torus, a new, fully pre-tested assembly is installed.
A high level of pre-testing ensures that the new tori will behave as designed and
will have higher reliability than individual modules that have not been t:sted to-
gether as a single, operating unit under reactor-like conditions. The compactness
of the reactor allows for single-piece torus design and maintenance. Single-piece,
as opposed to modular compact designs, should lead to higher availability due to 2

shorter duration for torus replacement.
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Table 1

MAJOR OPERATING PARAMETERS
OF THE TITAN REACTORS

Major plasma radius
Minor plasma radiuvs
Neutron wall loading
Poloidal beta
Toroidal field (at first wall)
Poloidal field (at first wall)
Primary structural material
TITAN-1
TITAN-II
Coc'ant
TITAN-I
TITAN-I1
Total thermal power
TITAN-1
TITAN-I
Net electric power
TITAN-I
TITAN-II

3.9m
0.6 m
18. MW/m?
0.2
-036T
54T

V-3Ti-15i
9-C ferritic

lithinm
aqueous solution

29183 MW
3012 MW

998 MW
910 mw
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14,
15.
16.
17.

Table 2
TITAN-I MAINTENANCE PROCEDURES.

. Orderly termination of plasma including TF, OH, EF

and DIV coil discharge

. Continue reduced first wall, blanket and shield cooling

until decay keat is sufficiently low to allow for natural
convection in the argon a‘mosphere (about 12 to 24
hours)

. During cool down:

a Vacuum pumping is continued untii sufficient tritium
is removed from the FPC

b Break vacuum {valve-off vacuum pumps and cut weld
at vacuum tank lid

¢ Remove vacuum lid to storage

d Disconnect electrical and coolant supplies from the
OH coils (numbers 2-5, upper)

. Drain lithium from first wall, blanket and shield
. Lift OH coil set and store

. Disconnect lithium supplies*

. Lift upper shield and store

. Lift torus and move to hot cell*

. Inspect fusion power core area

10.
11.
12,
13.

Install new torus assembly™
Connect lithium supplies™
Replace upper shield and connect coolant

Replace OH coils and connect electrical and coolant
supplies

Hot test first wall, blanket, shield and OH coils
Replace vacuum tank lid

Pump down system

Initiate plasma operations

* The vnne required to complete these tasks is likely to be

longer for a modular system then for a single-piece system,
assuming similar configurations.
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12.
13.
14.

Table 3
TITAN-II MAINTENANCE PROCEDURES.

. Orderly termination of plasma including TF, OH, EF

and DIV coil discharge

. Continue reduced first wall, blanket and shield cooling at

reduced rate until decay heat is sufficiently low to allow
natural convection.

. During cool down:

a. Vacuum pumping is continued until sufficient tritium
is removed from the FPC
b. Begin to drain pool above FPC!

Drain first wall, blanket and shield

. Lift OH coil set and store
. Disconnect coolant supplies and vacuum ducts
. Lift torus and move to hot cell

Inspect fusion power core area

. Install new torus assembly
10.
i1.

Reconnect coolant, supplies and vacuun ducts

Replace OH coils and connect electrical and coolant
supplies

Hot test first wall, blanket, shield, TF and OH coils
Pump down system
Initiate plasma operations

Pool draining is only required if submerged isolation
valves are not provided.
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Table 4

MAIN PRE-OPERATIONAL TESTING
ACTIONS OF SINGLE-PIECE FUSION POWER CORE,

Submodule® Module®

TEST

Full Torus®
w/o Plasma w/ Plasma®

Mechanical
-tube-bank vibration (first wall, blanket) X
-tube-bank expansion (first wall, blanket) X
-inter-module and full-torus deflection
-plasma chamber (shell}fcoil displacement
Thermal hydraulic
-flow rates, pressure drops, vibrations, leaks, etc.
-first wall, divertor, blanket, shield X
-coils
-manifolds, headers
‘remote couplings, disconnects X
-“at-temperature” FPC tests (i.c., pressure drops, vibrations)
-electrically-heated coolant
-plasma-derived heat fuxes
Electrical
‘Magnet tests (i.c., foroes, deflections, voltages, etc.)
-vacuum-field mapping (TF ripple, vertical field, etc.)
‘plasina transients
-RFP formation
-fast-ramp phase
-slow-ramp phase
-curretit-drive (steady-state) phase
-active feedback control
-eddy cwrrents (transient startup, current drive}
-first-wall shell
-blanket /shield
-coil casings, structure, pumps, ctc.
-termination control/response
Vacuuin/Fueling/Impurity Control
-hase vacuum
-full gas load test
speilet injection
Neutronic
-breeding efficiency
-energy recovery efficiency
-shielding effectiveness, streaming

a) Performed at factocy site.
b} Performed at plant site during operational year.
<) Performed in the reactor, during the 28-day schieduled mainienance.
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Figure 1. Elevation view of the TITAN-I reactor.
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Figure 2. Plan-view of the TITAN-I reactor power plant.
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-16 -

A B ay



VACULM

S

i

e - -
- - -
- - - -
PR - -
- - -
- - -
- - -
- - -
- - -
- - -
- - e = ayw] - -

-_ -

Figure 4. Mzjor component lifts during TITAN-I scheduled maintenance. Lifted
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MATERIAL SELECTION FOR THE TITAN
REVERSED-FIELD PINCH REACTOR

S. Sharafat, N. M. Ghoniem, P. I. H. Cooke and
The TITAN Research Group

Department of Mechanical, Aerospace and Nuclear Engineering
and Inetitute for Plasma and Fusion Research
University of California, Los Angeles
Los Angeles, CA 90024-1597

ABSTRACT

The operating conditions of a compact, high neutron wall loading fusion re-
actor severely limit the choices for structural, shield, insulator and breeder
materials. In particular the response of plasma-facing materials to radietion,
thermal and pressure stresses, and their compatibility with coolants are of pri-
mary concern. Material selection issi:es were investigated for the compact,
high mass power density TITAN reactor design study. in this paper the major
findings regarding material performance are summarized. The retention of
mechanical strength at relatively high temperatures, low thermal stresses, and
compatibility unth liguid lithium make vanadium-base alloys a promising me-
terial for structural compoaents. The thermal creep behaviour of V-3Ti-18i
and V-15Cr-5T: alloys has been approzimated. In addition, irradiation be-
haviour including the effects of helium generation and coolant compatibility
issues were investigated which led to the choice of V-3Ti-15i as the primary
structural material candidate for the liquid lithium cooled TITAN-I. For the
water-cooled TITAN-II reactor, ferritic alloys are favoured among structural
malerial candidates. Depending on the choice of lithium salt dissolved in wa-
ter, the radiolytic effects and corrosion characteristics of the aqueous breeding
solution may be severe. LiOH and LiNOj have been identifted a: the most
viable salts, however, radiolytic and corrosion behaviour of these salts in
aqueoua solutions differ substantially. The radiolytic behaviour of the aque-
ous sait solutions have been examined and various molecular decomposition
product yields were estimated for the TITAN-II irradiotion conditions. In-
aulgtor material issues of concern include irrediation induced swelling and
radiation induced conductivity. Both issues have been investigated an:! oper-
ating temperaturea for minimum swelling and dielectric breakoum strength
have been identified for spinel (MgO — Al;O03). The high heat flux and sput-
tering/eroston tssues limit the choice of the materials for the divertor target
plate. Mechanical properties of various tungaten-rhenium alloys have been
investigated. A highly ductile W — Re alloy containing 26 atemic percents
rlenium was identified as a viable - 'asma-facing material.



1. INTRODUCTION

Two different safety issues play a role in the economi. feasibility of fusion
power. One is the level of demonstrable public safety and the other is the capital
investment safety. Froiw. a public point of view minimizing radioactive inventory and
designing an inherently and passively safe reactor are desired. Both of these issues
are directly a function of the material choices made. Capital investment risks can
be minimized if structural materials are selected to withstand accidents of highest

severity without inflicting major damege to the fusion power core (FPC).

The TITAN reactor study was undertaken to study the aspects of economic
and engineerirg feasibility and safety of a compact fusion reactor. TITAN [1]
is a compact, high-power-density reactor (major radius 3.9 m, plasma minor
radius 0.€ m, neutron wall loading 18 MW/m?), based on the reversed-field-
pinch (RFP) confinement concept. Two options for the TITAN fusion power core
were considered: TITAN-I, a liquid-lithium cooled design with a vanadium-base
alloy structure and TITAN-II, an aqueous lithium sait solution cooled with a low

activation, high strength ferritic alloy as structure.

Many of the engineering feasibility and safety related issues of a such a fusion
reactor hinge on material performances under normal and off-normal operating
conditions. The material selection effort concentrated on fulfilling these performance
and safety requirements. The TITAN-I and TITAN-II material selection issues are
summarized in this paper. A more detail discussion of the materjal selection efforts

can be found in Reference [2].

2. TITAN-I STRUCTURAL MATERIALS

TITAN-I is a self cooled liquid lithium design. The retention of mechanics!
strength at relatively high temperatures, low thermal stresses, and compatibility
with liquid lithium make vanadium-base alloys a promising material for structural

componenis. Compared with HT-9, vanadium-base alloys have better physical
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properties such as higher melting temperature, lower thermal expansion coefficient
and lower demsity. The high melting temperature (T, = 1890°C) can have
significant bearings on safety related issues. The higher ultimate tensile strength
(0u ~ 600 MPa at 600°C), lower expansion coefficient and slightly higher thermal
conductivity of vanadium-base alloys results in higher heat load capabilities. When
compared with ferritic alloys at a nominal neutron wall loading of 1 MW/m?,
vanadium-base alloys have about half the nuclear heating rate (~ 25 W/cm?), about
a third of the helium generation rate (~ 57 He-appm), about half the hydrogen
production rate ([~ 240 H-appm/MW-yr/m?) and lower lung-term afterheat [3].

Among the various vanadium-base alloys the most promising candidates for
fusion reactor applications are V-15Cr-5Ti, VANSTAR-7(V-9C:-3Fe-1Zr), and
V-3Ti-1Si. In the past the V-15Cr-5Ti alloy had been adopted as the class
model alloy in the U.S. In particular V-15Cr-5Ti has a higher thermal creep re-
sistance than the other two alloys. Investigation of the effects of neutron irradia-
tion with pre-implaated helium atoms, however, suggest that V-15Cr-5Ti may be
subject to unacceptahle losses in ductility [4]. Braski [4] irradiated specimens of
V-15Cr-5Ti,V-3Ti-1Si and VANSTAR-7 at 420,520 and 600°C to a damage level of
40 dpa {displacements per atom) with helium atoms implanted up to a concentra-
tion of 30appm. Tensile tests showed that V-3Ti-1Si suffers the least amount of
swelling, irradiation hardening and He-embrittlement. However, V 3Ti-1Si has the

lowest thermal creep resistance among the three vanadium alloys.

Creep-rupture data at 650, 750 and 850°C was used to develop a phe-
nomenological stress rupture equation for the V-3Ti-1Si alloy. Among varicus
creep-rupture data extrapolation techniques, the Modified Minimum-Commitment-
Method (MMC M) [5] has the advantage of not being sensitive to creep data behav-
ior. Results of the MMCM (6] analysis are depi ted in Figure 1. Also shown are
the TITAN-I first wall operating stresses during normal and off-normal operations.

Allowable design stresses have to include the effects of irradiation hardening and
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helium embrittlement. Limited helium embrittlement data [7] was used to estimate
the allowable stresses after 1 full power year (FPY) of TITAN. This corresponds
to an estimated damage dose of about 160 dpa. Our analysis indicates that the
maximum allowable primary stress for V-3Ti-1Si is 108 MPa at 650°C, 44 MPa at
75C0°C, and 20MPa at 850°C.

2.1 Coolant Compatibility

One of the most significant advantages of vanadium alloys over ferritic alloys
is their corrosion resistance to liquid lithium. At 600°C the dissolution rate for
vanadium is ~5x10~? mg/m?/h and for HT-9 about 50mg/m?*/h [8]. Recently a
bimetallic loop experiment investigated the corrosion of V-3Ti-1Si in flowing liquid
lithium [8]. The experiment consisted of high purity liquid lithium flowing at 7cm/s
in a titanium stabilized stainless steel (X10CrNiMoTi1810) loop at 823K for a
duration of up to 2056hr. The measured corrosion rate of V-3Ti-1Si was in the
range of 102 to 10~3g/m?/h. The more significant finding, however, was the
formation of a very dense and adhesive vanadium-nitride layer ((V,Ti).N; x~ 1.56-
1.66). The thickness of the nitride layer (2-5 um) was found to be exposure time
independent. Another issue regarding coolant compatibility is the high lithiwm
flow velocity (21 m/s at the TITAN-I first-wall). Investigations showed that 21 m/s
is far from the erosion threshold velacity of ~120m/s, measured for most metals
and ceramics [10]. Experiments [11] have been performed with high velocity liquid
lithium fowing at 50 m/s in Nb-1Zr tubes at 1073-1143°C. Measured corrosion rates
after 500 hours of lithium flow were about 0.1 mm/yr.

3. TITAN-II STRUCTURAL MATERIALS

TITAN-II is an aqueous loop-in-pool reactor design. For the water-cooled
TITAN reactor, ferritic alloys are favored among structural material candidates. To
reduce weste disposal management problems low activation ferritic alloys are heing

developed. Preliminary evaluations indicate that a reduced activation alloy can he
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developed without compromizing mechanical properties, primarily by replacing Mo
by W. Several low activation ferritic alloys have been investigated. For the TITAN-II
reactor the HEDL/UCLA 12Cr-0.3V-1W-6.5Mn alloy (Alloy 9-C) was chosen as
structural material for TITAN-II primarily due to its good strength and elongation
behavior after irradiation [12]. The high Cr content ensures excellent corrosion
resistance and the low carbon content ensures better weldability characteristics,
higher sensitization resistance, and reduced hydrogen embrittlement. The high
concentratic1 of Mn in Alloy 9-C prevents the formation of delta-ferrite phases.

The delta-ferrite phase formation is responsible for high DBTT and low hardness.

Ailoy 9-C has a very high yield strength of 810 MPa and a high tensile strength
of 1002 MPa at room temperature with a total elongation of 10.1 %. Similar to
other ferritic alloys, 9-C shows little or no irradiation hardening (change in yield
stress) at low temperatures. At irradiation temperatures above 300°C alloy 8-C
softens, having a total elongation of about 19 % at 600°C after 14 dpa of damage
dose. Table 2 shows selected irradiated and unirradiated praoperties of this alloy.

3.1 Aqueous Solution Compatibility

The tritivin breeder in the TITAN-II reactor is a lithium salt dissolved in
the water coolant. The salt of choice based on the radiolytic behaviour is LiNO;
(see next section). From a corrosion point of view the data base of corrosion
of ferritics in LiNO; salt solutions is very lir’ted. Indications are, however,
that a high concentration lithium nitrate aqueous salt solution does not exhibit
unacceptable corrosion problems. Recent high temperature corrosion scoping

experiments support this statement [13].

Stress-corrosion cracking (SCC) is a major concern in the nuclear industry.
Most recent experiences with SCC in nuclear environments clearly show that SCC
can be suppressed by reducing the oxygen content through the addition of hydrogen

to the coolant [14]). The production of tritium in an aqueous lithium salt solution
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is seen as an inherent SCC controlling mechanism. The proper choice of structural
material can further reduce the probability of SCC. In particular a high Cr content

coupled with a low C content are shown to reduce SCC. Both of these requirements

are fulfilled by Alloy 9-C.

3.2 Radiolysis

Gamma-ray radiolysis yields of LiNO; salt solutions are known as a function of
salt concentration [15]. At high concentrations the H; yields are very small and tae
H;O; yield decreases by a factor of about 3 relative to pure water. Oxygen yields
due to light particle radiation are fairly salt concentration independent.

Alpha-ray radiolysis due to nuclear reactions with lithium in the aqueous LiNQ,
salt solution were estimated as a function of salt concentration based on the power
{aw measurements of 3.4 MeV &’s {16]. The oxygen production due to heavy particle
radiation increases while the yields of H;, H20,, H, OH, HO; all decrease with

increasing sait concentration.

The limited data suggests that neither the light nor the heavy particle radiation
of a highly concentrated LiNO; salt solution leads to high levels of radiolytic
decomposition products, except for the formation of oxygen. In fact, an increase of
salt concentration leads to a decrease in the production of H2O3, Hy, H, OH, and
HO, ared a slight increase in NO; yields relative to highly diluted salt solutions
[15].

The effect of elevated temperature on radiolysis was investigated. From cxpe-
rience gained in the fiasion industry with pure water [14], it can be ascertained that
the stability of non-boiling water to radiolysis increases as temperature increases.
The apparent stability is actually due to an increase in radical recombination reac-

tion rates at elevated temperatures.

Although many uncertainties remain and mwuch research is required in the area

of radiolysis, the use of a highly concentrated aqueous LiNQj; salt solution should
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not lead to the formation of volatile or explosive gas mixtures. The effects of
radiolytic decomposition products on corrosion, however, remains a subject of great
uncertainty until an experimental data base of radiolytic decomposition products

in a fusion environment becomes available,

4. INSULATOR MATERIAL

Application of electrical insulators include current breaks in various FPC
components. Depending on their location, these breaks can be exposed to high
radiation levels. Technical requirements for insulating materials include: adequate
electrical resistivity, radiation stability, minimmum radiation induced conductivity,

mechanical integrity and fabricability.

Organic insulating materials, generally do not meet high temperature require-
ments and also suffer from rapid resistivity degradation when exposed to ionizing
radiation. Ceramic insulating materials, on the other hand, pcsses high melting or
decomposition temperatures (> 2000°C} Electrical conductivity (o) values for vari-
ous oxide and nitride a:d appear to be more radiation damage resistant. insulators
range between 107% and 10~ !4 (chm-cm)~! at 500°C with BN having the lowest
value. Expased to a fusion reactor radiation field, ceramic insulators experience a
change in their thermal conductivity, mechanical strength, electrical resistivity and

in the dielectric breakdown strength (dbs).

A thermal conductivity independent of exposure-time is favored because of
higher confidence in the thermal behavior design of magnets and insulator carrying
components. The following insulators experience a 50 to 90% reduction in thermal
conductivity after exposure to neutron irradiation: BeQO, MgO, Al20;, Y203,
YaAls Oz, SialNg, Si20N; and $5:4A4150,Ng. Spinel (MgAl;O4) is one of the
very few that does not show a reduction in thermal conductivity after neutron
irradiation [17]. As far as tensile strength is concerned M g Al Oy, shows an increase

in strength upon irradiation [17]. Among the insulating materials MgAl,0, has
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shown good swelling resistance. In Table 1 experimental swelling data are given
[17]- A phenomenological swelling equation based on the swelling data of Table 1
was developed [6]. Sample swelling calculations for Spinel located at the TF-coils
of the TITAN-I reactor are demonstrated in Figure 2.

Examining the Spinel swelling curves in Figure 2, a low or high operating tem-
perature is favored. However, high temperatures degrade the dielectric breakdown
strength (dbs) of ceramic insulators, The dbs is defined as the maximum poten-
tial gradient in the dielectric without the occurrence of electric breakdown. Below
200°C the dbs for alumina is ~12 kV/mm, it drops to ~8 kV/mm at 350°C and
~2.5 kV/mm at 700°C. Thus, Spinel offars good electrical resistivity even at high
aperating temperatures. Only components that need high resistivity values (>12

kV/mm) have to operate at temperatures below 200°C.

Another process that leads to an increase in electrical conductivity is ionizing
radiation (v-rays). The v-ray photons interact with electrons resulting in an increase
of conduction charge carrier concentrations. This phenomenon is a flux dependent
effect (instantaneous) and is commonly known as radiation induced conductivity
(RIC). RIC has been measured for alumina at temperatures below 300°C and was
found to be directly related to the ionizing dose rate (¥). Our analysis has shown
that RIC for an 18 MW/m? neutron wall loading will increase the conductivity
of Spinel to about 3.5x10~° (fm)~!. AlpO; doping experiments using 0.03 wt.%
Cr203 shows a reduction of conductivity by more than one order of magnitude.

Similar doping techniques can be used to reduce RIC of Spinel.

5. DIVERTOR-TARGET MATERIAL

The high particle fluxes encountered on impurity contiol components such as
the divertor plates or the limiter, requires a high Z material to reduce the amount of
sputte*ng. Simultaneously, high heat loads need to be dealt witl and thus materials

with high thermal conductivity and low thermal stresses are required. Among the
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refractory metals a tungsten-rhenium alloy has been selected. Workability and
mechanical properties of W-Re alloys, with Re contents in the range of 3 to 30 at.%
have been found to be excellent. Furthermore, the thermal expansion coefficient of
W_.Re alloys can be tailored to a degree by varying the Re content. Suitable brazing
materials with different application temperatures have also been developed to joip

W-Re alloys with other alloys.

Of importance is the high ductile-to-brittle transition temperature (DBTT)
below which it cannot be worked due to its extreme brittleness. Pure tungsten has
a DBTT of about 200 to 400°C depending on the impurity content, thermome-
chanical history, and thickness [18). The addition of rhenium reduces the DBTT
appreciably. Tungsten-26% rhenium has a DBTT of about 90°C [18] which is a
great improvement from the pure tungsten DBTT. The 90°C DBTT requires that
forming, cutting, milling, and drilling of this alloy must be done at temperatures

well above this DBTT.

6. SUMMARY

The following is a sumumary of findings of material selection issues for the liquid
lithinm cooled TITAN-I and the aqueous loop-in-pool TITAN-RFP compact fusion
reactors:

For the liquid lithium cooled TITAN-I reactor;

e V-3Ti-15i was chosen over V-15Cr-5Ti due to its good radiation dai.age

resistance: lowest helium embrittlement and lowest swelling rates.

o From the limited available creep data it seems that V-3Ti-1Si is able to operate

satisfactorily at elevated temperatures (<700°C).

e Limited liquid lithium corrosion data indicates the possibility of a self-limiting
corrosion. rate on V-3Ti-18i, due to the formation of a (V,Ti)-nitride surface

layer

® Such an in-situ layer formation can have “self-healing” properties.
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s Low swelling operating temperatures for Spinel (MgAl;O4) have been identi-

fied. If operated outside 150 to 306°C Spinel shows excellent swelling resistance.

e The priucipal feasibility of using tungsten-rhenium alloys for the high heat flux
components is no longer a major issue.
For the TITAN-1I agueous loop-in-pool design:

® A low activation ferritic alloy (Alloy 9-C; HEDL/UCLA), has been identified
as a viable structural material for fusion applicetions. It shows good strength

and ductility behavior.

e Irradiation behavior data are sparse but scoping experiments show good

retention of mechanical properties.

e The high chromium and low carbon content of this alloy ensure good aqgueous
corrosion resistance and reduce the degree of hydrogen embrittlement, respec-

tively.

# The choice of LiNQ; over LiOH as a breeding salt dissolved in the coolant was
based on the radiolytic behavior of the salt solutions.

e Radiolysis of LiNOj salt solutions was investigated in detail. Recent experi-
ments with ~-rays clearly show a reduction of radiolytic decomposition of the
water, except for oxygen. However, the produced tritium will readily comhine

with the oxygen.
¢ The use of LiNO; salt coupled with the production of tritium results in:
— elevation of water boiling point
— decrease of SCC of some ferrous alloys
- reduction of hydrogen attack.

¢ Although the aguecus lithium-salt solution blanket concept shows promisiug

features, detailed but relatively simple experimental investigations are needed
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before inore decisive statements regarding the feasibility of a lithium salt

aqueous solution blanket can be made.
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Table 1

SWELLING OF NEUTRON IRRADIATED SPINEL“.

Temp.{°K) AV/V (%) Fluence(n/cm?)*
323 0.03+0.01 3.2x10%?
407 0.08-+0.01 2.1x10%¢
680 -0.1940.01 2.2x10%¢
815 -0.35-0.01 2.2x10%
925 +0.01 2.3x10%

* En >0.1MeV
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Table 2
PHYSICAL AND MECHANICAL PROPERTIES OF
ALLOY 9-C (HEPL/UCLA) LOW-ACTIVATION FERRITIC STEEL [12].

Temperature (°C)
Property Unit RT | 300 400 500 600
Young' Modulus GPa 225 | 200 193 i80 150
Poisson’s Ratio - 04 | 04 0.4 0.4 04
Shear Modulus* GPa 83 75 72 68 -
Tensile Strength MPa |1002| - 810* 942* | 749°
Yield Strength (irrad.)* MPa 810 { 810 820 650 | $31

Total Elongation (irad)* | % J10.1[138( 150 | 17 |194
Thermal Expansion Coefl. | 10~¢/C | 9.5 | 10.5 11 115 | 12

Specific Heat JfkgC| 450 | s70 { 600 { 680 | 7s0
Electric Resistivity w-m | 06 |o/s2) 09 | 095 | 105
Thermal Conductivity W/im-K{ 25 (265 26.7 27.2 { 27.6
DBTT at 15/30 dpa® °C . - | 1007140 | 25/50 | 055

“Unavailable values repfaced by HT-9.
*After 6 dpa of damage dose.
“Values given at irradiation temperatures after 14 dpa.
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ABSTRACT

A thermal-hydraulic and structural design of the first wall and blanket for
the 18 MW/m? neutron wall-loading TITAN reversed-field-pinch fusion
reactor 1s presented. The primary coolant s liquid lithtum and the siructural
material is the vanadium alloy, V-3Ti-15i. Various design limits, which
take the operational environment into consideraiion, for this vanadium alloy
for the first wall and blaniet are discussed, The iirst wall is made of
small-diameter tubes. The blanket coolant channels are a combination of
tubular, square, and rectar:gular channels. The first-wall and blanket coolant
ctrcuits are separate, allowing different coolant exit temperatures. The
coolant channels are aligned with the larger poloidal magnetic field to reduce
magnetohydrodynamic (MHD) pressure drops. At the desian heat flux of
4.6 MW/m? on the first wall, MHD turbulent-flow b it trinsfer is used.
Both the separation of the curlant circuits and the use of MHL turbulent-flow
heat transfer substantially increase the heat fluz limit on the first wall. These
are favorable for high-power-density f:ion reactors. The inlet temperature of
itthiurn is 320°C and the exil temperatures are {{0°C and 700PC for the first
wall and blanket, respectively. The pressure drop in the first wall circuit is
10 MPe and is less than & “FPa for the blanket circuit. The pumping power
is lesy than 5% of <lectric output. The mazimum structure temperature is less
tan 750°C and the material stresses are shown to be within the allowable
limits. One-dimensional thermal and stress analyses are adequatfe for the
thermal-hydraulic and structural design for TITAN-I. This is verified by
two-dimensional, finite element analysis. The use of Uquid lithium as the
coolant and vanadium alloy as the structural material has enabled to remave
the reactor thermal energy at high temperature which has resulted in a 5ross
thermal efficiency of {4%.



1. INTRODUCTION AND DESIGN PHILOSOPHY

The TITAN study is a multi-institutionel effort to investigate the potential of
Reversed-Field-Pinch (RFP) confinement concept as a high-power-deasity fusion
reactor [1,2]. Two engineering designs of the fusion power core have emerged.
TITAN-1 is a self-cooled lithium design with vanadium alloy as the structural
material [3]. This paper deals with TITAN-I. The other, TITAN-II, is an aqueous

salt-solution, loop-in-pool design with ferritic steel as the structural material [4].

One of the important reasons for selécting liquid lithium as the coolant and
vanadium alloy as the structural material is to remove the thermal energy from the
reactor at high temperature. This is possible because lithiumn has high boiling point
and vanadium alloys have high operating temperature in fusion environment [5]. Of
all the liquid metals, liquid lithinm has the best overall thermo-physical properties
such as heat capacity, thermal conductivity, electrical conductivity, etc. In addition,
lithium can serve as breeder for tritium which is essential for a D-T fusion reactor.
Lithium is also compatible with vanadium. Several earlier studies proposed liquid

lithinm as coolant for fusion applications [6-8].

TITAN-1 fusion reactor operates at 18 MW/m? of neutron wall loading and
4.6 MW/m? of peak heat flux on the first wall at the design point. The design poin:
corresponds to the radiation fraction of 0.95 which means that 95% of the alpha
and ohmic dissipative power in the plasma is radiated directly on the first wall. For
this high-power-density reactor, careful consideration must be given to the nature
and spatial distribution of deposited thermal energy. A large amount of volumetr::
neutron thermal energy is deposited in the first few centimeters of the first-wall and
blanket materials. Another component of thermal energy is in the form of a high
surface heat flux incident only on the first wall. In RFPs, the poloidal magnetic
field is dominant compared to phe toroidal field. This characteristic feature of the
RFP allows innovation and design solutions which are compatible with the nature

and distribution of thermal energy deposition.
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The first-wall and blanket coolant circuits have been separated which gives the
needed degree of flexibility to the design by allowing lower coolant-exit temperature
and efficient, high-velocity turbulent-fow heat transfer in the first-wall coolant
channels. A circular tube has optimun: geometry for both efficient heat transfer

and stress considerations and is suitable for the first-wall coolant channel where
radiation heat flux is high and MHD pressure drop is considerahle due to the high-

velocity turbulent flow.

In this paper, the thermal-hydraulic and structural design of the first wall and
blanket of TITAN-I is presented. The relevant properties of the vanadium alloy is
briefly discussed in the next section. In section 3, a description of the configurations
of the fivst wall and blanket and the thermal-hydraulic design are provided. Two-
dimensional finite element structural design is provided in section 4. Section 5

contains conclusions and performance evaluation.

2. FIRST-WALL/BLANKET STRUCTURAL MATERIAL

Vanadium alloys have a number of attractive features [5], particularly for
the first-wall apd blanket/shield design of the TITAN high-power-density fusion
reactor. In addition to the low activation feature allowing near-sutface radioactive
waste disposal, the high melting temperature has a large impact on safety during
accidents. The high ultithate tensile strength {(~ 600 M Pae at 600°C), lower
expansion coefficient, and high ther:nal conductivity of the vanadium alloys result

in superjor thermal stress resistance. Vanadium is compatible with lithium, thus

making it possible to use lithium for cooling and tritium breeding.

Nuclear trensmutation production of hydrogen and helium in the vanadium
structure of the first wall and blanket is a design concern for several reasons. It has
been experimentally abserved that a hydrogen content alove 5000 eppm will cause a
shift in the ductile-to-brittle transition temperature to above room temperature {as

repor ted in Ref. [5]). Helium, on the other hiand, forms bubbles in the grain interior
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and on grain boundaries resulting in high-temperature helium embrittlement. The
hydrogen problem may be avoided by operating the structure at high temperature
(above 400°C). Helium embrittlement can be mitigated by the appropriate choice
of alloying elements and by limiting the maximum operational temperature. Among
the various V-base alloys, the most promising candidates for fusion applications are
V-15Ct-5Ti, VANSTAR-T {V-9Cr-3Fe-17r), and V-3Ti-1Si. Based upon swelling
and creep ductility, the V-3Ti-1Si alloy seems to be the most promising for our
applications [9]. At the end of life, the maximum permissible primary stress is
found to be 108 MPa at 650°C and 44 :fPa at 750°C. The temperatures are
taken to be average wall temperatures. The maximum allowable secondary stress is
determined by not allowing the total egunivalent stress to exceed the ultimate tensile

stress at the operating temperature. For details of the method, see Ref. (9].

3. THERMAL-HYDRAULIC DESIGN

Detailed thermal-bydraulic design is provided in this section. The thermal
and stress analyses are performed using one-dimensional approximations except
for the film temperature drop in the first-wall coolant tube because of the strong

circumferential variation of the radiation heat flux incident on the first wall.

3.1. First-wall and blanket configurations

The first Wa.ll is made of small-diameter coolant tubes for several reasons (e.g.,
high heat transfer, high strength, and ease of manufacturing). The blanket consists
of a combination of tubular, square, and rectangular channels. Figure 1 shows
the configuration of the first wall and hlanket for TITAN-I. The coolant channels
a. . set along the poloidal direction to reduce MHD pressure drops. The inner
diameter of the first-wall tube is 8 mm and the wall thickness is 1.25 mm which
includes 0.25 mm for erosion allowance. The diameter of the coolant tube is decided
by a compromise hbetween the heat transfer performance whiclt increases with the

decrease in diameter and total number of tubes which increases with the decrease
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in diameter, thus increasing the probability of a tube failure during operation. The
blanket is 75 em thick and consists of two zones, a 30 c¢m thick integrated blanket
coil (IBC) [1] followed by a 45 c¢m thick hot shield. The IBC zone consists of 6
rows of tubular chaunels. The lithium in the tubular coolant channels of the IBC
zone carry the electric current for producing the toroidal magnetic field. The first
30 cm of the hot shield consists of square channels and the remaining 15 ¢cm has

thick-walled rectangular channels.

3.2. Design procedure

The thermal-hydraulic design is based on concepts reported by Hasan and
Ghoniem {10]. The design calculations are performed by a thermal-hydraulic
design code for the design of the first wall and blanket of a RFP reactor [11)].
The objective of the design calculations is to obtain a design window for a _.ven
coolant inlet temperature and coolant channel geometry. A design window shows
possible limiting coolant-exit temperature as function of heat flux on the first wall.
Limiting coolant-exit temperature is obtained by satisfying the design limits on
maximum allowable structure temperatu==, pumping power for coolant circulation,
and material stress. For a given heat flux on the first wall, the maximum
allowable structure temperature determines the highest coolant-exit temperature
possible. The limits on pumping power and pressure stress each sets one minimum
possible coolant-exit temperature. Pumping power and pressure limits are reached
by gradually decreasing the coolant-exit temperature which increases the coolaut
velocity. Hence, the pressure drop, pumping power, and pressure stress also increase.
As the heat flux on the first wall increases, permissible maximum and minimwmn
coolant-exit temperatures approach one another and close the design window.
Thermal-hydrauhc design with any higher heat flux on the first wall is not possible
without exceeding one or more of the three design limits. Separation of the coolant

circuits allows lower exit temperature for the first wall and thus extends the design

window.



The maximum structure temperature is ohtained by adding the temperature
drops across the tube wall (AT, } and across the coolant boundary layer (ATy)
te the coolant-exit temperature. AT, is calculated from a one-dimensional heat
conduction in the chanrel wall. ATy is determined for laminar flow from a two-
dimensional analytical solution with arbitrary circumferential heat flux on the first-
wall tube [10]. For turbulent flow, ATy is obtained from an empirical correlation
for Nusselt number given by Kovner et al. [11]. The turbulent-flow velocity
is determined from the relations, Ret = 60 Hj to Ret = 500 H, suggested in
Ref. [13]. Here Re, is the transition Reynolds number and H; and H, are the
parallel and transverse Hartmann numbers, respectively. The MHD pressure drops
are calculated by using the available theoretical/empirical equations reported in
Refs. [6,10]. The pressure and thermal stresses are obtained from one-dimensional
equations for a thick-walled cylinder [14,15]. For the determination of the design
window, the blanket is treated as z lumped parameter. This is a reasonable
approximation for the design-window calculaiion because the heat load on the
blanket coolant channels is eatirely due to nuclear heating and hence is much smaller
than that on the first-wall coolant channels. After a design point is selected from
the design window, detailed blanket design is carried out by treating each row of

coolant channel individually.

3.3. Design results

A summary of TITAN-I parameters which are relevant to the thermal-liydraulic
design are furnished in Table 1. Figure 2 shows the design window. It is seen
that design is possible up to about 5 MW/m? heat flux on the first wall. The
heat flux on the first wall at the design point is 4.6 MW/m? for TITAN-1, which
corresponds to a plasma radiation fraction of 0.95. The design window shows that
5% pumpi . power limit is more restricting than the imposed pressure stress limit
of 80 M Pa. At the design point, the coolant velocity in the first wall tube is 21 m/s

and about 0.5 m/s in the blanket channels. The corresponding exit temperatures
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are 440°C and 700°C, respectively. The pressure drops in the first wall and blanket
channeis are shown in Fig. 3. The delivery pressure of the first wall/divertor pump
is 12 M Pa as the maximum divertor pressure drop is 12 M Pa. The pressure drop
in the first and sixth rows of the IBC coolant channels are 3 M Pa and 0.5 M Pa,
respectively. Pressure drops in the hot-shield channels are negligible since they are
situnted beyond the [BC zone v “ich carries the current for toroidal magnetic field.
Orifices are used to reduce the delivery pressure of the pump to those required at

the inlet of the coolant channels. The pressure and thermal stresses in the first-wall

tubes are below the design limits.

As a verification and final tune-up of the one-dimensional structural design
presented in this section, two-dinensional, axisymmetric finite element structural

design is presented in the next section.

4, STRUCTURAL DESIGN

In this section, results of two-dimensional thermal and stress analyses per-
formed using the finite element code ANSYS [16] are presented for the final design.
A detailed comparison [1] of these plane stress, plane strain, and axisymmetric stress
analyses indicates that axisynimetric models are the most accurate for computing
thermal stresses in toroidal tubes such as those in TITAN-I. Hance, the following

results are based on an axisymetric finite element model of the first-wall tubes.

The pressure stresses are quite small, with a peak of 3¢ M Pa. The thermal
analysis, which was also performed with ANSYS, indicates a peak temperature of
741°C occurring at the surface nearest the plasma. The temperatnre at the rear of
the tube remains near the coolant bulk temperature. The thermal gradient cansed
by the incident heat flux causes relatively large thermal stresses, as seen in Fig. 4
which shows the equivalent thermal stress contours for the first wall. The peak
thermal stress is 279 M Pa. Given the allowable primary stress of 108 AfPa at an

average first-wall temperature of 650°C, which indicates an allowable pressure plus
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thermal stress of 324 A{ Pa, the analysis indicates that the present first-wall design
conforms to the ASME Boiler and Pressure Code and the design is viable.

Tubular blanket channels are chosen to aveid stress concentrations introduced
by the existence of corners in a square cross section and to avoid weld near the
first wall. The blanket tubes are subjected to volumetric heating and internal
coolant pressure. Because the coolant pressure in the blanket is fairly low (1 to
3 MPa) compared to the strength of the vanadium, the tube thickness is much
less than its radius, so a simple one-dimensional analysis is sufficient. The tubes
are designed to have a fixed coolant-exit temperature of 700°C for high thermal
conversion efficiency and a fixed structure fraction for high energy multiplication.
The structure fraction is controlled by adjusting the radius-to-thickness ratio of the
tubes and by adjusting the spacing between adjoining tubes. The one-dimensional
analysis of the tubes indicates that a thickness of 2.5 mm and a radius of 2.5 em
satisfies these design requirements and the ASME Code.

The structure volume fractions are 30% and 90% in the first and last zones
of the shield, respectively. The size of the square channel is 6 em side length and
0.5 cm wall thickness. The outer size of the rectangular channels is 11.25 cm by
3.75 cm. The wall thickness is 1.625 cm. The dimensions of these coolant channels
are determined mainly on the basis of the limit on wall temperature and required
structure volume fractions. Thermal and pressure stresses are very small because
the temperature gradient across the wall is small and the pressuve drop in these

channels is negligible.

§. CONCLUSIONS AND PERFORMANCE EVALUATION

The thermal-hydraulic and struciural desigu of the fustcn: power core of the
18 MW/m? neutron wall-loading TITAN-RFP reactor using liquid lithium as the
primary coolant and V-3Ti-1Si as structural material results in an attractive and

economic design. The high coolant-exit temperatures give a gross therinal efficiency
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of 44% which is substantially higher than that obtainable with water as the primary
coolant [17]. The MHD pressure drops and pumping power are moderate. The
maximum structure temperature and material stresses are below the design limits.
The one-dimensional calculations for temperature and material stresses are adequate
for scoping design purpose as substantiated by the two-dimensional finite element
caleulations.

The distinguishing features of the present design are suinmarized as follows:
1. Liquid lithium is the privaary coolant and V-3Ti-15i is the structural material.
2. Small round tubes are used as first-wall coolant channels.

3. In order to efficiently remove the heat flux incident on the first wall, MHD

turbulent-flow heat transfer is used.

4. Alignment of the coolant channels with the stronger poloidal magnetic field
reduces the MHD pressure drops.

5. Separation of the first wall and blanket coolant circuits, each with its own
coolant circulation pump and coolant exit temperature, achieves maximum

thermal cycle efficiency.

For high-temperature applications, the vanadium structure and lithium coolant
combination has several advantages, especially for compact RFP reactors where the

magnetic field topology is favorable.
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Table 1

MATJOR PARAMETERS OF TITAN-L

Major radius, R

First wall radius, a
Neutron wall load
Poloidal field at first wall
Toroidal field at first wail
Total thermal power, Pth
Power to first wall circuit
Power to divertor circuit
Power to blanket circuit
Lithium inlet temperature

39m
0.66 m
18 MW/m?
544 T
036 T
2918 MW,
736 MW,
29 MW,
2153 MW,
320 °C
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Figure 4. Contours of total equivalent stress (pressure plus thermal){MPa) in the
FW coolant channel. (MX=279, MN=11.8, C=40, D=80, E=120, F=160, G=200,
and H=240)}.
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ABSTRACT

A thermal power cycle for the TITAN-I fusion reactor is presented. The TITAN is a
compact, high-power-density (neutron wall loading 18 MW/m?) reactor based on the
reversed-field pinch (RFP) confinement concept. The TITAN-I incorporutes a fusion
power core design with liquid-lithium as the coolant and oreeder and vanadium alloy (V-
3Ti-15t) as the structural material. The total thermal power of TITAN-I is 2918 MW,.
Of this total thermal power, 796 MW, is removed by the first-wall coolant, 29 MW, by
the divertor coolant and the rest 2153 MW, by the blanket coolant. The primary coolant
inlet temperature is 320°C. The exit temperatures are {40°C, 54°C and 700°C for the
first-well, divertor and blanket coolants, respectively. Coolants from the first wall and
divertor are mized upon ezit which gives the first-wall/divertor mized ezit temperature
of 442°C. The blanket coolant is kept separate. The coolant flow rates in the first-wall,
divertor and blanket circuits are 1464, 31 and 1350 Kg/sec, respectively. Liquid-lithium
s also chosen as the secondary coolant in the intermediate heat ezchangers. Several
power-cycle modifications are ccnsidered. The selected power cyele has two components—
one for the conversion of the thermal power in the first wall and divertor coolants, and
the other for conversion of the thermal power in the blanket coolant whick is at much
higher thermal potenticl. The power cycle for the first wall and divertor is a non-reheat,
superheat Rankine cycle with { stages of regenerative feed water heating. The pressure and
temnperature of the throttle steam are 1500psia and 396°C, respectively. This results in a
gross thermal efficiency of 37%. The power cycle for blanket is ¢ Rankine cycle with 2-
stege reheat and 7 stages of regenerative feed water heating. The throttle steam conditions
are 562°C and 3100psia. The gross thermal efficiency for this cycle is 46.5%. The overall
gross thermal efficiency of the lithium-cooled TITAN reactor is §4%. All the power cycle
analyses are done by the code PRESTO developed at Oal; Ridge National Laboratory in
the United States.



1. INTRODUCTION

The TITAN study is a multi-institutional effort to investigate the potential of
Reversed-Field Pinch (RFP) confinement concept as a high-power-density fusion
reactor [1,2]. Two TITAN designs have emerged. TITAN-I is a self-cooled lithium
design with vanadium structure [3] and TITAN-II is an aqueous salt-solution, loop-
in-pool design with ferritic steel as the structural material [4]. The use of liquid
lithium as the coolant for TITAN-I allows the removal of the thermal energy from
the reactor at a suitably high thermal potential so that higher power cycle efficiency
can be realized. Details of thermal-hydraulic design of the first wall and blanket

are presented in a paper in this symposium [5].

In the thermal-hydraulic design of the first-wall and blanket for TITAN-I, the
coolant circuits for the first wall and blanket are separated. This separation is
necessary for dealing with high heat flux on the first wall. The maximum heat flux
on the first wall of TITAN is 4.6 MW/m2. 1t is even higher on the divertor plate.
As a result of this separation, the exit temperature of the first-wall coclant can be
made lower than that of the blanket coolant. This helps to remove higher heat flux
on the first wall without exceeding the structure temperature limit. The same is
also true for the divertor .Thermal design of the divertor is discussed in another
paper in this symposium [6]). The divertor coolant has a different exit temperature
from those of the first-wall and blanket coolants. Therefore, TITAN-1 has three
separate circuits for primary lithium—the first wall, divertor and blanket coolant
circuits— each with different coolant exit temperatures. The inlet temperature is
kept the same. The cutlet temperatures of the three circuits were then obtained
by optimizing the thermal-hydraulic design. The exit temperature of the blanket
coolant is made as high as possible to increase the temperature potential of the

thermal power in the blanket coolant.

One of the reasons for keeping the inlet temperature same is simplicity. Single

inlet temperature allows the use of a single pump for the coolant circulation
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pumps and one pump for more than one coolant circuits. TITAN-I uses the same
coolant circufation pump for the first-wall and divertor. The pumps for the first-
wall/divertor and blanket circuits draw lithium from the same sump. Maximum
possible inlet temperature is used for the first wall and divertor. Higher inlet
temperature is possible for the blanket circuit from thermal design point of view.
The IBC {1] (Integrated Blanket Coil) section of the blanket carries electrical
current for producing the toroidal magnetic field. Therefore, to keep the electrical
resistance of lithium in the blanket and hence the joule loss small, higher coolant

inlet temperature is not used for the blanket.

The total thermal power, coolant temperatures and flow rates in these three

circuits are furnished in Table 1. In this paper, the power cycle for TITAN-I is
disc sed.
2. INTERMEDIATE HEAT EXCHANGER AND SECONDARY
COOLANT

Both the inlet and exit temperatures of the primary coolant affect the power
cycle efficiency. The inlet temperature affect the pinch point and hence the
maximum permissible steam pressme in a Rankine power cycle. In a steam
generator, the pinch point is the location at which the temperature of the water
reaches the boiling point. At the pinch point in a steam generator, the temperature
of the hot fluid must be higher than the boiling point of water at the desired pressure
by a minimum amount for efficient heat transfer. Otherwise, large heat transfer
surface area, which corresponds to large steamn generator, will be required. Suitably
high inlet temperature of the primary/secondary coolant is, therefore, necessary
for obtaining high steam pressure.The exit temnperature deternmines the maxinuum
steam temperature. Both high steam pressure and high steam temperature are
essential for obtaining a high cycle efficiency.

The main purpose of an intermediate heat exchanger is to act as a barrier so

that the primary coolant which s:ay contain radicactive products does not come in
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contact with water or steam of the steam cycle. From the consideration of power
cycle efficiency, an intermediate heat exchanger is undesirable since it degrades
the thermal potential of the thermal power in the coolant. In TITAN-I, it has
been decided to have a barrier against tritium permeation and leakage of radiation
products from the primary lithium into tlie steam cycle. Therefore, an intermediate

heat exchar ger is used in the power cycle.

Both liquid lithium and sodiwmn were considered as the secondary coolant.
Liquid lithium is preferable to sodium for several reasons. With lithium as the
primary and secondary coolant, only one coolant is used in the plant. As a result,
storage and handling of the coolant will be easier. Also the heat capacity of lithium
is about twice that of sodium, thus the total amount of coolant will he much less with

Lithinum than with sodium. Lithium is also less reactive with water than sodiwin.

The solubility of tritium in sodium is much lower than that in lithium.
Therefore, when sodium is uszd as the secondary coolant, one desirable and one
undesirable effects may resnlt. The desirable one is that the tritium inventory in
the secondary loop will he much smaller, by about two orders of magnitude. The
other, possihility of higher tritium perineation to the steam cycle. The reason is
that lower solubility is accompanied by higher tritium partial pressure which drives
the permeation. However, if salt-extraction method is used to remove tritium from
the primary lithium, then the amount of tritium permeation to the steam side is
the same for both lithium and sodium as the secondary coolant. This is hecause the
tritium concentration in the primary lithium can be reduced to less than 1 ppm by
using salt-extraction process [7}. This corresponds to a tritium partial pressure of
about 10~? torr in the primary lithium which is much less than that ohtainable by
cold trap in sodium at 115°C [8]. Therefore, the maximum tritium partial pressure
in the secondary coolant (sodium or lithium), and hence tritium permeation to the
steam side will be fixed by the tritium pressure in the primary lithium: when salt-

extraction method is used to remove tritium from the primary lithium. The only
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benefit in using sodium seems to be that the tritium inventory will be much lower
in the secondary coclant. However, it is assessed [1] that the added safety concern

due to the higher tritium inventory in the secondary lithium is not significant.

Another potential advantage with sodiumn as the secondary coolant is the
availability of sodium technology from the fast breeder fission reactors. However,
this advantage is not significant for TITAN since the heat exchanger technology
with lithium, in any case, needs to be developed for TITAN-I because "z primary

coolant is lithium. Therefore, it is decided to use liguid lithium as the secondary

coolant for TITAN-1.

3. SELECTION OF POWER CYCLE(S)

The total thermal power of the TITAN-I reactor is removed by tl e primary
coolant circuits— first-wall, divertor and blanket coolant circuits. The inlet
temperature of lithium for all the three circuits is the same but the exit temperatures
are different. Of the total thermal power, only 1% is removed by the divertor
coolant, about 25% by the first-wall coolant and the remaining 74%, by the
blanket/shield coolant. If the first-wall and divertor coolants are mixed upon exit,
the mixed exit temperature becomes 442°C. This leads to two amounts of the
primary lithium removing 765 MW, and 2153 MW, of thermal power and having

the exit temperatures of 442°C' and 700°C, respectively.

There could be three possible variations of power cycles for TITAN-I. These
are shown in Fig. 1. Economics and simplicity will dictate the selection of a
particular variation of power cycle. The case (a) in Fig. 1 is for mixing of the
first-wall/divertor and blanket coolants upon exit and the use of a single power
cycle. This is the simplest case, The mixed exit temperature of lithium in this case
is 556°C. The next case, case (b), allows partial mixing of the first-wall/divertor
and blanket coolants in a special intermediate heat exchanger. This case will have

higher steam temperature and pressure compared to the case {a), and will use one
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steam generator/turbine set. The third case, case (c}, is for two separate power
cycles— one for the first-wall/divertor thermal power and the other for the blanket
thermal power. Each power cycle will have a set of intermediate heat exchanger,
steam generator, steam turbine and electric generator. Detailed discussion about
Rankine power cycles for a high-power-density, liquid-metal-cooled fusion reactor is

provided by Hasan and Sze [9)].

The power cycle for case (a} in Fig. 1 is the simplest and least costly, but the
thermal eficiency will be lower than those for the cases (b) and (c). The reason
is the lower primary coolant exit iemperature. New and complicated design of
the intermediate heat exchanger and steam generator are necessary for the case
(b). Consequentiy, the capital cost will be higher than that for case (a). Since the
maximum steam temperature can be higher in this case, the thermal efficiency is
higher than that for case (a). The total capital cost of the power cycles in case (c) is
kikely to be the highest among the three variations under consideration. The reasor.
is that the cost of a power cycle goes down with the increase of thermal power for
a single unit. The power cycles in case (¢) are as simple as that in case (a). The
only difference is the use of two power c¢ycles. The overall thermal efficiency for
this case will be higher than those for cases (a} and (b), because mixing in the
latter two cases decreases the temperature potential at which the thermal power is
utilized by the power cycle. In case (c), the maximum possible thermal power cycle
efficiency can be realized for the thermal powers from both the first-wall/divertor
and blanket coolants. The cost of the thermal power conversion system is a small
fraction of the total capital cost of TITAN and, therefore, has less effect on the cost
of electricity compared to that of thermal cycle efficiency. Therefore, the power
cycle corresponding to the case (¢) in Fig. 1 has been selected as the refercnce
power cycle f.x TITAN-L In the next section, results of analysis of this power cycle

are presented,.



4. ANALYSIS OF THE REFERENCE POWER CYCLE

A schematic of the flow diagram for the reference power cycle is shown in
Fig. 2. The blanket power cycle is shown explicitly in this figure. The fusion power
core of TITAN-I is divided into three sectors separated by divertor modules. For
each sector, there is an intermediate heat exchanger and a steam generator for
both the first-wall/divertor and blanket power cycles. The steam from the three
steamn generators of the first-wall /divertor power cycle are combined to run a single

turbine-generator set, and similarly for the blanket power cycle.

The power cycle analysis is performed by the code PRESTO [10]. The pinch-
point temperature difference in the steam generators of each of these power cycles
are kept above 20°C. For both of the first-wall/divertor and blanket power cycles,
the temperature drops in the intermediate heat exchangers are taken to he 20°C.
The temperature-energy diagram for the first-wall/divertor power cycle is shown
in Fig. 3. The first-wall/divertor power cycle is a superheat Raunkine cycle with
four stages of regenerative feed water heating. There is no reheat of the steam.
The temperature and pressure of the throttle steam for this cycle are 398 °C' and
10.7 M Pa, respectively. The blanket power cycle is a superheat Rankine cycle with
two-stage reheat and 7 stages of regenerative feed water heating. The maximum
steam temperature is limited to 565.6°C' (1050°F) although higher temperature
is reported. The throttle steam pressure is 21.4 M Pa. The superheater and the
reheaters are arranged in series. Figure 4 shows the temperature-energy diagram for
the blanket power cycle. These two figures are drawn from the results of analysis by
the code PRESTO. As shown in Figs. 3 and 4, more than 50% of the thermal energy
is consumed in the boiler for phase chauge in the power cycle for first wall/divertor
and less than 10% in the blanket power cycle. The reason is the difference in steam

pressure.

With the inlet /outlet temperatures of the blanket /shield coolant of 320/700 °C',

a supercritical Rankine cycle could be operated. However, the design of a steam
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generator with supercritical pressure is complicated. Therefore, a subcritical cycle
has been selected. The temperature difference at the pinch point for the blanket
power cycle is 34 °C which is considerably higher than 20 °C. Again, the maximum
steam temperature is considerably lower than the secondary coolant temperature
in the superheater. Both of these will make the design of the steam generator and
the superheater/reheater for the blanket power cycle compact. This will somewhat

reduce the cost of the power cycle.

Other particulars for the two power cycles are as follow. For both power
cycles, the generator power factor is assumes 0.9, the turbine-generator rotational
speed is taken 3600 rpm and the feedwater pump turbine efficiency is assumed
0.8. There are one high-pressure (HP}, one intermediate-pressure (IP} and four
parallel, low-pressure (LP} turbines in each of the two power cycles, The number
of regenerative feedwater heaters and the extraction pressures are obtained by
optimizing the thermal efficiency. Of the four regenerative feedwater heaters in
the first-wall/divertor power cycle, one is heated by steam extraction from the
IP turbine and the remaining three by extractions from the LP turbines. The
extraction pressrves are 120, 35, 14.7 and 6 psiz. In the blanket power cycle,
the seven regenerative feedwater heaters are heated by one steam extraction from
HP turbipe, two from IP turbine and four from the LP turlbines. The extraction

pressures are 680, 320, 165, 70, 35, 14.7 and 6 psia.

The main results and parameters of the first-wall/divertor and blanket power
cycles for TITAN-1 are provided in Table 2. This table shows the inlet and outlet
temperatures of the primary and secondary coolants, the throttle steam conditions,
steamn flow rate, the temperature difference at the pinch point, the condenser hack
pressure, inlet temperature of the feed water and the gross thermal efficiency. The
overall gross thermal efficiency for TITAN.I, by combining the efficiencies of the

first-wall /divertor and blanket power cycles, is 44%.



5. SUMMARY AND CONCLUSICNS

The total thermal power of TITAN-I removed from the reactor core by the
primary lithium is divided into two groups at different temperature potentials. The
mixed exit temperature of the first-wall/divertor coolant is 442°C and the exit
temperature of the blanket coolant is 700°C. In order to maximize the thermal
efficiency, two separate Rankine power cycles— one for the first-wall/divertor and
the other for the blanket— are used to convert the thermal energy into electrical
energy. Intermediate heat exchangers are used to act as barriers for radicactive
products and tritium permeation to the steam side. Liquid lithinm is also uced as
the secondary coolant in the intermediate heat exchangers mainly for the reason of
simplicity of storage and handling.

The power cycle for conversion of the thermal power in the first-wall/divertor
coolant is a superheat Rankine cycle with no reheat and 4 stages regenerative of
feed water heating. The gross efficiency of this cycle is 37.20%. The power cycle
for conversion of the thermal power in the blanket coolant is a two-stage reheat,
superheat Rankine cycle with 7 stages of regencrative feed water heating. This
power cycle has a gross therial efficiency of 46.52%. The resulting overall gross

tirermal efficiency of TITAN-I is 44%.

The maximum gross thermal efficiency that can be realized using water as the
primary coolant is about 35%. The use of liquid metal as the primary and secondary
coolant for TITAN-I has resulted in an increase of about 9% in thermal efficiency.
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Table 1

THERMAL POWER REMOVED BY THE
THREE COCOLANT CIRCUITS IN TITAN-L

First-wall coolant circuit:
Thermal power removed, Ppy
Lithiun inlet temperature, T}, rov
Lithium exit temperature, T, rw
Lithium flow rate, Mpw

Divertor coolant circuit:
Thermal power removed, Ppry
Lithium inlet temperature, T;n prv
Lithium exit temperature, Tez D1V
Lithium flow rate, Mprv

Blanket coolant circuit:
Thermal power removed, Pg;
Lithium inlet temperature, T}, pr
Lithium exit temperature, T,z 51
Lithium flow rate, Mpy

736 MW,

320 °C

440 °C
1464 Kg/s

20 MWy,
320 °C
540 °C

31 Kg/s

2153 MW;};
320 °C
700 °C

1352 Kg/s
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Table 2

SUMMARY OF THE RESULTS OF POWER
CYCLE ANALYSIS FOR TITAN-L

First-wall/divertor power cycle:
Total thermal power in the primary coolant
Primary lithium inlet/exit temperatures
Secondary lithium inlet/exit temperatures
Throttle steam temperature/pressure
Steam flow rate

Temperature difference at pinch point
Condenser back pressure

Stages of feed water heating

Feed water inlet temperature

Gross thermal efficiency

Blanket power cycle:

Total thermal power in the primary coolant
Primary lithium inlet /exit temperatures
Secondary lithium inlet/exit temperatures
Throttle steam temperature/pressure
Steam temperature after 1st reheat
Steam temperature after 2nd reheat

Total steam flow rate

Temperature difference at pineh point
Condenser back pressure

Stages of feed water heating

Feed water inlet temperature

Gross thermal efficiency

Overall gross thermal efficiency

765 MW,
320/442 °C
300/422 °C

396/10.69 °C/M Pa

326 Kg/sec

21.6 °C
2 "H‘g
4
169 °C
3729 %

2153 MW,
320/700 °C
300/680 °C'

565.6/21.38 °C/M Pa
565.6 °C
550 °C
698 K g/sec
34 °C
2 ”.Hg
7
258 °C
46.52 %
44 %
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Figure 1. Schematics of the possible variations of power cycles for TITAN-
I. (FPC=fusion power core, FW=Ffirst wall, DIV=divertor, BL=blanket, [HX=
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Figure 2. A schematic of the flow diagram of the power cycle for TITAN-
I. The figure shows explicitly the ilanket power cycle with one relieater and
two regenerative feedwater heaters. (FPC=fusion power core, FW=first wall,
BIV=divertor, BL=blanket, P=coolant pump, [HY =intermediate heat exchanger,
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ENGINEERING DESIGN OF THE TITAN-II DIVERTOR

P. 1. H. Cooke!, C. G. Bathke?, J. P. Blanchard, S. P. Grotz,
M. Z. Hasan, and S. Sharafat, for the TITAN Research Group,

Department of Mechanical, Aerospace and Nuclear Engineering
and Institute for Plasma and Fusion Research,
University of California at Los Angeles,

Los Angeles, CA 90024-1597, USA.

ABSTRACT

The design of the toroidal-field divertor for the TITAN-II reversed-field-
' pinch reactor is described. Strong radiation from the core and edge pluima
spreads the heat load over the first wall and divertor areas of the high-power-
density reactor, and careful shaping of the divertor target plate restricts
l the maximum heat flux to ~ T.5MW/m?. A further feature leading to
manageable heat fluzes is the “open” configuration for the divertor, in which
the larget plate is located close to the null point to take advantage of the
' ezpansion of magnetic fluz. The divertor target is constructed from a single
material, ¢ tungsten-rhenium alloy, for both the armor and coolant tubes,
to avoid stress concentrations whick arise at the interface between different
' materials, This alloy was chosen for its high ductility and good thermal
and mechanical properties, which are retained at high temperatures, and for
its excellent resistance to erosion by sputtering in the anticipated divertor
l plasma conditions. Detailed finite-element modeling of the divertor target
indientes a peak equivalent thermal stress in the armor of ~ 500 MPa.
Fabrication of the divertor plate is based on brazing the bank of coolant tubes
l to the armor, all components being manufactured using powder metallurgy
technigues. The coolant for the divertor plate is an aqueous LiNO; solution,
with a Lithium atomic percentage of 6.4%, as used throughout the fusion power
l core. Consideration of the thermal and physical properties of this solution
allows coolant conditions to be chosen such that an adequate safely margin
l for critical heat fluz is provided.

! Permanent address: UKAEA Culham Lab., Abingdon, Ozon OQX!{ 3DB, UK.
2 Los Alamos National Laboratory, Los Alamos, New Mezico 87545, USA.



1. INTRODUCTION

The TITAN reversed-field-pinch (RFP) reactor study [1] was undertaken to
determine the technical feasibility and key developmental issues of a high-power-
density, compact RFP fusion reactor. Two detailed designs for the fusion power
core were studied, each having broadly the same plesma parameters, with major
and minor radii of 3.9m, and 0.6 m respectively, and a neutron wall loading of
18 MW/m2. TITAN-I uses liquid lithium as the coolant and tritium breeding
material, with a vanadium-alloy structure. The TITAN-II design is an aqueous
loop-in-pool concept with a dissolved Li salt as the breeder and coolant, and a

reduced-activation, high-strength ferritic steel (9-C) as the structural material.

For each design the impurity control and particle removal system consists of
three toroidal-field divertors, and the background behind this choice is described in
reference [2]. The design of the TITAN-I divertor is reported in references [1] and
(2], while this paper concentrates on the TITAN-II design.

The design of the impurity control system poses some of the most severe
problems of any component of a DT fusion reactor. For a high-power-density device
like TITAN, the design of a system which simultaneously satisfies constraints on
heat loadings and sputtering damage can be particularly challenging. In the early
phases of the study [3] the heat load on the divertor target was found to be too high
without radiating a large fraction of the plasma power. This result has led to the
injection of xenon impurity to produce a strongly-radiating plasma. In the global
plasma power balance, ~ 93% of the plasma power is radiated in the core plasma
and scrape-off layer, 4% in the high-density plasma near the divertor target and only
3% is deposited on the plate by the plasma. This high-radiation régime of operation,
which appears tc b2 an essential element for a high-power-density reactor, may be
more easily achieved in a RFP than in a tokamak, because experimental evidence
suggests that RFPs operate with a soft A-limit. In an experiment on ZT-40M [4]

trace quantities of krypton impurity were added; as the radiative losses increased,
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the non-radiative :sses decreased to maintain a constant total confinement time and
an unchanged operating point. Analysis of the edge plasma, including estimates of

the erosion rate on the first wall and divertor target, is reported in reference [5).

Earlier work [6] showed that the poloidal asymmetries in the field-line density
inherent in a toroidal-field divertor can yield a large peaking factor in a “closed”
divertor configuration (in which the coils produce a “pinching” of the field lines and
the divertor target is located in the shadow of the nulling coil). To minimize the
poloidal asymmetry effect, the TITAN designs incorporate “open” divertors, with
the target located close to the null point to take advantage of the magnetic flux
expansion which occurs in that region. Neutral transport calculations {5] indicate
that a negligibly small fraction of particles released from the target re-enters the
core plasma, despite the proximity of the target to the null point.

A cross-section through the equatorial midplane of one divertor is given in
Figure 1. This figure shows the location of the divertor coils and toroidal-field coils,
and gives a two-dimensional tracing of the field lines near the separatrix on the

inboard and outboard sides of the plasma.

2. MATERIALS

Estimates of sputtering erosion for various candidate plasma-facing materials
led to the specification taat a high atomic number (Z) material must be used for
the surface of the divertor plate. These calculations showed that only for high Z
materials is the threshold energy for snputtesng high enough such that the erosion
rate of the divertor target under the conditions expected for TITAN is acceptably
low.

The material finally chosen for the divertor target v-as an alloy of tungsten and
rhenium. Tungsten has good thermal and mechanical properties which are retained
at high temperatures, and also has a very low sputtering rate. The use of pure

tungsten was rejected because of its high ductile-to-brittle transition temperature
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(DBTT) (~ 300°C) and resulting low ductility at low temperatures. Rhenium is
added as an alloying element to improve ductility and lower the DBTT, and to avoid
the loss of strength after recrystallization. The 26% rhenium alloy is used in this
case to give the maximum improvement in performance, although this choice does
entail a significant increase in cost. A further disadvantage of the use of rhenium
is its activation and the subsequent rad-waste problem [4], but as the total mass
of the divertor armor for the whole reactor is only ~ 30kg, this was only a minor

consideration in the materials selection.

Because the use of different materials for the armor and substrate of the
divertor plate creates stress concentrations at the interface [1,2], it is desirable
to fabricate the divertor from a single material. For TITAN-I, MHD concemns
associated with the liquid-lithium cooling preclude the use of high-conductivity
tungsten-alloy coolant tubes, so a two-material divertor is necessary. In TITAN-II,
though, the aqueous coolant allows the use of tungsten as both the plasma- and
coolant-facing material, leading o a single-material design. The complex geometry
of the target plate does not allow the structure to be fabricated from one piece,
so the sputtering-resistant armor plate is produced separately and subsequently

bonded to the coolant tubes, as described in Section 5.

An aqueous LiNOj solution, as propesed for the blanket, is te be used for the
divertor target coolant for TITAN-II. Pure water was also considered, hecause of
the eased corrosion anc . adiol; sis problems, but these questions appear to have
been satisfactorily accounted for in the blanket coolant analysis {1]. There is a
large uncertainty in the thermal and physical properties of the salt solution {7}, but
the indications are that the changes relative to water should improve the thermal
performance, by allowing operation at a lower pressure, and increasing the critical
heat flux, for example. The LiNO; solution was therefore chosen for the divertor
coolant to allow an assessment of its potential to be made, but it is recognized that

certain issues cannot be fully resolved until more experimental data are available.
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The concentration of the coolaut is the same as for the blanket (Li atoni« pereentegs
6.4%), but because of the higher loadings on the divertor, different inlet and outlet
conditions have to be used. In particular, as described below, the higher pressure
used for the divertor coolant allows a higher outlet temperature. This permits
the heat deposited into the divertor target coolant to be extracted via a heat
exchanger with the primary blanket inlet coolant, and aveiding the need for a

complete separate cooling circuit.

3. TARGET DESIGN

Despite the intense radiation arising from the impurities injected into the
plasma, careful shaping of the divertor target is required to maintain the heat
flux at acceptable levels at all points on the plate. The shaping problem is highly
complex because of the varying flux expansion factor (as the field lines converge or
diverge) and the plasma and radiation heat fluxes, which depend in a non-linear
way on the location in the scrape-off layer and the angle with respect to the core
plasma. An iterative procedure has therefore been developed, in which the heat
flux distribution corresponding to a possible shaping is calculated and then used to
perform a thermal-hydraulics analysis, converging to an acceptable design. If any
coustraint imposed on the design is violated, then the shaping is adjusted until an
acceptable solution is obtained. This involved iteration was simplified by writing
a computer code to automate the thermal analysis. The final geometry for the
outboard midplane of the TITAN-II dive:tor, is chown in Figure 2. The geometry
for the inboard side is similar, but more compressed, because of geometrical effects
and the 1/R dependence of the toroidal field, leading to somewhat higher heat fluxes
on the inboard target.

For TITAN-1I, the divertor target coolant flows in the toroidal/radial direction,
as apposed to the poloidal direction which was mandated for TITAN-I to avoid an
excessive MHD pressure drop. A disadvantage of the poloidal coolant routing (or,

in general, if the coolant is directed along the majority magnetic field) is that the

-5~



heating rate can vary considerably fromn one tube to another. If the plasma should
move slightly from its expected position, this can result in a coolant tube receiving
a much greater heat load than it was designed for. With the coolant flowing in the
direction perpendicular to the majority field, the total heat deposited on each tube
is the same, and plasma motion will only alter the heat flux distribution along the
tube’s length, However, with the toroidal/radial flow proposed for TITAN-II, the
length of the tubes is rather short, which can lead to e large volume flow rate of
the coolant and a small inlet-to-outlet temperature rise. This problem is avoided

here by the use of poloidal ring headers and a multi-pass coolant flow.

Because of the double curvature of the divertor plate, the cross-section of the
coolant tubes must vary along their length in order for the tubes to remain touching.
As this would impose difficulties in the fabrication of the tungsten-rhenjum tubes,
the tubes are designed to touch only at the apex of the target (the location of
minimum minor radius), with a slight gap between adjacent tubes at other points.
The effect of these gaps on the thermal and siress analysis is discussed in detail
in the following section, but the results of this more sophisticated analysis were

incorporated into the overall design described here.

The coolant tube diameter was chosen to be as large as possible (to minimize
the number of tubes, and, hence, the likelihood of failure at the ends of the tubes
where they are brazed to the headers), without requiring so large a wall thickness
that thermal stresses became a problem. This process led to a diameter of 10mmm

and a wall thickness of 1 mm.

To accommodate the high heat loads on the divertor target, advantage is taken
of the high heat trapsfer eoefficients possible in the sub-cooled flow boiling régime, as
used in the first-wall cooling. In the ahsence of any correlations specifically for high-
temperature aqueous soluticns, general water-derived correlations for heat transfer
and critical heat flux {CHF) have been used to assess the cooling performance of the

TITAN-II divertor target. At any point along the coolant tube, the heat transfer
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coefficient is taken as the greater of the values predicted by the Dittus-Boelter
(forced convection) correlation and the Thom correlation [8] for sub-cooled flow

boiling. For CHF, the correlation derived by Jens and Lottes [9) was used.

An important factor in considering critical heat fluxes is the conduction of heat
from the surface of the target into the coolant. As discussed below, the heat flux
tends to be concentrated from the value on the surface to a smaller area of the inner
tube wall. This peaking, which is augmented by the gap between the coolant tubes,
is included in the analysis, by using an approximate fit to the concentration factor

given by the results of the finite element thermal analysis.

Figure 3 shows the distribution of heat flux along the divertor target for the
inboard location where the highest loadings occur. The distance along the tasrget
is measured in the direction of the coolant flow; the center of the figure, where the
heat fux drops, is at the apex of the target, facing directly into the core plasma.
The figure shows the plasma ard radiation components of heat flux, yielding a
maximum surface heat flux of 7.5 MW/m? on the inboard target and 5.8 MW/m?
on the outhoard. An estimate is also shown of the concentration in the heat flux

which occurs between the values on the surface and at the tube inner wall.

With the heat loadings evaluated, the coolant conditions are determined hy
the requirements of obtaining an adequate safety factor on critical heat flux, and
allowing the heat deposited into the divertor target cooling loop to he removed
via a heat exchanger with the inlet coolant for the blanket. Additional constraints
were that the coolant velocity should not exceed 20m/s and that its composition
should be the same as for the blanket, namely, a lithium atom percentage of
6.4%. These considerations led to the selection of the following outlet conditions:
temperature 345°C, pressure 14 MPa. At this pressure the 6.4% LiNO; solution
boils at 405°C {7], yielding a sub-cooling at the outlet conditions of 60°C, and a
critical heat flux of 16.2MW/m? as predicted by the Jens and Lottes correlation.
The curve of critical heat flux on Figure 3 indicates that the CHF exceeds the
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estimated Leat flux into the coolant by a2 factor of more than 1.4 (the typical
design safety factor for water-cooled systems) at all points on the target. On the
outboard target, where the heat fluxes are lower, the minimum safety factor is
~ 1.8. The slight fall in the CHF is due to the reduction in sub-cooling as the

coolant temperature rises along the tube.

The inlet-to-outlet coolant temperature rise is about 7°C. To maintain a
minimum temperature difference of 20°C in the heat exchanger between the divertor
coolant and the 298°C inlet blanket coolant, the divertor coolant inlet temperature
must be not less than 318°C. This permits four passes of the divertor coolant across

the target.
4. THERMAL AND STRUCTURAL ANALYSIS

4.1 Thermal Analysis

A detailed finite element thermal analysis was performed for one half of a
coolant tube and the associated armor using the model shown in Figure 4. This
should be accurate because the thickness of the divertor is much less than the
distance over which the surface heat flux changes appreciably (Figure 3). The heat
flux was assumed to be uniform over the plasma-facing surface and the lines of
symmetry or the sides were taken to he adiabatic. As for the global analysis, the
heat transfer coefficient at the interface between the tube wall and the coolant was
taken to be the greater of the two coefficients calculated from subcooled flow boiling

and forced flow convection correlations.

The results of this analysis showed that for the case when tubes are touching,
the peak temperature, located at the surface, midway between two neighhoring
tubes, is 762°C. A crucial aspect of this thermal analysis is the maximum local
heat flux into the coolant, which must be well below the critical heat flux of
~ 16MW/m?, The maximum local heat flux is greater than the nominal surface

heat flux of 7.5 MW /m? for two reasons:
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1. The area available for transfer into the coolant is less than the area facing the
plasima. Assuming that only about 65° of the inner wall on either side of the
apex actually conducts heat into the coolant (as indicated by the finite element

calculations), this effect would amplify the peak heat flux to over 8 MW /inZ.

2. The heat tends to flow into the coolant along radial paths, rather than flowing
perpendicular to the plasma-facing surface, thus concentrating the heat flux
towards the apex of the tube.

These factors lead to a peak heat flux into the coolant of 10.7 MW /m?2.

At the point of maximum heat flux, there is a small gap of about 0.4mumn
hetween neighboring tubes, because of the curvature of the divertor plate. This
increases the maximum heat flux into the coolant to 10.9MW/m? and the peak

temperature to 779°C.

4.2 Stress Analysis

As with tha therncal analysis, the boundary conditions and global deformations
have little effect on the pressure stresses in the divertor. Hence, the detailed model
used previcusly can be used to calculate the primary stresses induced by the 14 MPa
coolant pressure. The peak stress is 83 MPa and there is some bending in the tube
wall, thus increasing the peak primary stress above the expected value of 56 MPa
(r = pr/t). Also, the primary stress in the plasma-facing surface, which will be

shown to be the location of the peak thermal stress, is essentially zero.

Because the coolant flow in TITAN-II is toroidal, there is no poloidal axisym-
metry in the structures and the detailed model used for the thermal analysis cannot
be used for the analysis of thermal stresses, which depend dramatically on the im-
posed boundary conditions. Fortunately, the coolant tubes themselves have little
effect on the thermal stress distribution, as indicated by preliminary analyses, so

an axisymmetric model can be used to approximate the structural behavior of the
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divertor. This allows accurate treatment of the boundary constraints using a two-

dimensional, axisymmetric inodel, without a prohibitive loss of detail.

One half of the divertor target. leagth wa: modeled for the finite element analysis
of the thermal stresses, with 600 axisymmetric quadrilateral elements, and using
symmetry conditions to model the other half. The heat flux was distributed along
the surface of the divertor according to Figure 5, and a constant heat transfer
coefficient of 200kW/m? was assumed along the entire inner surface. The coolant

bulk temperature was assumed to be 345°C.

The surfaces stresses, which represent the peak equivalent stresses along the
arc-length, are shown in Figure 5. The maximum equivalent stress, which occurs at
the same location as the peak temperature, is 505 MPa. Since the pressure stress at
this point is zero, the allowable stress at this location is 3 Sy,¢, which is estimated to
be 600 MPa for the W-26Re alloy [10]. This indicates that the TITAN-II divertor

can withstand the very high heat fluxes expected during normal operation.

5. FABRICATION

Various procedures have been considered for the fabricatica of the divertor
target. As mentioned above, the toroidal/radial orientation of the coolant flow
results in tubes of constant cross-section touching only at one location. Methods
of manufacturing tubes of varying cross-section, by hydroforming, or by chemical
vapor deposition on to specially-shaped mandrels [1], have been examined, but the
reference design is based on the use of tubes of constant cross-section, as the thermal

penalties associated with this approach appear manageable.

Powder metallurgy techniques are used to manufacture a 1 mm thick W-26Re
plate, which is then bent into the desired shape. A numerically-controlled milling
procedure is used to form grooves in the plate for the coolaut channels. The W-
26Re coolant tubes (which are themselves manufactured using powder metallurgy)

are then brazed into the grooves, using a CuPd18 kraze alloy [10] {application
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temperature ~ 1100°C). The ends of the W-26Re tubes are then interconnected by
brazing them to poloidal headers at the inlet and outlet.

An alternative procedure is to use chemical vapor deposition (CVD) to deposit
the armor on to the bank of coolant tubes. The resulting surface must be ground
to produce the necessary smooth surface. This method of fabrication requires the
development of large CVD furnaces which allow uniform deposition rates to be

retained,

8. CONCLUSIONS

At the present level of analysis, the TITAN toroidal-fizld divertor design
appears to represent a feasible design approach for the impurity control and particle
removal s-..em for a high-power-density RFP reactor. Operation in the radiation-
dominated régime with an “open” divertor geometry and careful shaping of the
divertor target surface are necessary features to limit the peak heat flux on the

divertor plate to ~ 7.5 MW/m?

The TITAN-I divertor target plate is constructed from a single material, a
tungsten-rhenium alloy, for both the armor and coolant tubes, to avoid stress
concentrations which arise at the interface hetween different materials. Careful
shaping of the target restricts the peak equivalent thermal stress to ~ 500 MPa.
The coolant is an aqueous LiNQj; solution, as used for the blanket, which appears
to offer the advantage o high critical heat fluxes, because of the changed physical

and thermal properties compared with pure water.
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Figure 4. Model used for finite element analysis of temperatures and pressure

stresses.
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LIYHIUM NITRATE SOLUTIONS AND
APPLICATIONS TO FUSION REACTOR DESIGN
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ABSTRACT

Agueous solutions of Li-containing compounds have been proposed to serve
as the combined tritium breeding material and coolant for fusion reactors.
The salt used for the TITAN-II reversed-field-pinch reactor design is LiNOs,
which was chosen for its good neutronics properties, relatively good corvo-
sion characteristics, and for its high solubility in waler. An exiensive lit-
ergture survey has shown that the physical and thermal properties of high-
temperature, concentrated aqueous LiNO; solutions are markedly different
from the pure water properties at similar conditions. These changes alter
the heat transfer performance of the coolant, and the critical heat fluz is es-
timated to rise for sub-cooled flow boiling, while the heat transfer coefficient
for forced convection falls. Another important result is the elevation in boil-
ing point, which may allow the operating pressure of the primary coolant to
be reduced to a value below that of the secondary stearn circuit, preventing
leakage of the tritiated coolant into the steam circuit, Further research is
needed into corrosion and radiolysis issues, but the available data imply that
careful control of the coolant chemistry can minimize the problems.
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1. INTRODUCTION

The use of aqueous solutions of Li-containing compounds as the combined
tritium-breeding material and ccolant was proposed hy Steiner [1]. Since that
time, various studies [2-6] of the concept have been made, examining such issues
as the peutronics and tritium-breeding performance of such a blanket, and the
corrosion and compatibility of structural materials with the solution. The simplicity
of this concept led to its selection as one of the two blanket designs considered
for the TITAN Reversed-Field Pinch reactor [7]. The salt used for the TITAN-II
design is LiNOja, which was chosen for its good neutronics properties, relatively
good corrosion characteristics compared with other candidate salts, and for its high
solubility in water. To allow an efficient energy conversion cycle, the blanket coolant
operating temperature is around 300°C, similar to that in present-day Pressurized-
Water Reactors (PWR). A relatively high salt concentration is used to reduce the
amount of beryllium required for neutron multiplication purposes, and to reduce
the required enrichment in 8Li. This paper examines the changes in the physical

and thermal properties of the salt solution compared with those of pure water.

2. THERMAL AND PHYSICAL PROPERTIES

In order to estimate the thermal and physical properties of LiNOz solutions
at high temperatures, an extensive literature survey was made to find any relevant
experimental data. Where such data were not available, and reasonable extrapo-
lations were not possible, corresponding data for NaCl solutions were used, as the
Na7l~H;0 system has been much more widely studied than any other solution,
and many solutions of 1-1 electrolytes (such as NaCl, KBr, and LiNO;) have simi-
lar properties at the same concentrations. It is expected that such estimates should
be accurate to about 20% (8], which is adequate to allow a reasonable assessment
of the thermal performance of the blanket to be made.

Results from this work are given in the following sections, with figures of the

various properties as a function of temperature and salt concentration. While the
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blanket design was being optimized, it i -toved convenient for the neutronics analysis
to specify the salt concentration as the atomic percentage of Li atoms present, and
the properties are presented in that manner here. A more detalied report of the
properties of these solutions, including correlations as a function of temperature

and concentration, is given in reference (7].

2.1 Density

Experimental data are available for the density of LiNOj solutions for temper-
atures up to 350°C and for concentrations from pure water to pure LiNO; [9,10].
These data are given in the form of a polynomial fit as a function of temperature and
concentration for lower temperatures and concentrations, with tables of experimen-
tal results to cover the rest of the range. Figure 1 shows the density as a function
of temperature for various values of the lithium atom percentage. A significant in-
crease in density over the pure water value is apparent for the higher concentrations,

the difference being a factor of about two for a lithium atom percentage of 8%.

One point of note arising from these papers is that the authors state that
LiNO; and H2O are completely miscible at temperatures above the melting point
of LiNO; (253°C). This implies that there is effectively no upper limit to the salt

concentration for high temperatures from solubility considerations.

2.2 Viscosity

Measurements of the viscosity of LiNOj; solutions for temperatures up to 275°C
and for concentrations up to 10mol/kg (~ 4.5% Li) have been made [11,12]. A
correlation for the viscosity of the solution relative to that of pure water as a function
of concentration, with temperature-dependent constants, was also given. The fit was
said to he valid only for mole fractions up to 0.1 (m ~ 6mol/kg, or AL; ~ 3%),
although it reproduces the experimental data well up to 10mol/kg. The relative
viscosity at a given concentration is almost constant with varying temperature at

the high temperatures of relevance here. The correlation has therefore heen applied
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throughout the concentration and temperature ranges of interest, with the values of
the temperature-dependent constants evaluated at 250°C. The results are given in
Figure 2 and show a large increase in the relative viscosity for higher concentrations;
the viscosity compared with that of pure water is larger by a factor of ~ 6 for the

8% LiNQj solution.

2.3 Specific Heat Capacity

No experimental measurements have been reported for the specific heat capac-
ity of LiNO; solutions at high temperatures. Moreover, it is difficult to correlate
this quantity simply with temperature because the specific heat capacity of pure
water becomes infinite as the critical point (374°C and 22.1 MPa) is approached.
As the addition of even small quantities of & salt changes the critical temperature
and pressure quite significantly, the specific heat capacity of the solution can vary
markedly from that of pure water at the same conditions. Wood and Quint have
proposed a very simple and accurate way of estimating the specific heat capacity
for aqueous salt solutions, using a “corresponding-states” method [13], in which
the properties of the solution are approximated by the properties of water at the
same “relative” conditions with respect to the critical points. This method requires
knowledge of the critical temperature and pressure of the solution as 2 function of
concentration, and as no measurements for LINO3 solutions are available, the ex-
tensive dataset for NaCl solutions {14] has been used, although a large extrapolation
bas been made from the NaCl data {< 6 mol/kg) for the most concentrated LiNO3
solutions proposed. Measurements of critical values for various salt solutions [15]
have shown that many 1-1 electrolytes have very similar critical temperatures at
the same molality.

Figure 3 shows the estimated critical temperature and pressure for LINO; solu-
tions; these values have then heen used to yield specific heat capacities as illustrated
in Figure 4. A rapid increase in the critical temperature and pressure with increas-

ing salt concentration is evident from Figure 3, although the large extrapolation
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made for the higher concentrations makes these values rather uncertain. The pos-
sibility of operating an aqueous blanket at high temperatures (greater than 400°C)
is suggested by the increase in critical temperature, if the higher pressures can he

tolerated and if suitable materials can be found for these conditions.

Figure 4 shows an initial dramatic reduction in specific heat capacity as the salt
is added to pure water, although there is little additional effect as the concentration
is increased. The uncertainty associated with these estimates is high, especially
for the higher concentrations. This is due not only to the extrapolation made for
the critical properties of the solution, but also because the contribution due to the

dissolved salt, which may be significant at high concentrations, has been ignored.

2.4 Boiling Point

Reference [16] reported measurements of the vapor pressure of LiNO;z solutions
for concentrations up to 24 mol/kg and for temperatures up to 110°C. The results
showed that the relative vapor pressure (the ratio of the vapor pressure of the
solution to that of pure water) for a given concentration remained approximately
constant independent of changes in temperature. It has been assumed that this
relationship is valid for higher temperatures, in the absence of relevant experimental
data. Figure 5 shows these results for pressures ranging from 4 to 16 MPa, which
indicate that the boiling point of the LiNO; solution should be significantly higher
than for pure water. For a lithium atom percentage of 5% the increase is 40-50°C,
which can have a major effect on the thermal design of the blanket as described

below.

2.5 Discussion

Other properties of LiNOj3 solutions have also been examined, but the changes
in properties relative to pure water tend to be smaller. The thermal conductivity
of the solution is predicted to fall by about 10-15% compared with pure water, for

the highest concentrations considered, based on data for NaCl solutions. These
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properties indicate that the Prandtl number of the solution is higher than for
pure water, the increase being = factor of ~ 1.8 for a 5% lithium concentration.
Room temperature data on the surface tension of LiNOj solutions suggest a relative

increase of about 15-20% for a lithium atom percentage of 5%.

The above estimates of the properties of LiNOj solutions at high temperatures
clearly show the need to consider the exact coolant conditions proposed in designing
the blanket, because of the marked differences from the properties of pure water,
However, many of the estimates are extrapolations from experimental data or
have been obtained from the results for other salt solutions. Although these
predictions should give good indications of the trends to be expected for the various
properties, a much expanded experimental database is required for the salts and
conditions proposed before the thermal performance of an aqueous salt blanket at
high temperature can be confidently predicted.

3. APPLICATIONS TO REACTOR DESIGN

3.1 Heat Transfer

The differences in the properties of the LiNOj solution compared with pure
water affect the heat transfer performance of the coolant. The TITAN-II design,
which uses a LINOj solution with a 6.4% lithium concentration as the primary

coolant will be used to illustrate some of the changes.

The Dittus-Boelter correlation was used to assess the effect on the forced
convection régime of heat transfer. For the TITAN-II concentration, and a coolant
temperature of 300°C, the heat transfer coefficient is lower by about 50% for vhe
aqueous solution than for water. The main factor in this reduction is the jicrease
in viscosity, as the changes in density and specific heat capacity largely cancel out.
This implies that the film temperature drop will be higher with the agueous solution

which will lead to higher channel-wall temperatures.

-6-



A potentially more important effect of the salt addition is on heat transfer in the
subcooled flow boiling (SFB) régime. In the high-heat-flux components of a fusion
reactor, such & the first wall, limiter and divertor plate, SFB heat transfer will he
highly efficient and may be essential when water or an aqueous solution is used as
the coolant. Experimental data on boiling heat transfer with aqueous solutions are
extremely limited, but Lecause of the elevation of boiling point, the incipience of
boiﬁng may be delayed for aqueous solutions. The heat transfer coefficient for SFB
is thus expected to be somewhat reduced, but since the film temperature drop in
SFB is small, this effect will not be of major consequence to the thermal-hydraulic

design.

A significant improvement in SFB is expected to be in the form of an increase
in the critical heat flux (CHF'). Sources cited in reference [17] report that the CHF
increases by as much as 40% for an aqueous solution of ethanol as compared with
water. In the absence of a correlation for the critical heat flux for aqueous LiNO3
solutions, the correlation by Jens and Lottes [18] for water was used for TITAN-IIL.

This correlation is of the form

donr = K(po) AT
where the constants K and m are functions of pressure, p and v are the coolant
density and - elocity, respectively, and AT,.s is the sub-cooling. For the same
coolant velocity, sub-cooling, and pressure, the increase in CHF over the pure water
value ranges from ~ 15% to 25%, for pressures of 7 to 14 MPa. However, if the
coolant inlet and outlet temperature are kept fixed to match to a given steam cycle,
then the velocity of the aqueous solution coolant must be greater the.. that for pure
water, because of the reduction in thermal capacity. With this increase in coolant
velocity, which was included for TITAN-II, the CHF increases further, to 30% to
60% above the water value. The higher values of CHF provide a greater safety

margin and allow higher heat fluxes to be tolerated in the aesign.
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To take advantage of the elevation in boiling point of the aqueous salt solution,
a higher exit temperature can be used at the same pressure as that for water, or, if
the exit temperature is kept the same, the pressure of the agueous solution coolant
can be greatly recuced. The implications of the latter approach for the power cycle
are discussed in the next section. If the same temperature rise is used for water
and the aqueous solution, the volume flow rate and flow velocity will be higher for
the aqueous solution because of its lower thermal capacity, as observed above. As a
result, the pressure drop and pumping power for coolant circulation will be higher

with the agueous salt solution as the primary co.lant.

3.2 Primary Coolant Conditions

One of the problems associated with the PWR arises from the large pressure
difference between the primary coolant and the steam. Since the primary coolant
hes to have a higher temperature than the steam, this large pressure difference
(about 7MPa} cannot be avoided, and can cause leaks of the activated primary
water across the steam generator tubing. Also, stress cortosion is potentially a
serious problem in the steam generator. For an aqueous solution blanket, the leakage
can be particularly troublesome because of the high tritium concentration in the
primary coolant.

As discussed in Section 2.4, the presence of the LiNQj increases the boiling
point of the solution at a constant pressure. If the coolant temperature is maintained
constant, then the operating pressure can be reduced, and it is possible that the
steam pressure can become slightly higher than that of the primary coolant. For
typical PWR cor. litions, the water exit temperature is 330°C and the steam pressure
is 7.3MPa. To equalize the pressure of the primary coolant and the steam, a
lithium atom percentage of 6.4% is required, as can be seen from Figure 5. This
concentration is not unreasonable as tritinm breeding considerations suggest a
concentration of about 5%. The primary benefit for such a system is that all leakage

at the steamn generator can be made inward, i.e., froia the steam side to the primary
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cuolant side. The tritium leakage problem can thus be substantially alleviated, and
the requirement for an intermediate heat exchanger is avoided, although tritium
permeation is not affected. Another important gain is that the steam generator can

be stress free, improving its reliability.

Another possible operational scenario is to operate the aqueous solution at a
higher temperature. For a pressure of 16.5 MPa and a lithium concentration of 5%,
the saturation temperature of the solution is about 400°C, allowing superheated
steam of 16.5MPa and 380°C to be generated. This steam condition can yield
a gross thermal efficiercy of 38.5%, which is 3.5 points higher than the PWR
techaology, without a significant increase in pressure on the primary side. Further,
the coolant temperature rise of the primary coolant can he about 120°C, compared
with 40°C for a PWR. Therefore, the coolant flow rate will be reduced by a factor
of three, significantly reducing the cost of the primary loop, as well as the size and
the capacity of the pump. ‘

3.3 Corrosion and Radiolysis

Steels in contact with aqueous solutions can suffer from two forms of corresion
attacks. One is a uniform or localized corrosion process which may leave the surface
clean or coated with corrosion products, the other is stress-corrosion cracking (SCC).
During SCC a metal is virtually unaffected over most of its surface while fine cracks
progress through it. Corrosion processes are electrochemical in nature and thus

strongly depend on the choice of material and characteristics of the medium.

Investigations of SCC in ferritic steels in boiling nitrate solutions [19] indicate
that ti.= potency of LiNOj lies between that of NH;NO; and that of NaNO3. There
is a marked reduction in the threshold stress to failure as the concentration of
the solution increases. Crack initiations appear to be accelerated under acidic
conditions, and additions of NaOH to NaNOQj solutions increase the time to

failure [19-22]. However, for Ca(NQj3); solutions, the time to failure is maximized
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at a pH of about 4 [19]. It is clear that careful control of the pH, perhaps by adding
LiOH, is necessary for LiNO; solutions.

Oxidizing agents tend to accelerate crack formation while compounds, such
as NagCOj3, H3PO2, NaaHPO4 and CO(NH3)2, that form insoluble iron products
retard failure [21]. Since oxidizing agents reduce the formation of radiolytic

decomposition products, an optimum level of oxidizer additions may exist.

No specific corrosion problems have been reported for austenitic stainless steels
in the presence of nitrate solutions [6]. The threshold stress to cause failure
decreases with increasing nitrate concentration, and the time to failure decreases
with increasing temperature. The aggressiveness of nitrates with choice of cation
decreases in the order NHy, Ca, Li, K and Na, and at a pH above 7 to 8 the
susceptibility of steel to SCC diminishes.

Radioiytic decompositi;on of water molecules arises under high levels of ionizing
radiation, such as -y-rays, neutrons, a-particles and tritium recoil ions {from (n,x)
reactions with lithium). For gamma-irradiation of highly-concentirated LiNOj;
solutions, the H; yields are very small and the H;0; yield decreases by a factor
of about 3 relative to pure water [23,24]. The oxygen production due to a-particle
radiation increases, while the yields of Hz, HO2, H, OH, HO; all decrease with
increasing salt concentration [25]. The limited data suggest that neither the light
nor the heavy particle radiation of a highly concentrated LiNQ; salt solution leads to
high levels of radiolytic decomposition products, except for the formation of oxygen.
In fact, an increase of salt concentration leads to a decrease in the production of
H;02, Hz, H, OH, and HO; and a slight increase in NO3 yields relative to highly
diluted salt solutions [6]. Experience gained in the fission industry with pure water
suggests that the stability of non-boiling water t~ radiolysis improves at elevated

temperatures, due to an increase in the recombination rates of radicals (26].

In conclusion, although many uncertainties remain and much research is

required in the area of radiolysis, the use of a highly concentrated aquecus LiNQ,

-10 -



salt solution should not lead to the formation of volatile or explosive gas mixture,
The effects of radiolytic decomposition products on corrosion, however, will remain a

subject of great uncertainty untii an experimental data base in a fusion environment

becomes available.

4. CONCLUSIONS

An extensive literature survey has shown that the physical and thermal
properties of high-temperature, concentrated aqueous LiNO; solutions, which have
been proposed for the coolant and tritium breeding medium of fusion reactors,
are markedly different from the pure water properties at similar conditions. For a
lithium atom percentage of 5% and & temperature of 300°C, it is estimated that
the density increases by ~ 50%, the viscosity increases by a factor of more than
3, and the specific heat capacity falls by about 55%, while the boiling point at »
pressure of 10 MPa increases by ~ 45°C, compared with the values for pure water.
As there is a large uncertainty associated with many of these estimates, because of
the lack of data for the conditions f interest, an experimental program to provide

this information would be of value.

The changes in properties compared with pure water lead to differences in the
heat transfer performance, in particular, the critical heat flux is estimated to rise
for sub-cooled flow boiling, while the heat transfer coefficient for forced convection
falls. Again experimental data are required for heat transfer in aqueous solutions of
lithium salts. The elevation in boiling point of the solution may allow the operating
pressure of the primary coolant to be reduced to a value below that of the secondary
steam circuit, without adjusting the temperature in either loop. Leakage of the
tritiated coolant into the secondary circuit through the steam generator should
thus be prevented, avoiding the requirement for an intermediate heat exchanger.
More data are required for a complete assessment of corrosion issues for structural
materials exposed to the LiNOj solutions, but no specific problenis have been

observed, and careful control of the pH should minimize attack. Further research
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is also needed on radiolysis problems, bt the available data imply that high levels

of decomposition products should not accur.
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lithium atom percentages.
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Figure 3. Critical temperature and pressure for LINOj3 solutions as estimated from

measurements for NaCl solutions.
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SPECIFIC HEAT CAPACITY OF LiNOg SOLUTIONS
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Figure 4. Specific heat capacity of LiNOj solutions at various temperatures and

for a range of lithium atom percentages.
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BOILING POINT OF LiNO3 SOLUTIONS
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Figure 5. Boiling temperatures of LiNOj solutions at various pressures and for a

range of lithium atom percentages.
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