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ABSTRACT

The TITAN Reversed-Field-Pinch (REFP) fusion-reactor study is @ multi-institutional
research effori to determine the technical feasibility and key developmental issues for
an RFP fusion reaclor operating at high power density, and o determine the polen-
tial economic (cost of electricity), operational (maintenance and avatlability), safety and
environmental features of high mass-power-density fusion systems. Mass power density
(MPD) is defined as the ratio of net electric output to the mass of the fusion power core
(FPC). Tke fusion power core includes the plasma chamber, first wall, blank.t, shield,
magnets, and related structure.

Two different detailed designs, TITAN-I and TTTAN-II, have been produced to demon-
strate the possibility of multiple enginecring-design approaches to high-MPD eactors.
TITAN-I is a self-cooled lithium design with e vanadium-alloy structure. TITAN-IT is
a seif cooled aqueous loop-in-pool design with 9C fervitic steel as the siructural meterial.
Both designs would use RFP plasmas operating with essentially the same parameters.
Both conceptual reactors are based on the DT fuel cycle, have a net electric output of
about 1000 MWe, are compact, and have a high MPD of 800kWe per tonne of FPC. The
inherent physicai characteristics of the RFP confinement concept make possible compact
fusion reactors with such a high mass power density. The TITAN designs would meet
the U. S. criteria for the near-surface disposal of radioactive waste (Class C, 10CFR61)
and would achieve a high Level of Safety Assurance with respect to FPC damage by decay
afterheat and radicactivity release caused by accidents. Very importantly, a “single-piece”
FPC maintenance procedure has been worked out and appears feasible for both designs.

Parametric system studies have been used to find cost-optimized designs, to determine
the parametric design window associated with each approach, and to assess the sensitivity
of the destgns to a wide range of physics and engineering requirements and assumptions.
The design window for such compact RFP reactors would include machines with neutron
wall loadings in the range of 10 — 20 MW/m® with a shallow minimum-COE at about
18MW/m?. Even though operation at the lower end of the this range of wall :0ading (10—
12 MW/m?) is possible, and may be preferadle, the TITAN study adopted the design point
at the upper end (18 MW/m?) in order to quantify and assess the technical feasibility and
physica limits for such high-MPD reactors. From this work, key physics and engineering
tgsues central to achieving reactors with the features of TITAN-I and TITAN-II have
emerged.
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15. OVERVIEW OF TITAN-II DESIGN

15.1. INTRODUCTION

The TiTAN research program is a multi-institutional [1] effort to determine the po-
tential of the reversed-field-pinch (RFP) magnetic fusion concept as a compact, high-
power-density, and “attractive” fusion energy system from economics (cost of electricity,
COE), safety, environmental, and operational viewpoints,

In recent reactor studies, the compact reactor option {2- 5] has been identifted as one
approach toward a more affordable and competitive fusion reactor. The main feature
of a compact reactor is a fusion power core (FPC) with a2 mass power density in =xcess
of 100 to 200 kWe/tonne. Mass power density (MPD) is defined (2] as the ratio of the
net electric power to the mass of the FPC, which includes the plasma chamber, first
wall, blanket, shield, mmagnets, and related structure. The increase in MPD 1is achieved
by increasing the plasma power density and neutron wall loadirg, by reducing the size
and mass of the FPC through decreasing the blanket and shield thicknesses and using
resistive magnet coils, as well as by increasing the blanket energy multiplication. A
compact reactor, therefore, strives toward a system with an FPC' comparable in mass
and volume to the heat sources of alternative fission power plants, with MPDs ranging
from 500 to 1000kWe/tonne and competitive cost of energy.

Other potential benefits for compact systems can be envisaged in addition to intproved
economics. The FPC cost in a compact reactor is a small portion of the plant cost and,
therefore, the economics of the reactor will be less sensitive to changes in the unit cost
of FPC components or the plasma performance. Moreover, since a high-MPD FPC is
smaller and cheaper, a rapid development program at lower cost should be possible,
changes in the FPC design will not introduce large cost penalties, and the economics of
learning curves can be readily exploited throughout the plant life.

The RFP has inherent characteristics which allow it to operate at very high mass
power densities. This potential is available because the main confining field in an RFP is
the poloidal field, which is generated by the large toroidal current flowing in the plasma.
This feature results in a low field at the external magunet coils, a high plasma heta, and
a very high engineering beta (defined as the ratio of the plasma pressure to the square
of the magnetic field strength at the coils) as compared to other confinement schemes.



15-2 OVERVIEW OF TITAN-1I DESIGN

Furthermore, sufficiently low magnetic fields al the external coils permit the use of normal
coils while joule losses remain a small fraction of the plant output. This option aliows
a thinner blanket and shield. In addition, the high current density in the plasma allows
ohwic heating to ignition, eliminating the need for auxiliary heating equipment. Also,
the RFP concept promises the possibility of efficient current-drive systems based on
low-frequency oscillations of poloidal and toroidal fluxes and the theory of RFP relaxed
states. The RFP confinement concept allows arbitrary aspect ratios, and the circular
cross seclion of plasma eliminates the need for plasma shaping coils. Lastly, the higher
plasma densitlies particularly at the edge, together with operation with a highly radiative
RFP plasma, significantly reduce the divertor heat flux and erosion problams.

These inherent charactevistics of the RFP {6] allow it to meet, and actually far exceed,
the economic threshold MPD value of 100 kWe/tonne. As a result, the TITAN study
also seeks to find potentially significant benefits and to illuminate main dvawbacks of
operating well above the MPD threshold of 100kWe/tonne. The program, therefore, has
chosen a mininmum cost, high neutron wall loading of 18 MW /m? as the reference case in
order to quantify the issue of engineering practicality of operating at high MPDs. The
TITAN study has also put strong emphasis on safety and environmental features in order
to determine if high-power-density reactors can be designed with a high 1. vel of safety
assurance and with low-activation materia! to qualify for Class-C waste disposal.

An important potential benefit of operating at a very high MPD is that the small
physical size and mass of a compact reactor permits the design to be made of only
a few pieces and a single-piece maintenance approach will be feasible [7,8]. Single-piece
maintenance refers to a procedure in which all of components that must be changed during
the scheduled maintenance are replaced as a single unit, although the actual mamtenance
procedure may involve the movement, storage, and reinstallation of some other reactor
components. In TITAN desigus, the entire reactor torus is replaced as a single unit during
the annual scheduled maintenance. The single-piece maintenance procecure is expected
to result in the shortest period of downtime during the scheduled maintenance period
because: (1) the number of connects and disconnects needed to replace components
will be minimized; and (2) the installation time is much shorter because the replaced
compounents are pretested and aligned as a single unit before committment to service.
Furthermore, recovery from unscheduled events will be more standard and rapid because
complete components will be replaced and the reactor brought back on line. The repair
work will then be performed outside the reactor vault.

To achieve the design objectives of the TITAN study, the program was divided into
two phases, each roughly one year in length: the Scoping Phase and the Design Phase.
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The objectives of the Scoping Phase were to define the parameter space for a high-MPD
RFP reactor and to explore a variety of approaches to major subsystems. The Design
Phase focused on the conceptual engineering design of basic ideas developed during the
Scoping Phase with direct input from the parametric systems analysis aind with strong
emphasis on safety, envirommental, and opertional (maintenance) issues.

Scoping Phase activities of the TITAN program were reported separately [1]. Four
candidate TITAN FPCs were identified during the Scoping Phase:

1. A self-cooled, lithium-loop design with a vanadium-alloy structure;

2. An aqueous, self-cooled “loop-in-pool” design in which the entire FPC is submerged
in a pool of water to achieve a high level of passive safety;

3. A self-cooled FLiBe pool design using a vanadium-alloy structure; and

4. A helium-cooled ceramic design with a solid breeder and silicon carbide structure.

Two of the above FPC designs were selected for detai]l evaluation during the De-
sign Phase because of inadequnate resources to pursue all four designs. The choice of
which two concepts to pursue was difficult; all four concepts have attractive features.
The lithinm-loop design promises excellent thermal performauc= and is one of the main
concepts being develeped hy the blanket technology program. The water-cooled design
promises excellent safety features and uses more developerd technologies. The helium-
cooled ceramic design offers true inherent safety and excellent thermal performance. The
molten-salt pool design is the only low-pressure blanket and promises a high degree of
passive safety. The lithium-loop (TITAN-1} and the aqueous “loop-in-pool” (TITAN-II)
concepts were chosen for detailed conceptual design and evaluation in the Design Phase.
The choice was based primarily on the capability to operate at high ncutron wall load
and high surface heat flux. The choice not to pursue the helium-ceramic and molten-salt
desigus should in no way denigrate these concepts. Both concept: offer high performance
and attractive teatures when used at lower wall loads; these concepts should be pursued
in future design studies.

The operating space of a compact RFP reactor has heen examined using a compre-
hensive parametric systems model which includes the evolving state of knowledge of the
physics of RFP confinement and embodies the TITAN-I and TITAN-II engineering ap-
proaches (Section 3). Two key figures of merit, the cost of electricity {C:OE) and mass
power density (MPD), are monitored by the parametric systems model and are displayed
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in Figure 15.1-1 as functions of the neutron wall loading. Figure 15.1-1 shows that the
C'OE is relatively insensitive to wall loadings in the range of 10 to 20 MW, ;m?, with a
shallow minimum at about 19MW/m®. The MPD is found to increase monotonically
with the wall load. For designs with a neutron wall load larger than about 10 MW /m?,
the FPC is physically smali enough such that single-piece FPC maintenance is feasible.
These considerations point to a design window for compact RFP reactors with neutren
wall loading in the range of 10 to 20MW/mn?. The TITAN-class RFP reactors in this
design window have an MPD in excess of 500 kWe /tonne, and an FPC engineering power
density in the range of 5 to 15 MWt/m?; these values represent improvements by factors
of 10 to 30 compared with earlier fusion reactor designs. The FPC cost is a smaller
portion of the total plant cost (typically about 12%) compared with 25% to 30% for ear-
lier RFP desigus [4,5). Therefore, the unit direct cost {UDC) is less sensitive to related
physics and technology uncertainties.

TITAN-H (900 MWe) B
TITAN-1 (970 MWe!
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Figure 15.1-1. The COE and MPD as functions of neutron wall loading for the
TITAN-class RFP reactors. TITAN-I (filled circle) and TITAN-II (filied
squares) reference design points are also shown.
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Near-minimum-COE TITAN-1 and TITAN-II design points, incorporating distinct
blanket thermal-hydraulic options, materials choices, and neutronics performances have
been identified in Figure 15.1-1. The major parameters of the TITAN reactors are sum-
marized in Table 15.1-1. In order to permit a comparison, the TITAN reference design
points have similar plasma parameters and wall loadings allowing for certain plasma
engineering analyses to be common between the two designs.

The TITAN RFP plasma operates at steady state using oscillating-field current-drive
(OFCD) to maintain the 18 MA of plasma current. This scheme [9,10] utilizes the strong
coupling, through the plasma relaxation process which maintains the RFP profiles [11],
between the toroidal and poloidal fields and fluxes in the RFP. Detailed plasina/circuit
simulations have been performed which include the effects of eddy currents induced in
the FPC (Section 7). The calculated efficiency of the TITAN OFCD system is 0.3 A/W
delivered to the power supply (0.8 A/W delivered to the plasma).

The impurity-control and particle-exhaust system consists of three ligh-recycling,
toroidal-field divertors (Sections 5, 11, and 17). The TITAN designs take advantage
of the beta-limited confinement observed in RFP experiments [12,13] to operate with
a highly radiative core plasma, deliberately doped with a trace amount of high-Z Xe
impurities (Section 5). The highly radiative plasma distributes the surface heat load
uniformly on the first wall (4.6 MW /mm?). Simultanecusly, the heat load on the divertor
target plates is reduced to less than about 9MW /m®. The ratio of impurity density to
electron density in the plasma is about 107%, Z.;; is about 1.7, and 70% of the core
plasma energy is radiated {(an additional 25% of the plasma energy is radiated in the
edge plasma).

The “open™ magnetic geometry of the divertors (Section 4.4), together with the in-
tensive radiative cooling, leads to a high-recycling divertor with high density and low
temperature near the divertor target (1. = 10 m~2, T, ~ 5¢V) relative to the upstream
separairix density and temperature (ne =2 x 10 m~3, T, ~ 200eV). The radial tem-
perature profile is calculated to decay sharply to 2eV near the first wall {Section 5).
Negligible neutral-particle leakage from the divertor chamber to the core plasima and
adequate particle exhaust are predicted. The first-wall and divertor-plate erosion rate is
negligibly small because of the low plasma temperature and high density at that location.
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Table 15.1-1.
OPERATING PARAMETERS OF TITAN FUSION POWER CORES

TITAN-I TITAN-11
Major radius (m) 3.9 3.9
Minor plasma radius (m) 0.60 0.60
First wall radius (m) 0.66 0.66
Plasma current (MA) 17.8 17.8
Toroidal field on plasma surface (T) 0.36 0.36
Poloidal beta 0.23 0.23
Neutron wall load (MW /m?) 18 18
Radiation heat flux on first wall (MW /m?) 4.6 4.6
Primary coolant Liquid lithiwin Aqueous solution
Structural material V-3Ti-1Si Ferritic steel 9-C
Breeder material Liquid lithiwin LiNO,
Neutron multiplier none Be
Coolant inlet temperature (°C') 320 298
First-wall-coolant exit temperature (°C") 440 330
Blanket-coolant exit temiperature (°C) 760 330
Coolant pumping power (MW) 48 49
Fusion power (MW) 2301 2290
Total thermal power (MW) 2935 3027
Net electric power (MW) 970 900
Gross efficiency 44% 35%
Net efficiency 33% 30%
Mass power density, MPD (kWe/tonne) TR 806
Cost of electricity, COE (mill/kWh}) 39.7 38.0
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15.2. CONFIGURATION

Detailed subsystem designs for the TITAN-II FPC are given in Sections 16 through
20. The parameters of the TITAN-II reference design poiat, based on detailed subaystem
designs, are included in Appendix B and follow the DOE/OFE standard reporting format.
Appendix B also includes detailed cost tebles and parametric systems code predictions of
subsystem parameters for comparicon with DOE/OFE tables. The elevation view of the
FPC is shown in Figure 15.2-1. Figures 15.2-2 and 15.2-3 show the general arrangement
of the TITAN-II reactor. '

The major feature of the TITAN-II reactor is that the entire primary loop is lo-
cated at the bottom of a low-temperature, atmospheric-pressure pool of pure water
{Figure 15.2-1). Detailed safety analyses have been performed {Section 19) which show
that the TITAN-II pool can contain the afterheat energy of the FPC and will temain at
2 low enough temperature such that tritium or other radioactive material in the primary-
coolant system will not be released.

The TITAN plasma is chmically heated to ignition by using a set of normal-conducting
ohmic-heating (OH) coils and a bipolar flux swing. The TITAN start-up requires min-
imum on-site energy storage, with the start-up power directly obtained from the power
grid (maximum start-up power is 500 MW). The TITAN-II OH coils are cooled by pure
water. A pair of relatively low-field superconducting equilibrium-field (EF) coils produce
the necessary vertical field and a pair of small, copper EF trim coils provide the exact
equilibrium during the start-up and OFCD cycles. The poloidal-field-coil arrangement
allows access to the complete reactor torus by removing only the upper OH-coil set, The
toroidal-field (TF) and divertor coils of TITAN-II are also composed of copper alloy.

The first wall and hlanket of the TITAN-II design are integrated in the form of
bianket lobes (Figuse 15.2-4). The construction procedure for each blanket lobe is shown
in Figure 15.2-5. Each blanket lobe is made of two plates, called “J-plates” because one
edge of each plate is rclled to the appropriate radius to form a J-section. Both J-plates
are made of the low-activation, high-strength ferritic steel, 9-C [15]. The first-wall plate
is thicker than the other plate, since it is subject to erosion. Two plates are then brazed
or welded together to forra a complete blanket lobe. A channel manifold ring completes
the lobe and allows the coolan! and breeder mixture to flow. This configuration will
require a multistage pressing operation, perhaps even hot-pressing to achieve this shape.

An alternate design, also shown in Figure 15.2-5, is the U-plate design. The advan-
tages of this design are that the thin material can be used for both sides, and the edge U
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members are easier to make than the J-plates, However, acceptance of either configura-
tion will depend on detailed investigation of the thick braze or weld area to ensure that
there is no focusing of thermal radiation or other heat-transfer problems.

The outer dimensions of the blanket lobes are 3cm toroidally and 30cm radially.
The lobe wall thickness is 1.4 mm. The cross section of the first wall is a semicircular
channel with the convex side facing the plasma. The outer diameter is 3cm, and the
wall thickness of 1.5 mm includes a 0.25-mm allowance for erosion (the first-wall erosion
is estimated to be negligible). A neutron nltiplier zone is located behind the first wall
and contains 7 rows of berylium rods clad in 9-C alloy, with a diameter of 2.6 cm. The
thickness of the clad is 0.25 mm. The multiplier zone is 20-cm long in the radial direction
and contains 12% structure, 59% beryllium, and 29% coolant (all by volume). Nuclear
heating rate in the blanket decreases away from the first wall, therefore, to ensure proper
caolant velocity, poloidal flow separators are placed behind the 2nd, 4th, and 7th rows
of beryllium rods to form channels which have individual orifices. The remaining 10 cm
of the blanket lobe (the breeder/reflector zone) does not contain beryllium and consists
of 9% structure and 91% coolant (by volume).

Seventy blanket lobes are then stacked side-by-side to form a blanket module. The
structural details of a blanket module are shown in Figure 15.2-6. This arrangement
is structurally a membrane pressure vessel with balancing forces, derived from identical
neighboring lobes, maintaining its flat sides. This configuration requires an external
constraining structure to keep it pressed into oval form, which is readily derived from the
shield as discussed below, The advantage of this design is that the structural fraction in
the immportant near-first-wall radial zone is nearly as low as ideally possible, giving good
tritimmn-breeding performance. This configuration also has a much lower void fraction
when compared to a tubular design, giving a minimum-thickness blanket. The assembly
technique for each blanket module is expected to be multistage brazing with intermediate
leak checking. Since the lobes only require constraiut in the blanket toroidal direction
and because they are structurally soft in this direction, high precision is not necessary.

The TITAN-II FPC consists of three sectors, separated by the divertor modules. Four
blanket modules are assembled together to forim a sector. The shield is made of cast
half-ring sectors, welded together at the inside edge (Figure 15.2-6) to form a blanket
container. The shield is 10-cm thick in the radial direction and contains two rows of
circular coolant channels. The volume percentages of structure and coolant in the shield

are 90% and 10%, respectively.

The sphit at the top and hottom of the torus divides the blanket and the shield into
inner and outer half shells which are structurally independent. The coolant channels are
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in the poloidal direction. The coolint enters at the bottem and exits at the top of the
torus. QOne set of coolant channels runs along the out-board side of the torus and the
other along the in-board side. The tendency of the flat sides of a sector 1o blow out
has to be resisted by what are, in effect, the divertor walls (Figure 15.2-6). These walls
are 12-cm-thick cantilever beam members which also derive some of their strength from
their torsional stiffness and will require internal cooling. These walls are anchored to the
shield shell by welds at the inside and outside of the shield.

Immediately beliind the shield there is a 5-cm-thick zone occupied by the teroidal field
(TF) coil which is a multi-turn copper coil held in position by ceramic standoffs from
the shield (Figure 15.2-6). The design of the TF-coil support elements is straightforward
since the gravitational and magnetic forces on the TF coils are relatively small and are
carried externally.

The vacuum boundary is a continuous, 5-mm-thick metal shell immediately outside
the TF coil. Because of the large toroidal radius of 5.06 m, such a shell cannot with-
stand the atmospheric and water-pool pressures totaling about 3 atm without buckling.
Accordingly, since the working stress is only about 7MPa, nonconducting stabilizers
similar o those used for the 5-cm-thick TF coil can be used. If necessary, the vacuum
boundary can be electrically insulated in the toroidal direction by alternate layers of soft.
aluminum and hard, anodized 7075 aluminum-alloy sheets. The soft aluminuin provides
a deforinable vacuum seal, and the anodized layer provides the electrical insulation. The
two vacuum boundary skins can then be held together by 15-mumn-thick stainless-steel,
insulator-lined swagged clamps. Details of this method of vacuum-vessel insulation will
still need to be demonstrated.

A number of electrically insulated penetrations of the vacuum shell also have to be
made for the TF-coil leads. It is envisaged that the technology of automotive spark plugs
can be developed to do this job. This consists of the embedment of a precision ceramic
insulator in soft metal (usually copper) gaskets. This technique is presently available
for diameters an order of magnitude larger than spark plugs, and its extension o sizes

relevant to our task appears feasible. This also needs to he developed.

A skirt, welded to the lower header system and extended to the poal bottam, will
support the entire removable first wall, blanket, and shield assembly. This skirt will be
of open-frame form to allow free circulation of the pool.

The lifetime of the TITAN-II reactor torus (including the first wall, blanket, shield,
and divertor modules) is estiinated to be in the range of 15 to 18 MWy /m?, with the
more conservative value of 15 MWy/m? requiring the change-out of the reactor torus nn
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a yearly basis for operation at 18 MW /m?® of neutrou wall loading at 76% availability.
The TF coils are designed to last the entire plant life (30 fuil-power years). However,
during the maintenance pracedure, the TF coils are not separated from the reactor torus
and are replaced each year. After the completion of the maintenance procedure, the used
TF coils can be separated from the reactor torus and reused at a later time. The impact
of discarding (not reusing) the TF-coil set annually is negligible on the COE.

15.3. MATERIALS

The TITAN-H FPC is cooled by an aqueous lithium-salt solution which also acts as
the breeder material {14]. Issues of carrosion and radiolysis, therefore, greatly impact the

chaice of the dissolved lithium salt and the structural material.

Two candidate lithium salts, lithium hydroxide {LiOH) and lithium nitrate (LiNQO3;),
are considered because they are highly soluble in water. The LiNOj salt is selecied as the
reference salt material for two main reasons. First, LiOH is more corrosive than LiNO,
{Section 16.2.1). Recently, electrochemical corrosion tests were perforined for LIOH and
LiNO; aqueous solutions in contact with AISI 316 L stainless steels [16]. It was found
that stainless steels, particularly low-carbon steels, exhibit hetter corrosion resistance in
an LiNOj; solution than in LiOH. From the point of view of radiolysis, lithium-nitrate
solutions are also preferable. Radiolytic decomposition of water results in the formation
of free radicals that will ultimately form highly corrosive hydrogen peroxide and OH
ions. Nitrate jons (NOj3) in a lithium-nitrate solution, act as scavengers to reduce the
probability of survival of highly reactive radicals in the water during exposure to radiation
(Section 16.2.2).

Among the candidate low-activation vanadium alloys, V-3Ti-15i (the structural mate-
rial for the TITAN-I design) had to be ruled out because of its poor water-corrosion resis-
tance, Other vauadium alloys which contain chromium {e.g., V-15Cr-5T1) show excellent
resistance to corrosion by waler coolant but their properties are inferior to those of fer-
ritic steels when helium-embrittlement effects are taken into account [17] (Section 10.2).
Therefore, various steels were considered as TITAN-II structural material.

Reported results of the low-activation ferritic-steel {(LAFS) development. program
indicate that a reduced-activation alloy can be developed without compromising me-
chanical properties, primarily by replacing Mo with W. For the TITAN-]I reactor, the
HEDL/UCLA 12Cr 0.3V-1W-6.5Mn allov (alloy 9-C) has been chosen as the structural
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material primarily because of its high strength and good elongation behavior after irra-
diation as compared with other LAFSs [15]. The high chromium content of this alloy
ensures an excellent corrosion resistance. The low carbon content of this alloy results
in good weldability, high sensitization resistance {Section 16.2.1}, and reduces hydrogen-
embrittlement susceptibility (Section 18,2.5). Furtiierinore, alloy 9-C has a low tungsten
content (< 0.9%) which reduces the waste-disposal coucerns of the production of the
radionuclide '®™Re by fusion-neutron reaction with W [18]. The high concentration of
manganese in alloy 8-C' prevents the formation of delta-ferrite phases, which is respon-
sible for high ductile-to-brittle transition temperature {DBTT) and low hardness. The
composition (wt.%) of alloy 9-C was determined by the vendor as: 11.B1Cr, 0.087C,
0.28V, 0.89W, 6.47Mn, 0.11Si, 0.003N, < 0.005P, 0.005S with the balance in iron.

Radiolytic decomposition of aqueous solutions exposed to a radiation environment is
always cause for concern. Radiolysis of pure water and of aqueons LiNQOj salt solutions by
light particles (e, v, X ray) and heavy particles (n, p, T, &) was investigated. Gamma-ray
radiolysis yields of LiNOj sait solutions are known as a function of salt concentration.
At high concentrations, the Ha yields are very small and the H,O; yield decreases by
a factor of about 3 relative to pure water. Oxygen yields of light-pacticle radiation are
fairly independent of the salt concentration.

Energetic alpha particles (~ 2MeV) are produced by nuclear reactions with lithium
in the aqueous LiNO; salt solution. Reaction yields were estimated as a function of salt
concentration based on the power law measurements of 3.4 MeV alpha particles. The
oxygen production by heavy-particle radiation increases while the yields of Hy, HyO,, H,
OH, and HO; all decrease with increasing salt concentration. The increase in oxygen
production due to radiolysis may be balanced by the production of tritium atoms. It has
been shown that oxygen added to non-boiling fission-reactor coolants at high power levels
rapidly combines with any hydrogen present. The decrease in the yield of free radicals
in concentrated LiNQO; solutions makes this salt more favored than LiOH solutions.

The effect of elevated temperature on radiolysis was investigated. From experience
gained in the fission industry with pure water, it can be ascertained that the stability of
non-boiling water to radiolysis increases as temperature increases. The apparent stability
is actually caused by an increase in recombination-reaction rates of radicals at elevated
temperatures.

In summary, although many uncertaiuties remain and mwuch research is required in the
area of radiolysis, the use of a highly concentrated, aqueous LiNOj; salt solutions should
not lead to the formation of volatile or explosive gas mixtures. The effects of radiolytic
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decomposition praducts on corrosion, however, remain uncertain and experimental data
an the behavior of radiolytic decomposition products in a fusion environment are needed.

Stress-corrosion cracking (SCC) is a major concern in the nuclear industry. Most
recent experiences with SCC' in a nuclear environment clearly show that reducing the
oxygen content through the addition of hydrogen to the coolant can reduce SCC in
most ferritic and austenitic alloys. The production of tritiwun in an aqueous lithium-
salt solution is seen as an SCC controlling mechanism. The proper choice of structural
material can further reduce the probability of SCC. In particular, a high chromium
content together with a low carbon content is shown to reduce SCC. The fersitic alloy,
9-C, fulfills this requirement.

Experience with various aqueous nitrate-salt solutions shows that the choice of the
cation will affect the degree of corrosion attack. The aggressiveness of nitrates decreases
with choice of cation in the following order: NHy, Ca, Li, K, and Na. Thus, for the
LiNOQ; salt, the aggressiveness of NOj ions is in the medium range. The effect of the
cation choice on SCC has been related to the acidity of the solution. Investigations
into buffering the LiNO; salt solutions to an optimum pH value could lead to a marked
reduction in the apgressiveness of the solution. Reduction of the oxidizing strength of the
salt solution has been found to retard failure of test samples by SCC. On the other hand,
an increase in the oxidizing power of the solution decreases radiolytic decomposition
rates. An optimum oxidizing strength will have to be established cxperimentally since
the number of factors involved are too large to make analytical predictions.

Recent experiments [19] on the corrosion rates of LINOj; salt solutions with 316 5§
and a martensitic alloy at 95 and 250 °C show a lack of a marked transition between the
primary and secondary passive regions. This data implies that a relatively stable passive
layer is formed in this salt. Microscopic examination of the 316 SS showed that a smooth
oxide film was formed on the metal surface in LiNO,, with the roughness independent of
solution concentration and temperature. Recently, electrochemical corrosion tests were
performed for aqueous LiOH and LiNOj solutions in contact with AISI 316 L stainless
steel [16]. It was found that stainless steels, particularly low-carbon steels, exhibit better
corrosion resistance in LiNQ; solution than in LyOH.

It should be noted that most of the above experimental findings regarding corrosion
and SCC ~f steels in LiNOj salt solutions were obtained without any contral of the oxygen
content of the solution which plays a significant role in corrosion processes. In a fusion
environment, the production of tritium will undoubtedly affect the oxygen content of
the aqueous solution through recombination. Thus, breeding of tritium iu the aqueous
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solution can potentially reduce corrosion and SCC of the structural material used in the

FPC.

The investigation of the corrosion of ferritic ste€ls in an aqueous LiNOj; salt solu-
tion does not show unexpectedly high corrosion rates or high susceptibility to SCC. In
addition, the latest experimental findings do not indicate any uuforeseen catastrophic
corrosion attack. However, an extensive research effort needs to be undertaken to con-
firm these observations. Furthermore, the effects of high-energy neutron irradiation on

corrosion mechanisms and rates should be examined.

Another form of attack on structural material in an aqueous environment is hydrogen
enibrittlement, caused primarily by the trapping of absorbed hydrogen in nietals under
applied stresses. The main factor inflnencing hydrogen embrittlement is the hydrogen
centent, which depends strongly on the temperature, microstructure, and strength of the
alloy. Hydrogeu content can be reduced by minimizing the source of nascent hydrogen
(mostly due to corrosion) and by operating at high temperatures (> 200°C), provided
that a low-carbon steel is used. High concentrations of chromium, nickel, or iolybdenum
{> 10wt %) increase the resistance of ferrous alloys to hydrogen damage. Microstruc-
tural features (e.g., a fine-grained and annealed alloy with minimum cold work) further
reduce susceptibility to hydrogen embrittlemeut. Because of the lower strength and
higher ductility of ferritic steels, these alloys are generally less susceptible to hydrogen
embrittlement than austenitic steels.

Atomic hydrogen is produced on metal surfaces during corrosion processes. Thus,
minimizing corrosion also reduces hydrogen embrittlement of the structure. The addi-
tion of nitrate salts to the aqueous solution reduces the corrosion rate of ferrous alloys
{Section 10.2.1), resulting in a reduction in the production of hydrogen atoiss on the
surfaces, and thus reducing the nascent hydrogen content. The production of tritium
in the coolant does not necessarily result in an increased hydrogen attack because of
rapid recombination to form molecular hydrogen or water molecules. The production of
hydrogen by nuclear reactions and by plasma-driven permeation through the first wall
of a fusion device increases the hydrogen content inside the alloy matrix which may lead
to unacceptable hydrogen embrittlenient of the structure for operation at or near room
temperature (the highest susceptibility of high-strength alloys to hydrogen embrittlement
is at or near room temperature [20}). But the TITAN-II structural material operates at
high temperatures (2> 400 °C'), minimizing the effective trapping of hydrogen inside the
matrix. Experiments show that above ~ 200°C, hydrogen embritilement of ferrous alloys
is reduced markedly [21}. Furthermore, the Nelson curves [22], used by the petrochemical
industry as guidelines, show that chromium steels can operate at 400"C’ with a hydrogen
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partial pressure of 17 MPa without experiencing internal decarburization and hydrogen
embrittlement [20].

Based on the above discussion, the ferritic alloy 9-C' is expected to exhibit a high
resistance to hydrogen embrittlement. The number of factors influencing hydrogen em-
brittlement are numerous and their interdependence is a complex function of the specific
microsiructure and operating conditions of an alloy. Therefore, experimental data are
needed in order to perforin a complete evaluation of hydrogen embrittlement of the 9-C
alloy under TITAN-1I operating conditions.

The physical properties of concentrated solutions of LiNO; at high temperatures differ
from those of pure water. Therefore, the exact coolant conditions should be considered
in designing the blanket. The therm.al-hydraulic design of an aqueous-salt blanket can
be very different frum that of a water-cooled design, and advantage can be taken of the
differences in properties by, for example, reducing the coolant pressure or increasing the
temperature without incurring an increased risk of burnout,

A fairly detailed investigation of the physical properties of the aqueous solutions
was made, including an extensive literature survey, to ensure that reliable data were
used in analyzing the performance of the TITAN-II FPC. In many cases, experimental
data for some physical properties of interest for LiNO; solutions are not available at high
temperatures. Where this is the case, and reasonable extrapolations cannot be made, the
corresponding data for NaCl solutions have been used. The NaCl-H,O system has been
much niore widely studied than aty other solution and many solutious of 1-1 electrolytes
(e.g., NaCl, KBr, and LiNQOj;) have similar properties at the same concentrations. It is
expected that such estimates should be accurate to about 20% [23], which is adequate
for a worthwhile assessment of the thermal perforimance of the blanket to be made.

The physical properties of LiNO;, solutions as a function of temperature and salt
coucentration are given in Section 10.2.3. The most drastic effect of adding LiNO; to the
coolant water lies in the elevation of the boiling point of the solution. This inplies that
the thermal-hydraulic design of such an aqueous-salt blanket will be different. from that
of a pure-water-cooled design. Therefore, a lower coolant pressure or a higher operating
temperature can be chosen. The estimated boiling temperature of the LiNO; solutions
at various pressures are shown in Figure 15.3-1 for a range of lithium-atom concentration

in the aqueous coolant.

Many of the estimates of the properties of LiNQO3 aqueous solution are extrapolations
from experimental data or have heen obtained from the results for other salt solutions.
Although these predictions should give good indications of the expected trends for the
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various properties, a much expanded experimenial data base is required for the salts and
conditions proposed before the thermal performance of an aqueous-salt blanket at high

temperature can be confidently predicted.

The TITAN-II design requires a neutron multiplier to achieve an adequate tritium-
breeding ratio. Berylium is the primary neutron multiplier for the TITAN-1I design.
Corrosion of beryllium in agueous solutions is a function of the cleanliness of the beryl-
lium surface and of solution impurities. Beryllium surfaces should be {ree of carbonates
and - o fates and the water should have minimum chlorate and sulfate impurities to as-
sure minimum corrosion rates. Coatings to protect beryllium against attack have been
developed and their effectiveness has been demonstrated in a neutron-free environment.
Research is needed to develop coatings that can withstand harsh radiation environments,

‘or the TITAN-II design, a cladding of 9-C' surrounds the beryllivm rods.

Swelling levels of above ~ 10% will most likely resuit in a network of interlinking
helium bubbles, thus promoting helium release, This means that swelling will stop tem-
porarily until large enough temperature gradients cause sintering of open channels, The
sintering temperature for beryllium has been estimated to be around 660°C. The on-
going process of closing and opening of porosity will ultimately lead to an equilibrium
helium-venting rate with an associated maxiimum swelling value. Realistic prediction of
this process is currently not feasible because of the lack of experimental data. A ple-
nomenological swelling equation for beryllium is developed which predicts a maximum
swelling value between 9% and 15% depending on the amount of retained helium atoms.
A swelling value of 10% is taken as the basis for design calculations. Swelling may be ac-
commodated, to a degree, by employing beryllivun with Jow theoretical density (~ 70%).
This density can easily be achieved by using sphere-packed berylium. The maximun
operating temperature must be kept below 660°C to prevent sintering of the spheres.

Two methods for accommodating the high rate of swelling in beryllium are avajlable:
(1) using a very fine grain beryllium operating at temperatures above 750°C to ensure
interlinkage of bubbles to vent the helium gas into the plenum of the cladding tube
and (2) using sphere-packed beryllium with a low theoretical density (about 70%) and
accmnulating the helium inside the porosity. The latter approach, however, results in a
lower neutron multiplication and a reduction of thermal conductivity.

Irradiation data on the strength of beryllium are sparse. Irradiation hardening does
occur at temperatures above 300°C. McCarville et al. [24], predict that thermal creep
may help extend the lifetime by rcii~ving stresses caused by differential swelling, with
irradiation-creep effects heing negligible.
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15.4. NEUTRONICS

Neutronics calculations for the TITAN-IT design were performed with ANISN [25], a
1-D neutron and gamrma-ray transport code, using a P3Ss approximation in eylindrical
geometry. The nuclear data library ENDF/B-V-based MATXS5 was used. The energy
group structures in this library are 30 groups for the neutron cross sections and 12 groups
for the gannna-ray cross sections. The library was processed with the NJOY system at
Los Alamos National Laboratory [26] for coupled neutron and gamma-ray transport
calculations. Neutronics scoping studies are performed with the configurational param-
eters based on the coupled mechanical and thermal-hydraulic design evaluations of the

TITAN-II FPC.

Scoping calculations were performed for several combinations of blanket and shield
thicknesses and different levels of ®Li enrichment in the LiNOj salt dissolved in the water
coolant. The option of using heavy water {D,0) as the cooiunt for TITAN-II design
was also cousidered, since D>O has a lower neutron absorption cross section compared
to ordinary water {H20). It is of interest to determine if heavy water can be used alone
without any beryllium for the TITAN-II design. The effects of the beryllium density
factor on the neutronics performance of the TITAN-II design were also studied. It is
found that:

1. The thickness of the Be zone or the level of ®Li enrichment can be adjusted to
nbtain the desired tritium-breeding ratio (TBR). A 0.15-m-thick Be zone with 30%
SLi enrichment level results in a TBR of 1.2.

2. The ordinary-water blanket has a higher TBR than the one cooled by heavy waier,
within the range of blanket parameters used. The reason is that hydrogen has a
better neutron moderation capability then deuterium. As a result, 1he neutron
leakage itito the TF coils is also higher for heavy-water blanket.

3. Without beryllium, both H.0 and D20 aqueous unitrate-salt blankets have insufhi-
cient TBR. Marginal TBR can be achieved for a heavy-water blanket if the struc-
tural content is reduced to 1% to 2%.

4. For blankets that were considered, the blanket-energy multiplication ranges from
1.25 to 1.4.

Based on the neutrorics scoping studies, the reference design of the TITAN-II reactor

was determined and is illustrated in Figure 15.4-1. The neutronics performance of the
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Figure 15.4-1. Schematic of the blanket and shield for the TITAN-II reference design.
The coolant is an aqueous lithium-nitrate salt solution (6.4 at.% Li) and
beryllium is 90% dense.
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reference design is given in Table 15.4-1. The ®Li enrichment level is 12%, beryllium
density factor is 0.9, TBR is 1.2, and the blanket-energy multiplication is 1.36. The fast-
neutron flux at the TF coils is about 3 x 10%° n/m? and the total fast-neutron fluence on

27

the TF coils after 30 full-power years of operation is about 1 x 107 n/mn?, about a factor

of 2 to 3 below the lifetime estimate for the spinel insulator.

15.5. THERMAL AND STRUCTURAL DESIGN

The TITAN-II design uses an aqueous salt solution as the coolant. The coolant
circulation is essentially loop-type, similar to that of TITAN-I, although the geometry
of the blanket-coolant channels is very different. The salt is LiNOj and its lithium
atom concentration is 6.4 a1.% with a ®Li enrichment of 12%. The aqueous salt solution
has two advantages as coolant. First, the coolant can act as tritium breeder. Second,
the salt content elevates the boiling point of the coolant which can be utilized to reduce
primary-coolant pressure below the pressure in the steam generator, eliminating the need
for intermediate heat exchangers. Pressure reduction in a pure-water system cannot be
realized because of the lower saturation teniperature and the resulting lower critical heat
flux.

The design peak heat flux on the TITAN-II first wall is 4.6 MW /m?, corresponding
to a plasma radiation fraction of 0.95. The inlet and exit temperatures of the coolant
are, respectively, 298 and 330 °C. The resulting exit subcooling is 17 °C and, at moderate
coolant velocities, nucleate boiling will take place in the first-wall coolant channels be-
cause of the high heat flux. Therefore, the mode of heai transfer in the first-wall coolant
channels will be subcooled flow boiling {(SFB).

In any application of boiling heat transfer, it must be ensured that the maximum pos-
sible heat flux is less than the critical heat-flux (CHF) limit by a certain safety margin.
A large amount of data for CHF of pure liquids, especially for water, is available and nu-
merous etnpirical correlations for the CHF exist. Because of the scatter in the data, these
correlations are generally accurate to 4:20% over the applicable range of the data [27]. In
the absence of any CHF correlations specifically for high-temperature aqueous solutions,
a general correlation, derived for water, has been used. This correlation for CHF, ¢4y,
was developed by Jens and Lottes [28] and has the range of parameters for hoiling heat
transfer which is close to those of the first-wall coolant channel of TITAN-1I. Conversion
to more convenient units of MW /m? yields

G m
"o = C ( ) - 0.22 15.5-1
Qcur 1356 (ATws) ", { }
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Table 15.4-1.

NEUTRONICS PERFORMANCE OF THE TITAN-II REFERENCE

DESIGN

Beryllium zone thickness (m)
Breeder/reflector zone thickness (m)

Shield thickness (m)

SLi enriclunent (%)
Tritium-breeding ratio
Blanket-energy multiplication, Af
Fraction (% of M) of nuclear en >rgy in
First wall
Beryllium zone
Breeder/reflector zone
Shield
Energy leakage (% of M) to
TF coils
Water pool
OH coils
TOTAL:

0.2
0.1
0.1

12.
1.22
1.36

12.4
69.2
12.7

[
“

1.27
0.31
1.09
2.67
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where G is the mass velocity of the coolant (= pv) in kg/m?s, the factor 1356 aries from
the conversion of units, and AT, is the local subcooling in °C. Constants ¢’ and m
depend on the pressure, p, through:

C = 3.00-0.102p, (15.5-2)
m = 2 1004, (15.5-3)
30

Data used in deriving the above CHF correlation was limited to maximmum values of
critical heat Rux of 38 MW /m?, water velocity of 17 m/s, pressure of 13.6 MPa, and lacal
subcooling of 90°C.

Because of the scatter in the data for critical heat flux, the maximum heat flux on
the TITAN-II first wall is kept within 60% of that predicted by the correlation of Jens
and Lottes so that an adequate safety margin for CHF is available, References cited
in {27] show that the CHF is increased by about 40% in an aqueous solution of ethanol
compared with that of pure water. Since CHF correlation for pure water is used for
TITAN-II design, any increase in the CHF because of the lithium salt content wili add
to the safety margin.

The important temperatures in the blanket and shield are those at the center of the
beryllium rads, the clad, the channel wall, and the maximun: temperature in the shield
region which should not exceed the design limits. In the blanket and shield regions,
the heat Aux remc.ed by the coolant is very low, and the coolant flow is turbulent.
Forced-convective heat transfer is adequate to remove the heat without raising the wall
temperature to the level which would initiate nucleate boiling. Therefore, the maximun
structure temperatures in the blanket and shield are calculated under the condition of
non-boiling, forced-convective heat transfer.

The thermal-hydraulic design for TITAN-II FPC is found based on certain constraints
such as the maximum allowable structure temperature (550°C!), maximum allowable
pressure and thermal stresses in the structure (respectively, 200 and 400 MPa), coolant
velocities, and pumping power. The inlet and exit temperatures of the primary coolant
are set, respectively, at 298 and 330°C in order to use an existing fission pressurized-
water-reactor-type (PWR) power cycle. Because the salt content elevates the boiling
point of the coolant, the primary-coolant pressure is reduced to 7 MPa, helow the pressure
in the steam generator, thus elimminating the need for intermediate heat exchangers. The
thermal-hydraulic reference design of TITAN-II first wall is given in Table 15.5-1.

The thermal-hydrauiic design of TITAN-II is expected to have adequate safety mar-
gins. The maximum heat flux crossing the coolant film in the first-wall channel is
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Table 15.5-1.

OVERVIEW OF TITAN-11 GESIGN

THERMAL-HYDRAULIC DESIGN OF TITAN-II FIRST WALL

Channel outer diameter, b
Channel inner diameter, a
Wall thickness, ¢

Erosion allowance

Structure volume fraction
Coolant volume fraction
Void volume fraction
Volumetric heating (structure)
Volumetric heating (coolant)
Total thermal power

Coolant inlet temperature, T;

Coolant exit temperature, T,

Maximum wall temperature, T\, ,.az

Cloolant pressure, p
Maximum primary stress
Maximum secondary stress
Coolant flow velocity, U/
Mass flow rate
Volumetric flow rate
Pressure drop, Ap

Total pumping power
Reynolds number, Re
Nusselt number, Nu
Prandt] number, Pr
Critical heat flux, qfy ¢
Subcooling at exit, Ter s

30.0 mm
27.0 mm
1.5 nmm
0.25 nmm
0.17
0.62
0.21
202 MW/m?
270 MW/m?

770.2 MW
298 °C
330 °C
503 °C
7 MPa
98 MPa
363 MPa
226 m/s
1.15 x 10" kg/s
10 md/s
0.5 MPa
125 MW
1.49 x 108
2360
16.5
8.3 Mw/m?®
17 =C
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5.1 MW/m?, 63% lower than the critical heat flux (8.34 MW/m?}. The maximum ten:-
perature at the mid-plane of the first wall is 503°C which is less than the allowable
limit of 550 °C. The structure temperatures in the blanket and shield coolant channels
have even greater safety margins, The maximum pressure stress is less than 50% of the
allowable, ard the thermal stress is below its limit.

Among other eflects of the salt content, the specific heat capacity is reduced by a
factor of about two while the density increases only by 15% which results in a significant
reduction in the heat capacity of the coolant. The temperature rise of the primary
coolant is 32°C. Therefore, although the coclant pressure drop is only I MPa, the large
coolant-volume flow rate (391m%/s) results in a pumping power of 49 MW, which is very
close to that for TITAN-I. For coolant circulation, pumps supplying a head of 1 MPa are
used. Because the coolant flows in parallel through the first wall, multiplier, reflector,
and shield zones, orifices are used to reduce the pressure as necessary for each channel.
Separate coolant supplies for each of the flow channels (or zones) would alleviate the need
for orifices and reduce the pumping power considerably. However, the added complexity
of more coolant systems and hydraulic separation of the flow channels does not justify
this change.

15.6. MAGNET ENGINEERING

Two types of magnets are used in the TITAN-II design (Figure 15.2-4). The ohmic-
heating (OH), equilibriuin-field (EF) trim, divertor coils, and toroidal-field (TF) coils are
normal-conducting with copper alloy as the conductor, spinel as the insulator, and pure
water as the coolant. The main EF coils are made of NbTi superconductor and steel
structural material. The poloidal-field coils are designed to last the life of the plant. The
TF coils are removed with the FPC during the scheduled maintenance but are reused on
a new torus afterwards. Because of the simple geometry of the TITAN-II magnets, the
robust support structure, and the relatively low field produced by these coils, little or no
extrapolation of current techuology should be required.

15.7. POWER CYCLE

The selection of the inlet and exit temiperatures of the TITAN-II primary coolant
(respectively, 298 and 330°C) is motivated by the possibility of using an existing PWR-
type power cycle. The lithium-salt content of the aqueous coolant (6.4at.%) elevates the
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boiling point of the coolant from 285°C for pure water to 347 °C at a pressure of 7 MPa.
Since the primary-coolant pressure is less than the steam pressure in Lhe steam generator
(7.2MPa), any leakage in steam generator tubes will not result in the primary coolant
leaking into the steamn side. Therefore, the TITAN-II reference design uses a power cycle
without an intermediate heat exchanger, which results in an increase in the power cycle
efficiency. The parameters of TITAN-II reference power cycle are given in Table 15.7-1.
The steam cycle conditions are similar to those of existing PWR-type power cycles [29].
The estimated gross thermal efficiency of the TITAN-II power cycle is 35%.

15.8. DIVERTOR ENGINEERING

The design of the impurity-control system poses some of the most severe problems of
any componeit of a DT fusion reactor. The final TITAN-II divertor design represents
the result of extensive iterations between edge-plasma analysis, magnetic design, thermal-
hydraulic and structural analyses and neutronics.

The TITAN-II impurity-control system is based on the use of toroidal-field divertors
to minimize the perturbation to the global magnetic configuration and to minimize the
coil currents and stresses. The TITAN divertor uses an “open” configuration, in which
the divertor target is located close to the null point, facing the plasma, rather than in a
separate chamber. This positioning takes advantage of the increased separation hetween
the magnetic-field lines (flux expansion) in this region, which tends to reduce the heat
loading on the divertor plate because the plasma flowing to the target is “tied” to the field
lines. The high plasma density in front of the divertor target ensures that the neutral
particles emitted from the surface have a short mean free path; a negligible fraction of
these neutral particles enter the core plasma (Section 5.5).

The TF-coil design for TITAN-1I, which consists of copper coils as apposed to the
integrated-blanket coils (IBC) of TITAN-I, prompted a new divertor magnetic design.
The final magnetic design, similar to that of TITAN-I, includes three divertor modules
which are located 120° apart in the toroidal direction. An equatorial-plane cross section
of the one of the divertor modules is shown in Figure 15.8-1. The magnetic-field lines are
diverted onto the divertor plate using one nulling and two Aanking coils with the latter
localizing the nulling effect {divertor-trim coils are not required as opposed to the the
TITAN-I design). The TITAN-II divertor coils are made of copper and the joule losses
in the TITAN-H divertor coils (9.8 MW) are much smaller than those of the TITAN-I
IBC divertor coils (120 MW). Also shown on the outboard view in Figure 15.8-1 is the
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Table 15.7-1.
TITAN-II REFERENCE POWER CYCLE

Primary Coolant (Water):
Total thermal power
Inlet temperature
Exit temperature
Coolant pressure
Saturation temperature
Exit subcooling
Mass flow rate

Total pumping power

Throttle Steam Conditions:
Temperature
Pressure
Saturation temperature
Degree of superheat

iross thermal efficiency

4.5 x 107
49

308
7.2
289
19
0.35

MW
o
Oc!
MPa
o(t
0(:‘,
kg/s
MW

MPa
a(t
ot
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Figure 15.8-1. Outboard (A) and inboard (B) equatorial-plane views of the divertor
region for TITAN-IL
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Table 15.8-1.
SUMMARY OF TITAN-II EDGE-PLASMA CONDITIONS

15-33

Number of divertors 3
Scrape-off layer thickness 6 cm
Peak edge density 1.7 x 102 ;3
Peak edge ion temperature 380 eV
Peak edge electron temperature 220 eV
Plasma temperature at first wall 1.7 eV
Peak divertor density 6.0 x 102! m3
Peak divertor plasma temperature 45 eV
Divertor recycling coefficient 0.995
Throughput of DT 6.7 x 107t 7!

Throughput of He 8.2 x 10 s

Vacuum tank pressure 20 mtorr

pumping aperture which leads to the vacuum tank surrounding the torus. This aperture is
present for only the outboard 90° in poloidal angle; elsewhere shielding material protects

the OH coils.

The results of the magnetics design of TITAN-II divertor (e.g., field-line connection
length) were not sufficiently different from those of the TITAN-I to warrant a sepa-
rate edge-plasma analysis. A sumuary of the results of the edge-plasma imuvdeling for
TITAN-I, which is also used for the TITAN-II design, is given in Table 15.8-1 and is
described in detail in Section 5.4. The plasma power balance is controlled by the in-
jection of a trace amount of a high atomic number impurity (xenon) into the plasnia,
causing strong radiation from the core plasma, the scrape-off layer (SOL) plasma, and
the divertor plasma. About 95% of the steady-state heating power (alpha particle and
ohmic heating by the current-drive system) is racdiated to the first wall and divertor plate,
with about 70% being radiated from the core plasma (i.e., inside the separatrix). This
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intense radiation reduces the pewer deposited on the divertor target by the plasma to an
acceptably low level. Preliminary experimental results [12,13] suggest that beta-limited
RFP plasmas can withstand a high fraction of power radiated without seriously affecting
the operating point (Section 5.3). A further result of the radiative cooling is to reduce
the electron temperature at the first wall and divertor target {also assisted by recycling)

which reduces the sputtering-erosion problem.

To satisfy the requirement for a high-Z material for the plasina-facing surface of the
divertor target, a tungsten-rhenium alloy (W-26Re) is used. The high rhenium content
provides the high ductility and high strength necessary for the severe loading conditions.
A single structural material is used for the divertor target to avoid the problem of bonding
dissimilar materials and of stress concentrations which occur at the interface of the two
materials. The coolant tubes, therefore, are also made from W-26Re alloy.

The coolant for the divertor system is an aqueous LiNOj; solution, as used in the
TITAN-II blanket. Advantage is taken of the predicted differences in the physical prop-
erties of this solution compared with those of pure water to obtain the high critical heat.
fluxes (~ 16 MW/m?) necessary to provide an adequate safety margin against burnout.
The divertor-plate coolant flows in tlie toroidal/radial direction to equalize the power
deposited on each tube, although this causes gaps between adjacent tubes (if they are of
constant cross section) hecause of the double curvatiire of the divertor plate. Fabrication
of the divertor target is based on brazing of the tungsten-alloy plate (which is produced
by powder-metallurgy techniques) to a bank of constant -ross-section coolant tubes, al-
though alternative methods which allow tubes of variable cross section to be constructed,

have also been considered.

Despite the intense radiation arising from the impurities injected info the plasma,
careful shaping of the diverior target, as shown in Figure 15.8-1, is also required to
maintain the heat flux at acceptable levels at all points on the plate. Figure 15.8-2 shows
the distribution of the various components of the surface heat flux along the divertor
target for the inboard and outboard locations. The heat flux on the inboard and outboard
targets are respeciively, 7.5 and 5.8 MW/m? (compared with corresponding levels of 9.5

and 6.0 MW /m? for TITAN-I).

The temperature distribution of the divertor-plate coolant and structure is shown in
Figure 15.8-3. Given the heat loadings on the divertor-plate cooling tubes, the coolant
conditions are determined by the requiremeunts of obtaining an adequate safety factor on
critical heat flux, and allowing the heat deposited into the divertor-target cooling loop to
be removed by a heat exchanger with the inlet coolant for the blanket. Additional con-
straints were that the coolant velocity should not exceed 201m/s and that its composition
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should be the same as for the blanket (i.e., a lithtuin-atom percentage of 6.4%). These
considerations led to the selection of the coolant-outlet conditions of 345 °C and 14 MPa,
At this pressure, the boiling point of a 6.4% LiNOj solution is 405 °C {Section 16.2), yield-
ing a subcooling at the outlet conditions of 60°C, and = critical heat flux of 16.2 MW /m?
as predicted by the Jens and Lottes correlation [28] (Equation 15.5-1). A safety factor in
excess of 1.4 with respect to critical heat flux is achieved at all points on the target; on
the outboard target, where the heat fluxes are lower, the minimum safety factor is about
1.8.

The heat removed from the divertor plate is deposited into the blanket cooling circuit
through a heat exchanger. In order to maiutain a minimum temperature difference of
20°C in the heat exchanger between the inlet divertor coolant and the inlet blanket
coolant (298°C), the divertor-coolant inlet temperature must be not less than 318°C.
For a divertor-coolant exit temperature of 345°C and temperature rise of about 7°C per
pass, the TITAN-II divertor coolant passes four times across the target.

A 2.D finite-element analysis of the steady-state temperatures and stresses in the
divertor was made using the finite-element code ANSYS [30]. This analysis indicated
that the maximum equivalent thermal stress is about 500 MPa, within the allowable level
of 600 MPa for tungsten. The thermal analysis showed that geometric effects concentrate
the heat flux from its value on the plate surface to a higher value at the tube-coolant
interface, and that the effects of the gaps between adjacent tubes in elevating structural
temperatures are acceptable.

The vacuum system is based on the use of a large vacuum tank encompassing the
entire torus, and connecied 1o the diverior region by a duct Jocated at each of the three
divertor locations. Lubricant-free magnetic-suspension-bearing turho-molecular pumps
ate proposed for the high-vacuum pumps to avoid the possibility of tritium contamination
of oil lubricants. Pumps of the required size need to be developed.

15.9. TRITIUM SYSTEMS

In TITAN-II design, the tritimn is bred directly in the aqueous coolant of the primary
heat-transport system. Tritium recovery and control of the tritium level in the primary
coolant represent critical issues. In particular, tritium recovery from water is required on
a scale larger than existing water-detritiation systeins. However, considerable industrial
experience with recovery of hydrogen and its isotopes from water is available, and some

relevant process equipment is used on a larger scale in non-tritium applications.
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The TITAN-II design has a higher tritium level (50 Ci/kg) in the primary-coolant wa-
ter relative to previous design studies (e.g., 1 Ci/kg in BCSS [31]) in order to minimize
the cost of water-processing equipment required for tritium recovery. This tritium level
is possible for TITAN-II design because of: (1) a lower pressure in the primary system
which is the result of the elevation of the fluid boiling point caused by the addition of
the Li salt, (2) possible use of double-walled steam generators, (3) presence of the water
pool which captures a large part of the tritiated-water leakage, (1) routine use of welded
joints, and (5) removal of tritiated water to safe storage during major maintenance oper-
ations. Component leakage rates and air-drier technology are based on CANDU systems
performance [32]. The overall tritium-loss rate for the TITAN-II design is estimated at
50Ci/d.

The tritium inventory in TITAN-II design is shown in Table 15.9-1. The total tritium
inventory is four kilograms, roughly comparable to the inventory in some CANDU reac-
tors at present. The largest inventory is in the primary circuit, which requires a larger

blanket processing system.

The blanket tritium-recovery system reference cdesign is summarized in Table 15.9-11.
This system recovers 430g/d of tritium, primarily through a five-stage vapor-phase
catalytic-exchange (VPCE) system which transfers the tritium from the water to hydro-
gen gas, and then by cryogenic distillation for isotope separation. The TITAN-ii FPC is
subnierged in the pool of water to achieve a high level of safety. The water pool contains
tritium from primary-coolant systein leakage, which is maintained at 0.37 Ci/kg by water
distillation, with the enriched tritiated water from the distillation columns mixed with
the primary-coclant water for final tritium recovery. The water-feed rate to the VPCE
system is about 4000kg/h at 50Ci/kg. The estimated installed cost of the TITAN-II
tritium recovery system is 130 M% (1986}, not including building, air cleanup, and indi-
rect costs. Although the water-feed rate is about 10 times larger than the Darlington
Tritium-Removal Facility, the cost is only 3 to 4 times larger because of the economy of
scale, fewer VPCE stages, and the lower reflux ratio needed in the cryogenic columns by
the light-water feed.

The other TITAN-]I tritium-related systems and flow rates are also assessed. The fuel-
processing systems are similar to those of TITAN-I, which are described in Section 12.
Unique features include a redundant impurity-removal loop rather than relying on large
tritiuin storage capacity, and a small feed to the isotope separation system hecause of
the use of mixed DT fueling. Plasma-driven permeation is less important in TITAN-II
than in TITAN-I because the first wall is at a lower temperature and is made of ferritic
steel rather than vanadium. Back diffusion of protium is significant but acceptable. The
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air-detritiation system has a larger drier (but not recombiner) capacity to recover most
of the tritiated water leaking from primary-system components.

The overall cost of the TITAN-II tritium system is 170 M$ (19886, installed). The cost
is dominated by the blanket tritium-recovery system. Since tritium recovery in TITAN-1I
involves isotope separation of tritium from low concentrations in water, it is expected to
be more expensive than for other fusion-blanket concepts. The present design approach
is based on proven chemical exchange and distillation concepts. Closts for other tritium
systems are similar to those for TITAN-I (except for a larger air-drier capacity). Some
costs are estimated from Reference {33).

Table 15.9-1,
TITAN-II TRITIUM INVENTORIES

System T Inventory (g) Form
Primary-heat transport 1420 HTO
Beryllium 10 T in metal
Piping and structure <1 T in metal
Plasma chamber and vacuum 5 DT
Fuel processing 20 DT
Blanket tritiuin recovery 44 HTO

550 HT
Shield < 10 HTO
Tritium storage 1000 Metal tritide
Pool 940 HTO
TOTAL 4000

{a) Based on 274 m® at 50 Ci/kg.
(b) Based on 22,640 m® at 0.4 Ci/kg.
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Table 15.9-11.

TITAN-II BLANKET TRITIUM-RECOVERY SYSTEM
(BASEL ON EXTRACTING 465g/d of T AT 50 Ci/kg)

50 Ci/kg in water
465g/d of T

Maximum tritiui. concentration

Tritium-extraction -ate

Tritium inventory as water 44g T
Tritium inventory as gas 550g T
Blanket detritiation factor 93% per pass
Hydrogen-refrigeration power 5.7 MWe

Low-pressure steamn to water distribution
Low-pressure steamn to VPCE
High-pressure steam to VPCE
Hydrogen-gas inventory

Building volume

5.7TMWth at 300kPa
1.2MWth at 600kPa
8.5MWth at 2.5 MPa
1500 kg

36,000 m°

A major reduction in the costs and tritium levels requires a new water-detritiation
approach. At present, laser separation is under investigation, but probably requires
improvements in the lasers and optical materials to be attractive. Radiolysis might be
helpful if a high yield of HT is obtained (not clear from present experiments), and if the

associated O, production is acceptable,

Relative to the TITAN-I tritium system (Section 12}, the TITAN-I tritium system
is more expensive, the total tritium inventory is larger, the overall tritium system is
physically larger, and the chronic tritium releases are larger. However, the TITAN-II
tritium inventory is much less at risk for major release because of the lack of reactive
chemicals, the low temperatures and pressures of most of the tritiated water, and the
pool surrounding the FPC hot primary-coolant loop.
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15.10. SAFETY DESIGN

Strong emphasis has been given to safety engineering in the TITAN study. Instead
of an add-on safety design and analysis task, the safety activity was incorporated into
the process of design selection: and integration at the beginning of the study. The safety-
design objectives of the TITAN-II design are: (1) to satisfy all safety-design criteria as
specified by the U. S. Nuclear Regulatory Commission on accidental releases, occupa-
tional doses, and routine efffuents; and (2) to aim for the best possible level of passive

safety assurance.

The elevation view of TITAN-II reactor is shown in Figures 15.2-1. The TITAN-II
FPC is cooled by an aqueous lithium-salt solution and therefore the cooling circuit is a
pressurized-water system. Furthermore, the primary coolant contains tritium at a high
concentration of 50Ci/kg. A passive safety system is thus required to handle different
accident scenarios, to control the potential release of high-pressure primary coolant which
contains tritium, and to prevent the release of induced radioactivities in the reactor
structural materials even under the conditions of a loss-of-coolant-accident (LOCA).

The key safety feature of the TITAN-II design is the low-pressure, low-temperature
water pool that surrounds the fusion power core and the entire primary-coolant system
{Figures 15.2-1). In the czasze of a major coolant-pipe break, the pressurized coolant in
the hot loop will mix with the pool of water since the complete primary loop is in the
pool. With this mixing, the temperature of the pool would only rise imoderately because
of the much larger volume of the water pool. In fact, even if the heat transfer from
the pool to the surrounding earth is ignored, it would take more than seven weeks for
the temperature of the water pool to reach 100°C. Therefore, the cold pool of water
acts as a heat sink to dilute the reactor thermal and decay afterheat energy and also
eliminates the possibility of releasing tritiated water vapor or other radioactive material

to the environment.

Based on the “loop-in-pool” concept of the TITAN-II design, different scenarios for
handling normal and off-normal situations were evaluated. The size and operating con-
ditions of the TITAN-II water pool are determined by these analyses. In the TITAN-1I
design, the primary-cooling circuit is not completely insulated fromn the pool, so the pool
can absorb the decay afterhieat power in case of a loss-of-low accident (LOFA) in either
the primary circuit or the steam generators. This power is then removed by separate
heat exclhangers in the pool. The pool temperature should be kept as low as possible
to maintain an adequale heat-sink capability in the pool in case of an accident. On

the other hand, the pool temperature should be reasonably high so that the size of the
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afterheat-removal heat exchangers in the pool, which are capable of removing the steady
power of 34 MW, can be minimized. The exact pool temperature should be determined
by detailed design. For the TITAN-II reactor, a pool temperature range of 60 to 70°C
iz found to be reascnable based on detailed evaluation of the accident scenatios.

A potential accident for pressurized-water systems is a double-ended rupture of a
main coolant line. The escaping jet of the primary coolaut {(as steam), whicl may contain
radioactive material, will raise the pressure inside the primary containmem building and
mz; result in the release of radicactivity to the environment. Another advantage of the
TITAN-II water pool surrounding the FPC is the potential to suppress the consequences
of a double-ended rupture of the primary-coolant circuit by containing the escaping jet
of the primary coolant inside the water pool. The analysis shows that for a double-ended
rupture of a 0.5-m-diameter hot leg, at least 6 to 7m of cold (60 °C), fully degassed water
is needed above the break to prevent a direct discharge of steam into the coutainment
building. This figure has been used to determine the minimum height of TITAN-II pool.

Two of the major accidents postulated for the FPC are the LOFA and LOCA. Thermal
responses of the TITAN-II FPC to these accidents are modeled using a finite-element
heat-conduction code, TACO2D [34]. Analysis of a LOCA without the pool showed that
the peak temperature of the ferritic steel and beryllium would exceed the melting point
of these naterials. The necessity of the low-pressure pool is evident from these results.

Figure 15.10-1 shows the temperature of the TITAN-II FPC as a function of time
after the initiation of a LOFA (with the pool). For this accident scenario, very little
temperature excursion is observed, primarily because of the preseuce of natural convec-
tion within the pool and the primary loop. The first-wall peak temperature of 348°C is
reached after 355 seconds. The TITAN-II reactor appears to be capable of withstanding
the loading conditions of this accident scenario.

The thernal response of the TITAN-IT FPC' to a LOCA with the low-pressure pool
is also studied. The accident is assumed to be initiated with a guillotine break in the
primary cold leg, below the level of the torus. At the onset of the accident, a very
rapid (~ 1s) de-pressurization of the primary loop occurs until the primary-loop pres-
sure reaches the saturation pressure of the primary coolant. Following the initial de-
pressurization to saturation conditions, a slower de-pressurization takes place until the
primary loop and the pool are at equal pressure. Choked flow at the pipe break deter-
mines the rate of de-pressurization. As the pressure in the primary loop drops below the
saturation pressure of the primnary coolant, flashing of the primary coolant occurs, and
the sudden volume change forces the coolant out of the pipe hreak {blow-down phase).
The blow-down phase in typical design-basis accidents for PWRs lasts 10 to 20 seconds,
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"Figure 15.10-1. The thermal response of the TITAN-II FPC to a LOFA with the low-
pressure pool as a function of time after the initiation of the accident.

provided that no emergency core-cooling system is engaged. If the pipe break occurs at
the lowest point of the primary loop (7.¢., the worst case accident) any steam that forms
inside the primary piping is trapped becanse of the buoyancy force. For accident analysis
of the TITAN-II FPC, it is conservatively assumed that at the end of blow-down phase,
the entire primary loop will be filled with 330°C steamn (operating conditicns).

During the re-flood phase, heat is lost from the primary loop (stean:) to the surround-
ing pool and the steam trapped in the primary loop begins to condense. The condeusation
rate depends on many variables; for this analysis, it is assumed that this phase would
last 5 minutes. Virtually any condensation rate can be designed into the system simply
by ‘adding insulation to the piping (decreasing the rate of condensation), or by exposing
more primary piping to the pool water (increasing the rate of condensation). The final
phase of the accident is the onset of natural circulation.

Thermal response of the TITAN-II fusion power core to this accident scenario is shown
in Figure 15.10-2, The peak temperature of the FPC is 732°C which is 688 °C below the
melting point of the ferritic steels. The peak beryllium temperature is 481 °C, which is
802°C below its melting point.
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Figure 15.10-2. The thermal response of the TITAN-1I FPC to a LOCA with the low-
pressure pool as a function of time after the initiation of the accident
{with 2 re-flood time of 300s).

The key safety feature of the TITAN-II design is the low-pressure, low-temperature
water pool that surrounds the FPC. Detailed safety analyses have been performed which
show that the TITAN-II pool can contain the thermal and afterheat energy of the FPC
and will remain at a low enough temperature so that tritium or other radioactive material
in the primary-coolant system will not be released. Therefore, the public safety is assured
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 be rated as a level-2 of safety
assurance design [35,36]. The potential safety concerns are the control of routine tritium
releases and the handling of **C waste, which is generated from the nitrogen in the LiNO;
salt.

Plasma-accident scenarios need to be further evaluated as the physics behavior of
RFPs hecomes better understood. Preliminary results indicate that passive safety fea-
tures can be incorporated into the design so that the accidental release of plasma and
magnetic energies can be distributed without leading to major releases of radioactivity.
Activities in this area need to be continued, especially for high-power-density devices. It
should be pointed out that for the TI'CAN-1I desigu, plasma-related accidents are of con-
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cern from the consideration of investment protection and would have minimum impact
on public safety. This characteristic is again a result of the presence of the large pool of
water that allows the passive protection of the public.

15.11. WASTE DISPOSAL

The neutron fluxes caiculated for the reference TITAN-II reactor were used as the in-
put to the activation calculatio. code, REAC [37]. These results were analyzed to obtain
the allowable concentrations of alloying and iiupurity elements in the TITAN-II FPC
cotnponents. Waste-disposal analysis has shown that the compact, high-power-density
TITAN-II reactor can be designed to meet the criteria for Class-C waste disposal [38].
Tle key features for achieving Class-C waste in the TITAN-II reactor are attributed to:
(1) materials selection and (2) control of impurity elements.

The first-wall, blanket, and shield components of the TITAN-II reactor are all inte-
grated in a one-piece lobe design and are all replaced every year. Therefore, one may
estimate the allowable concentration levels of the impurity elements by averaging over
all components in the lobe. The maximum allowable impurity concentration in the “av-
eraged” TITAN-II FPC are shown in Table 15.11-I. It appears that the concentration
limits for all these impurity elements, except niobium and terbium, are readily achievable
for the averaged TITAN-II FPC. Careful impurity control processes are necessary for Nb
and Th when the structural alloy is fabricated.

The reduced-activation ferritic steel (9-C) used as structurai material for the TITAN-11
reactor contains tungsten as one of the important alloying elements replacing molybde-
num which is an undesirable element for Class-C waste disposal. However, the tungsten
content should also be controlled because of the production of a second-step reaction
daughter radionuclide, '™ Re {with a half-life of 200,000 years). The “averaged” allow-
able conceutration level of tungsten is 11.0%, more than two orders of magnitude larger
than the present tungsten level in the reduced-activation ferritic steels (0.89%).

Assuming that the structural alloy meets all required levels of impurity and alloy-
ing elentents as shown in the controlled case in Table 15.11-I, estimates are made for
the TITAN-II reactor materials and related waste quantities for Class-C disposal. The
divertor-shield coverage is taken as 13% in the TITAN-I1 design, identical to the TITAN-I
design. The results are presented in Table 15.11-11. The annual replacement mass of
TITAN-II FPC' is estimated at about 71tionne/FPY (9.1 m*), assuming that the entire
blanket lobe and the divertor shield are replaced every FPY. The data in Table 15.11-I1
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Table 15.11-1.

WASTE-DISPOSAL-RATINGS FOR
THE “AVERAGED” TITAN-11 BLANKET!*!

Present Case Controlled Case
Nominal Level® Class-C Contirolled Level Class-C
Element. (appm) Rating (appm) Rating
Nb 0.1%!<! 8.33 1.ot 0.42
Mo 1.0%!e) 0.27 6.0 0.30
Ag 1. 0.054 0.07 0.054
Tb 5. 1.06 0.1{# 0.10
Ir 3, 0.0077 0.001 0.0077
w 0.9%!'  0.081 0.9%! 0.081
TOTAL 9.78 0.96

(e¢) Based on operation at 18 MW/m? of neutron wall loading for 1 FPY.
Note that a conservative lifetime fluence value of 15 MWy/m? is used for
the TITAN-II reference design (0.8 FPY at 18 MW /m?).

(b) From Reference [31].

(c) Concentrations in atomic percentage.

(d) Controlled levels lower than impurity levels in ferritic steel.

(e) Present tungsten content in the reduced-activation ferritic steel.
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WASTE DISPOSAL

Table 15.11-II.

SUMMARY OF TITAN-II REACTOR MATERIALS AND RELATED
WASTE QUANTITIES FOR CLASS-C WASTE DISPOSAL'®

15-47

Annual
Lifetime Volume Weight Replacement Mass
Component Material (FPY)@  (m3®  (tonne) (tonne/FPY)
First wall Ferritic steel (9-C!) 1 0.26 2.0 2.0
Be zone Ferritic stee] (9-C') 1 2.5 19.7 19.7
Breeder zone  Ferritic steel (9-C) 1 2.0 15.3 15.3
Shield Ferritic steel (9-C') 1 3.9 30.5 30.5
TF coils Modified steel 0.54 4.8 0.08
Copper 3.8 34.0 1.13
Spinel 0.59 2.2 0.08
TOTAL 30 4.9 41.0 1.39
OH coils Modified steel 5.4 49. 1.63
Copper 38.2 342. 11.4
Spinel 5.4 23. 0.77
TOTAL 30 49.0 414. 13.8
EF coils shield Modified steel 30 5.6 50. 1.7
Divertor shield Ferritic stee] 1 0.48 3.78 3.8
TOTAL CLASS-C WASTE (lifetime) 334, 2643, 88.1

(a) Based on operation at 138MW /m? of neutron wall loading for 1 FPY.

Note that a conservative lifetime fluence value of 15 MWy/m? is used for
the TITAN-II reference design (0.8 FPY at 18 MW /m?).
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is for a modified TITAN-II design with a 0.03-ms shield and a 0.17-m blanket breeder
zone, rather than the 0.1-m shield and 0.1-m blanket breeder zone of the reference de-
sign. The reduced shield thickness in this design will decrease the annual replacement
mass by about 50 tonne/FPY and also satisfies the structural-design aspects of the blan-
ket lobe. The penalty for this modified design is a 1.5% reduction in the blanket energy
multiplication.

The TITAN-II divertor plates are fabricated with a tungsten armor because of its low
sputtering properties. The waste-disposal rating of the divertor plates is estimated to be
a factor of 10 higher than for Class-C' disposal after one year of operation. The annual
replacement mass of this non-Class-C waste is about 0.35tonne/FPY, about 0.4% of the

annual replacement mass.

Because of the nitrate salt dissolved in the aqueous-solution coolant, the TITAN-II re-
actor is also producing MC from !*N (n,1) reactions. The annual preduction rate of 11C is
about 5.2 x 107 Ci. Using the present 10CFR61 regulations, where the allowable concen-
tration of 1C for Class-C disposal is 8 Ci/m? and if **C remains in the aqueous-solution
coolant, the coolant should be replaced at a rate of 7 x 10° tonne/FPY (6.5 »x 10° m?),
The replacement mass of the coolant can be reduced to about 80 tonne/FPY, if Fetter’s
evaluation [39) is used as the lhniting value (700 Ci/m?®). Because of the Jarge quantities
of aqueons solution to be disposed of annually and uncertainties in the transport of the
1 isotope in the primary loop, extraction of the "C activity from the coolant and
disposal of the concentrated quantity as non-Class-C waste should he considered.

The safety and environmental conclusions derived from the TITAN reactor study
are general, and provide strong indications that (lass-C waste disposal can be achieved
for other high-power-density approaches to fusion. These conclusions also depend on the
acceptance of recent evaluations of limiting-specific activities carried out. under 10(!FR61
methodologies {39)].

15.12. MAINTENANCE

The TITAN reactors are compact, high-power-density designs. The small physical size
of these reactors permits each design to be made of ounly a few pieces, allowing a single-
piece maintenance approach [7,8]. Single-piece maintenance refers to a procedure in which
all of components that must be changed during the scheduled maintenance are replaced
as a single unit, although the actual maintenance pracedure may involve the movement,
storage, and reinstallation of some other reactor components. The entire reactor torus
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in both TITAN designs is replaced as a single unit during scheduled maintenance. Also,
because of the small physical size and mass of the TITAN-II FPC, the maintenance
procedures can be carried out by verticel lifts, allowing a much smaller reactor vault.

Potential advantages of single-piece maintenance procedures are identified:

1. Shortest period of downtime resulting from scheduled and unscheduled FPC repairs;

2. Improved reliability resulting from integrated FPC pret~-iing in an on-site, non-
nuclear test facility where coolant leaks, coil alignment, therinal-expansion effects,
etc., would be corrected by using rapid and inexpensive hands-on repair procedures
prior to committing the FPC to nuclear service;

3. No adverse effects resulting from the interaction of new materials operating in
parallel with radiation-exposed materials;

4. Ability to modify continually the FPC as may be indicated or desired by reactor
performance and tecbnological developments; and

5. Recovery from unscheduled events would be more standard and rapid. The entire
reactor torus is replaced and the reactor is brought back on line with the repair
work being perforied, afterwards, outside the reactor vault.

The lifetime of the TITAN-II reactor torus (including the first wall, blanket, and
divertor modules) is estimated to be in the range of 15 to 18 MWy/m?, and the more
conservative value of 15 MWy/m? will require the change-out of the reactor torus on a
yearly basis for operation a 18 MW /m? of neutron wall loading at 76% availability. The
TF coils can last for the entire plant life. However, during the maintenance procedure,
the TF coils are not separated from the reactor torus and are replaced each year. After
the completion of the maintenance procedure, the TF coils can be separated from the
reactor torus and reused at a later time. The impact of discarding (not reusing) the TF
coils annually is negligible on the COE. The choice between reusing or discarding the TF
coil= :equires a detailed consideration of: (1) activation intensity of the rensed TF coils,
(2) remote assembly of activated TF coils to a “clean” FPC, and (3) additional waste
generated if TF coils are discarded annually.

Fourteen principal tasks must be accomplished for the annual, scheduled maintenance
of the TITAN-II fusion nower core. These steps are listed in Table 15.12-1. Tasks that will
require a longer time to complete in a modular design are also identified in Table 15.12-1
(assutning the same configuration for the modular design as that of TITAN-II). Vertical
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Table 15.12-1.

PRINCIPAL TASKS
DURING THE TITAN-II MAINTENANCE PROCEDURE

ol

© ® Ao

10.

11.
12.
13.
14.

Orderly shutdown of the plasma and discharge of the magnets;

Continue cooling the FPC at a reduced level until the decay lieat is sufficiently

low to allow natural convection cooling in the atmosphere;

During the cool-down period:

a. Continue vacuum pumping untit sufficient tritium is removed from the FPC,

b. Valve-off all systems which will be disconnected during maintenance
(t.e., vacuum and electrical systems) and, depending on the maintenance
method, drain the water pool above the FPC,

¢. Disconnect electrical and coolant supplies from the upper OH-coil set,

d. Break vacuum;

Drain primary coolent from FPC;

Lift OH-coil set and store in the lay-down area;

Disconnect primary-coolaut supplies at ring headers;(®

Lift the reactor torus and move to the hot cell:(®

Inspect FPC area;

Install the new, pretested torus assembly;(®)

Connect primary-coolant supplies, TF-coil electrical supplies, and

re-weld all vacuum ducts;{®

Replace the upper OH-coil set and connect electrical and coolant supplies;

Hot test the FPC;®)

Pump-down the system;

Initiate plasma operations.

(a) The time required to complete these tasks is likely to be longer for a modular

system than for a single-piece system, assuming similar configuration,

(b} The new torus assembly is pretested and aligned before committment to service.

Ouly minimum hot testiiyg would be required.
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lifts have been chosen for the comnponent 1mcvements during maintenance. Lift limits for
conventional bridge cranes is around 500tonnes, with special-order crane capacities in
excess of 1000 tonnes. The most massive components lifted during TITAN-II maintenance
are the reactor torus (180 tonnes) and the upper OH-coil set (OH coils 2 through 4) and its
support structure (120 tonnes), which are easily manageable by the conventional cranes.

An important feature of the TITAN design is the pretest facility. This facility al-
lows the new torus assemblies to be tested fully in a non-nuclear environment prior to
commiitting it to full-power operation in the reactor vault. Any faults discovered during
pretesting can be quickly repaired using imexpensive hands-on maintenance. Further-
more, additional testing can be used as a shakedown period to reduce the infant mortality
rate of the new assemblies. A comprehensive pretest program could greatly increase the
reliability of the FPC, hence increasing the overall plant availability. These benefits of
pretesting (higher reliability, higher availability) must be balanced with the additional
cost associated with the pretest facility. The more representative the pretests are of the
actual operation, the more duplication of the primary-locp components is required.

15.13. SUMMARY AND KEY TECHNICAL ISSUES

The TITAN reversed-field-pinch (RFP) fusion reactor study {1] is a multi-institutional
research effort to determine the technical feasibility and key developmental issues for
an RFP fusion reactor operating at ligh power density and to determine the potentis.
economic (cost of electricity, COE), operational {maintenance and availability), safety,
and environmental features of high mass-power-density (MPD) fusion systems.

Two different detailed designs, TITAN-land TITAN-II, have been produced to demon-
strate the possibility of multiple engineering design approacles to high-MPD reactors.
Both designs would use RFP plasinas operating with essentially the same parameters.
The major features of the designs are listed in Table 15.1-1. Both conceptual reactors are
based ou the DT fuel cycle, have a net electric output of about 1000 MWe, are compact
and have a high mass power density of abont 800 kWe /tonne of fusion power core {FPC').
The mass power density and the FPC power deusity of several fusion reactor designs and
a fission pressurized-water reactor (PWR) are shown in Figure 15.13-1 and compared
with those of the TITAN reactors. The TITAN study further shows that with proper
choice of materials and FPC configuration, compact reactors can be mace passively safe
a1 ihat the potential attractive safety and environmental featnres of fusion need not
be sacrificed in compact reactors. The TITAN designs would meet the U. S. criteria
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The mass power density and the FPC power density of several fusion
reactor designs, including TITAN, and a fission PWR.
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for the near-surface disposal of radioactive waste (Class-C, 10CFR61) [38] and achieve
a high level of safety assurance [35,36] with respect to FFC damage by decay afterheat
and radioactivity release caused by accidents. Very importantly, a “single-piece” FPC
maintenance procedure, unique to high-MPD reactors, has been worked out and appears
feasible for both designs.

Parametric system studies have been used to find cost-optimized designs, to determine
the parametric design window associated with each approach, and to assess the sensitivity
of the designs to a wide range of physics and engineering requiretnents and assumptions.
The design window for such compact RFP reactors would include machines with neutron
wall loadings in the range of 10 to 20 MW /m? with a shallow minimum for COE at about
19MW/m?. The high MPD values possible for the RFP appear to be a unique attribute
of this confinement concept [6). Reactors in this “design window” are physically small
and a potential benefit of this “compactness” is improved economics. Also, the cost of the
FPC for TITAN reactors is a small fraction of the overall estimated plant cost (< 10%,
similar to a PWR), making the economics of the reactor less sensitive to changes in the
plasma performance or unit costs for FPC components. Moreover, since the FPC is
smaller and cheaper, a development program should cost less. Even though operation at
the lower end of the this range of wall loading (10 to 12 MW /m?) is possibic, and may be
preferable, the TITAN study adopted the design point at the upper end (18 MW/m?) in
order to quantify and assess the technical feasibility and physics Tnits for such high-MPD

reactors.

The TITAN-IT FPC is a self-cooled aqueous “loop-in-pool” design with a dissolved Li
salt (LINO3 with 6.4at.% lithium) as the breeder. The structural material is ferritic-steel
alloy, 9-C' [15] (a reduced-activation high-strength alloy, 12Cr-0.3V-1W-6.5Mn-0.08C).
The first-wall and blanket lobes are integrated and contain the pressurized coolant at
7T MPa. The structural load from the pressurized lobes is supported by a welded two-piece
shield which forms a blanket container packing several lobes inte a blanket sector. Three
toroidal divertor chambers divide the reactor torus into three sectors. The cociant enters
the lobes from the bottom, flows around the torus poloidally, and exits through the top
plena. Subcooled-flow-hoiling heat traasfer is needed to cool the first wall. The blanket
contains beryllium rods with ferritic-steel alloy 9-C' cladding as the neutron multiplier.

Both lithium-hydroxide (LiOH) and lithium nitrate (LiNOj) salts were considered
because they are highly soluable in water. The LiNOj solution is selected as the refe-ence
breeding material because: (1) LiOH is more corrosive and (2) radiolytic decomposition
of water which results in the formation of highly corrosive substauces is minimized when
nitrate salts are added to water. Account is taken of the thermophysical properties of
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the salt solution, which are significantly different from those of the pure water. The
TITAN-II tritium-control and extraction system would be, in principle, an extension of
the technology developed by the Canadian CANDU fission reactor program (32].

A key feature of TITAN-IL is that the FPC and the entire primary loop are submerged
in a pool of low-temperature, low-pressure water. The basic sources of thermal energy
after reactor shutdown are from 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 develop in the case of a loss-of-flow accident.
In the case of a major break in the primary coolant pipes, the cold paol would absorh the
thermal and afterheat energy from the hot loop. Calculations show that the pool remains
at a sufficiently low temperature to prevent the release of tritium or other radioactivity in
the blanket coolant system. As such, the TITAN-II design appears to achieve complete
passive safety (level 2 of safety assurance [35,36]).

The general arrangement of the TITAN-II reactor is illustrated in Figures 15.2-1
through 15.2-6. The operational (maintenance and availability), safety, and environnen-
tal issues have been taken into account throughout the design. For example, the size
of the expensive containment building is reduced because all maintenance procedures
would be performed by vertical lift of the components (heaviest component weighs about
180 tonnes). The compactness of the TITAN desigus would reduce the FPC to a few
small and relatively low-mass components, making toroidal segmentation unnecessary.
A “single-piece” FPC maintenance procedure, in which the first wall and blanket are re-
moved and replaced as a single unit is, therefore, possible. This uni¢que approach permits
the complete FPC to be made of a few factory-fabricated pieces, assembled on site into
a single torus, and tested to full operational conditions before installation in the reactor
vault. The low cost of the FPC means a complete, “ready-for-operation” unit be can
be kept on site for replacement in case of unscheduled events. All of these features are
exvected to improve the plant availability.

The results from the TITAN study support the technical feasibility, economic incen-
tive, and operational attractiveness of compact, high mmass-power-density RFP reactors.
The road towards compact RFP reactors, however, conlains major challenges and uncer-
tainties, and many critical issues remain to be resolved. The TITAN study has identified
the key physics and engineering issues which are central to achieving reactors with the
features of TITAN-I and TITAN-1L

The experimental and theoretical bases for RFPs have grown rapidly during the
last few years [6], but a large degree of extrapolation to TITAN-class reactors is still
required, The degree of extrapolation is one to two orders of magnitude in plasma
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current and temperature and two to three orders of magnitude in energy confinement
time. However, the TITAN plasma density, poloidal beta, and plasma current density
all are close to present-day experimental achievements. The next generation of RFP
experinients [13,40] with hotter plasmas will extend the data base toward reactor-relevant
regimes of operation. The TITAN study has brought out and illuminated a number of key
physics issues, some of which require greater attention from the RFP physics community.
These issues are discussed in detail in Section 8.

The physics of confinement scaling, plasma transport, and the role of the conducting
shell are already major efforts in RFP research. However, the TITAN study points to
three other major issues. First. operating high-power-deusity fusion reactars with in-
tensely radialing plasmas is crucial. Confirming that the global energy confinement time
remains relatively unaflfected while core-plasma radiation increases {a possible unique
feature of RFP) is extremely important. Secoud, the TITAN study has adopted the use
of three “open-geometry™ toroidal divertors as the impurity coutrol and particle exhaust
system, Even with an intensely radiative plasma, using an array of poloidal pump-limiters
as the impurity-control system would suffer from the serious erosion of the limiter blades
(and possibly the first wall). The physics of toroidal-field divertors in RFPs must be ex-
amined, and the impact of the magnetic separatrix on RFP confinement must be studied.
H toroidal divertors are consistent with confinement and stability in RFPs, then high-
recvcling diverlors and the predicted high-density, low-temperature scrape-ofl layer must
e also confirmed. Third. ezrly work in the TITAN study convinced the teant that high
mass-power-density, copact RI'P reactors must operate at steady state. Current drive
by magnetic-helicity injection utilizing the natural relaxation pracess in RFP plasma is
predicted to be efficient [9.10] but experiments on oscillating-field current drive (OFCD)
are inconclusive. Testing OFCD in higher temperature plasmas must await the next
generalion of RFP experiments, namely ZTH [13] and RFX [40].

The key engineeriug issues for TITAN-II FPC have heen discussed. In the area of
imaterials, more data on irradiation behavior {espedally hydrogen embrittlement) of the
ferritic-steel alloy. 9-C', are ueeded to confinm the materials prediction and accurafely
estimate the lifetime of TI'TAN-II first wall. The compatibility of ferritic steels with con-
centrated LiNOj solution is an important issue. Even though some experimental data do
not show high corrosion rates or high susceptibility of stress-corrosion cracking, a research
effort is needed to confirm these results in a fusion environment. The effects of radiolviic
decomposition producis and high-energy neutron irradiation on corrosion mechanisms
and rales should be determined. Ceramic insulators offer the potential of mininrnn
irradiation-indnced conductivity, high melting aid decompaosition temperatures. refen-
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tion of strength, and minium irradiation-induced swelling. Further experimental data on

irradiation behavior of these insulators are needed.

The physical properties of the concentrated LiNQOj salt solution are very different from
those of pure water. The exact coolant conditions should be considered in designing the
blanket. The thermal-hydraulic design of the FPC' can 1ake advantage of the differences in
the properiies of the concentrated solution, for example, by reducing the coolant pressure
or increastng the temperature without incurring an increased risk of burnout. A nuch
expanded experimental data base is required for the salts and conditions proposed before
the thermal performance of an aqueous-salt blanket at high temperatures and heat fluxes

can he confidently predicted.

The design of the impurity-control system poses sonmie of the most severe problems of
any component of a DT fusion reactor; for a compact or high-power-density design, these
problems can be particularly challenging. Physics operation of high-recycling toroidal-
field divertors in RFPs should be experimentally demonstrated and the impact of QFCD
on the divertor performance studied. Cooling of the TITAN-11 divertor plate requires
experimental data on heal-1ransfer capabilities of concentrated-salt solntions, as outlined
above. Fabrication of the tungsten divertor plate remains to he demonstrated and the
degree of precision needed for target shaping and control of the posifion of the plasma

separatrix are particularly difficult tasks.

A key concern for the agueons blankei design is the area of tritium extraction and
control. The overall cost of the TITAN-II tritiwmr-recovery system is 170 M$. A major
reduction in the costs and tritinm leve!ls requires a new water-detritiation approach. At
preseni. laser isotape separation is under investigation huat probably requires mprove-
ments in the laser and aptical inaterial to be attractive. Radiolysis might be helpful if
a high vield of HT is obtained which is not clear from present experiments, and if the

associated production of oxygen is acceptable.

In summary, the results froni the TITAN study support the technical feasibility,
economic incentive. and operational attractiveness of connpact, high-mass-power-density
HFP reactors. It must be emphasized. nevertheless, that in high power-density designs
such as TITAN, the in-vessel components (e.g., first wall and divertor plates) are subject
to high surface heat fluxes and that their design remains the most difficult engineering
challenge.  Also, the RFP plasma itself must operate in the manner outlined: with
toroidal-field divertors, with a highly radiative core plasma, and at steady state. Future
research will determine if, in fact, the physics and techinology reguirements of TI'TAN-like

RFP reactors are achievable.
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16. TITAN-II FUSION-POWER-CORE
ENGINEERING

16.1. INTRODUCTION

The TITAN-I1 reactor is a compact, high-neutron-wall-loading (18 MW/m?) design.
The TITAN-1I fusion power core (FPC) is cooled by an aqueous lithium-salt sclution
which also acts as the breeder material {1, An overview of the TITAN-II design is
given in Section 15. Global parameters of the design are summarized in Table 16.1-1. A
detailed list of the TITAN-II operating parameters can be found in Appendix B. The
poloidal cross section of the TITAN-11 FPC is shown in Figures 16.1-1.

The major feature of the TITAN-II reactor is that the entire primary loop is located
at the bottom of a low-temperature, atmospheric-pressure, pure-water pool. Detailed
safety analyses show that the TITAN-II pool can contain the afterheat energy of the
FPC and will remain at a low enough temperature sc that tritium or other radioactive
material in the primary-coolant system will not e released (Section 19).

The first wall and blanket of the TITAN-II design consists of stamped side plates
made of the low-activation, high-strength ferritic steel, 9-C (2]. These plates, called “J-
plates” because of their cross section, are asseinbled into sub-modules (or blanket loi)es)
as shown in Figure 16.1-2. Inside each of the lobes are 9-C-.clad beryllium rods. These
rods occupy the first 20em behind the first wall. The blanket lobes are then stacked
side-by-side to form a blanket module. The shield is used as a clamp to restrain the
lobes from any movement. A cross section and an isometric view of a blanket module
are shown, respectively, in Figures 16.1-3 and 16.i-4. Twelve blanket mmodules and threr
divertor sections are assembled into a single reactor torus. The vacuum boundary for the
FPC, located outside the toroidal-field (TF) coils, acts as a boundary between the pool
and the hot torus. The TF coils occupy the space between the back of the shield and
the vacuum shell (Figure 16.1-3}. Vacuum-duct penetrations through the vacuum shell
are located in the region near the divertors.

In this section, the detailed engineering design and analysis of the TITAN-II FPC is
presented. The FPC components considered here are the first wall, blanket, shield, and
the coil sets. The use of an aqueous salution imposes special constraints on the selection
of breeder and structural material because of the corrosion coiicerns, hydrogen embrittie-
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ment, and radiolytic »flects. These issues are discussed in Section 16.2, At the same time,
the dissolved salt in the coolant changes the thermophysical praperties ui ihe coolant and
the trade-offs between ti~ lithiuin concentration in the coolant, neutronics performance
(Section 16.3), therinal and structural design (Section 16.4), and power-cycle analysis
{Section 16.5) are considered.  Other engineering aspects of the TITAN-II design (i.e.,
divertor and vacuum engineering. tritimm systems, safety - 1d waste disposal, and main-

Table 16.1-1.
TITAN-II OPERATING PARAMETERS

Major radius, Ry 390 m
Minor plasma radius, 7p 060 m

First wall radius, rrw 0.66 m
Primary coolant Aqueous solution
Structural material Ferritic steel 9-C

Breeder material LiNO,

Neutron multiplier Be

Coolant inlet temperature 208 °C
Coolant exit temperature 330 °C
Neutron wall lead, I, 180 MW/m?
Radiation heat flux on first wall, ¢7/ 16 MW/m?
Fusion power, Py 2290 MW
Total thermal power, P 3027 MW
Net electric power, P.: 900 MWe
Gross efficiency, 7gross 35%

et efficiency, M 30%

Mass power density, MPD 806 kWe/tonne
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Figure 16.1-3. Equatorial-plane cross section of a TITAN-II blanket module.
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Figure 16.1-4. Isometric view of a TITAN-II blanket module.
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tenance) are presented in subsequent sections. The engineering aspects of TITAN-11
magnets are not covered because these magnets are based on present-day technology.
Furthermore, TITAN-II magnets are, in principle, similar to those of the TITAN-I de-
sign except that water is used to cool the TITAN-I1 ohmic-heating (OH) coils iustead of
helium gas which cools the TITAN-I OH coils (Section 10.5).

The emphasis of the TITAN study has been on the investigation and demonstration
of the feasibility of the compact, high-power-density reactors and also the identification
of the critical issues for these devices. Therefore, some of the engineering isst  that were
not considered crucial to the design were for the most part not covered in detail in this
study.

16.2. MATERIAL SELECTION

The attractiveness of commercial fusion-power devices depends, to a large extent,
on material performance. Components of a fusion reactor are exposed to a unique set
of stress, thermal, radiation, electromagnetic, and chemical loads and shouid function
properly for the duration of the design lifetime. Material options are even more limitec
for a compact, high-power-density reactor such as TITAN because of high heat and
radiation fluxes. The following sections will highlight various material selection issues for
the TITAN-II FPC components,

The material issues in an aqueous-solution-cooled fusion reactor are quite different
from those of a liquid-lithium-cooled FPC such as the TITAN-I design. The most sig-
nificant differences between water-cooled and liquid-metal-cooled devices arise from the
much higher coolant pressure in the water-cooled system, the electrochemical cotrosion
mechanisms of aqueous solutiors, and the radiolysis of water by ionizing radiation.

In the TITAN-II design, trittumn breeding is accomplished in a litlium salt which is
dissolved in the primary coolant (water). Both lithium-hydroxide (LiOH) and lithium-
nitrate (LiNOj) salts were considered because they are highly soluble in water. The
LiNQ; salt was selected as tie reference salt material because: (1) LiOH is more corrosive
than LiNOj; (Section 16.2.1), and (2) radiolytic decomposition of water which results in
the formation of highly corrosive substances is mimmized when nitrate salts are acded
to water. The nitrates act as scavengers reducing the probability of survival of highly
reactive radicals in the water during exposure tu radiation. The radiolysis of aqueous
solutions in a fusion device has been acknowledged as a potentiai problem. A description
of fundamental radiolytic processes and a literature survey of the radiolysis effects are
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given in Section 16.2.2. Tle thermophysical properties of the aqueous solutions can be
very different from those of pure water and are reviewed in Section 16.2.3.

The choice of aqueous lithium-salt solution as the primary coolant requires a strue-
tural material capable of withstanding the combined corrosive and irradiation environ-
ment of the FPC. Furthermore, one of the goals of the TITAN study has been to satisfy
Class-C waste disposal criteria and achieve a Level-2 of safety assurance (Section 19).
The requirement of low activation further constrains structural material choices. The
vanadium allow, V-3Ti-1Si, is chosen as the structural material for the liquid-lithium-
cooled TITAN-I design. But this alloy does not possess adequate water-corrosion resis-
tance because of the lack of chromium content. Water corrosion resistatice of most alloys
results from the formation of a highly water-insoluble chromimm-oxide layer. Chromium-
containing vanadium alloys such as V-15Cr-5Ti have very good water corrosion resis-
tance, however, their radiation behavior indicates a nmeh higher susceptibility to helium
embrittlement than other vanadium alloys (Section 10.2.2).

Among the ferrous alloys, the low-activation ferritic steel, 9-C [2], was identified as
the most suitable structural material candidate for the TITAN-II design (Section 16.2.4).
First, ferritic steels possess superior swelling resistance when compared to austenitic
steels. In addition, with ¢ high enough chromium content, the corrosion resistance of
ferritics is comparable to that of chromium-rich austenitic steels. The available data
on the effects of the LiNOj salt solution on corrosion of ferrous alloys are reviewed in
Section 16.2.1. Hydrogen embrittlement of ferrous alloys has always been a concern, and
therefore, Section 16.2.5 is devoted to this topic.

The TITAN-II design requires a neutron multiplier to achieve an adequate tritium-
breeding ratioc Beryllium is the primary neutron multiplier for the TITAN-II design
and the anticipated behavior of beryllium is presented in Section 16.2.6. The effects of
radiation on the TITAN-II primary insulating material, spinel (MgAl,04), have previ-
ously beeu discussed in Section 10.2. A detailed study of the lifetime of spinel for the
TITAN-II radiation field was not performed, since small variations in the neutron spec-
trum would not markedly affect the radiation-damage response of spinel. Major findings
are summarized in Section 16.2.7.

16.2.1. Corrosion in Aqueous Solutions

Corrosion has a far-reachirg economic impact. It is estimated that the annual cost
of corrosion and of corrosion protection is in the neighborhood of 8 billion dollars in the
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United States [3]. Corrosion-related incidents appearing in piping and other components
can impact plant availability, economics, reliabiiity, and plant safety. Major corrosion-
related problems encountered by the utility industry and nuclear-steam-system suppliers
include the intergranular stress-corrosion cracking (IGSCC) of welded austenitic stainless-
steel pipes in boiling-water reactors (BWRs) and the steam-generator corrosion in the
pressurized-water reactors (PWRs) [4]. Despite the differences in operating conditions
and coolant environments, the primary material problem for both BWRs and PWRs is
stress-corrosion cracking (SCC).

Corrosion can be a uniform or localized (pitting) process. It is not uncommon for
both forms of corrosion to occur at the same time, although one form usually predomi-
nates. Combined with other forms of attack such as erosion, fatigue, and SCC, corrosion
can produce severe damage. Uniform attack may be rapid or slow and may leave the
surface clean or coated with corrosion products. Uniform attack is easily evaluated and
measurements are generally given in milligrains per square decimeter per day (mdd), in
inches per year, or mils per year. Pitting corrosion, on the other hand, is difficult to
evaluate and has to be measured by careful microscopic examination of a number of pits.
Pits may start at an inclusjon, a grain boundary, or at some other imperfection on the
surface such as a dislocation.

The following subsections discuss the issues of corrosion by the aqueous salt coolant.
A brief background on the electrochemical nature of corrosion is given first and some
of the basic corrosion fundamentals are discussed (Section 16.2.1.1). Comunonly used
methods of mitigating corrosion are summarized in Section 16.2.1.2. Then, the data on
SCC are reported and recent results of SCC initigation efforts in the nuclear industry
are suimnarized in Section 16.2.1.3. The corrosion issues of ferritic and austenitic steels
in nitrate-salt solutions are discussed in Section 16.2.1.4. The effects of hydrogen and
oxygen on corrosion and cracking are reviewed separately in Section 16.2.5.

16.2.1.1. Electrochemical nature of corrosion

Most 1netals exist in a combined state in nature and some energy has to be exerted to
bring the metals into the metallic state. Thus, the metallic state represents a high-energy
state of the metal and all metals tend to revert to a lower-energy state by combining with
other substances, accompanied by release of energy. This decrease in {ree energy is the
driving force of corrosion reactions. Grain boundaries, in particular, are high-energy
areas, since the most stable configuration of the metal is its particular crysta! structure.
Grain boundaries constitute areas of lattice mismatch and are therefore slightly more
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active chemically than the grain faces. The release of this stored mismatch energy leads
to a higher corrosion attack along grain boundaries.

The change in the free energy by corrosion is mathematically related to the elec-
tromotive force (EMF) of the reaction. An electrochemical-corrosion reaction can be
divided into anodic and cathodic parts, each with its own potential. Any reaction that
can be divided into two or more partial reactions of oxidation and reduction is termed
an electrochemical process. For example, in the anodic part, “oxidation” of a metal to
form metal ions and free electrons takes place, while in the cathodic part, “reduction”
of the metal ion to a metal occurs. The difference in these potentials is the EMF of the
overall reaction which provides the driving force of corrosion,

The anodic reaction occurring during corrosion processes is the oxidation of a metal
to its ion. However, the cathodic reactions can invelve the reduction of hydrogen, oxy-
gen, or metal. Examples of possible reduction equations in aqueous solutions are given in
Table 16.2-1. More than one oxidation and more than one reduction reaction may occur
simultaneously during corrosion. For examiple, in oxygenated acidic solutions, the evolu-
tion of hydrogen and the reduction of oxygen can occur simultaneously, Thus, n~rated
acidic solutions tend to accelerate corrosion because of an increase in reduction reactions
(higher consumption of electrons).

Table 16.2-1.
POSSIBLE REDUCTION EQUATIONS IN AQUEOUS SOLUTIONS

Hydrogen evolution 2H* + 2e — H,

Oxygen reduction (acid solutions) 0. + 4H* + 4e — 2H,0
Oxygen reduction (neutral, basic solutions) O, + 2H;0 + 4e — 40H"
Metal-ion reduction (to ions) M e - M*?

Metal-ion reduction (to neutrals) Mt + e — M.
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Galvanic coupling

Galvanic coupling can occur when two dissimilar metals are in contact with the same
corrosive medium (e.g., zinc and platinum in an acidic solution). Platinum is inert
(noble) and will not undergo anodic reactions (no dissolution). However, the addition of
platinum effectively increases the area for hydrogen evolution (i.e., the cathodic reaction
area). Also, hydrogen evolution occurs much more readily on platinum than on zinc,
resulting in an increased cathodic reaction rate (higher hydrogen production). Since the
anodic reaction rates are coupled to the cathodic reaction rates, an increase in one rate
results in an increass of the other. Consequently, inore zinc has to be dissolved to keep up
with the increase in electron consuniption because of hydrogen evolution on the platinum
surface. Thus, platinum has effectively increased the oxidizing power of the solution (i.e.,
consumption of electrons).

Most alloys are either solid-solution or heterogeneous. In solid-solution alloys (e.g.,
stainless steels), the alloying elements are fully soluble in each other, while in hetero-
geneous alloys {e.g., low-carbon steels) different phases can form because of the alloy-
ing elements. The presence of different plases in heterogeneous alloys can also lead to
galvanic-couplirg effects (i.e., to an increase in corrosion rates}. This is one of the rea-
sons that solid-solution alloys are generally more corrosion resistant than heterogeneous

alloys.

Because of phase formations in many allcys, ts- =se of the staudard EMF series
to determine galvanic coupling between alloys can be misleading. Therefore, measure-
ments have been made using common alloys to determine galvanic series, as shown in
Table 16.2-I1, which are based on potential measurements and galvanic corrosion tests in
unpolluted seawater by The International Nickel Company at Harbor Island, N.C:. [3]. Tt
should be noted that galvanic coupling does not always lead to an increase in corrosion
rates and in some cases it can lead to a decrease.

Polarization

Electrochemical reactions can be polarized or retarded by various physical or chemical
environmental factors. Two types of polarization have been identified, activation and
concentration, and both lead to decreased corrosion rates by reducing the rate of cathodic
reactions. The polarization mechanism can be described by considering the hydrogen
evolution in the water. Generally hydrogen ions diffuse through the fluid to the metal
surfaces, are adsorbed to the surface, and pick up electrons to form atoms. In the
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Table 16.2-11,

GALVANIC SERIES OF COMMERCIAL ALLOYS IN SEAWATER (3]

+

Nobie or
Cathodic

Active or
Anodic

!

9 @ & @& 9 9 o

Platinum

Gold

Graphite

Titanium

Silver

Chlorimet 3 (62 Ni, 18 ('r, 18 Mo)
Hastelloy C (62 Ni, 17 Cr, 15 Mo)
18-18 Mo stainless steel (passive)

18-8 stainless steel (passive)
Chromium stainless steel 11%-30% Cr (passive)
Inconel {passive) (80 Ni, 13 Cr, 7 Fe)
Nickel (passive)

Silver solder

Monel {7¢ Ni, 30 Cu)

Cupronickels {60-90 Cu, 40-10 Ni)
Bronzes (Cu-Sn)

Copper

Brasses (Cu-Zn)

Chlorimmet 2 (66 Ni, 32 Cr, 1 Fe)
Hastelloy B (60 Ni, 30 Mo, 6 Fe, 1 Mn)
Inconel (active)

Nickel {active)

Tin

Lead

Lead-tin solders

18-18 Mo stainless steel (active)

18-8 stainless steel (active)

Chromium stainless steel, 13% Cr (active)
Cast iron

Steel or iron

2024 aluminum (4.5 Cu, 1.5 Mg, 0.6 Mn)
Cadmium

Commerrially pure aluiminum (1100)
Zinc

Magnesium and maguesium alloys

{a) Seawater is generally oxygenated and slightly acidic.
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activation polarization process, the hydrogen atoms diffuse along the metal surface and
two hydrogen atoms eventually combine to form a molecule which leaves the surface.
Usually, the surface diffusion of hydrogen atoms is the rate-limiting process. In the
concentration polarization process, the hydrogen atoms leave the surface to combine with
another hydrogen atom inside the fluid and form a molecule (surface diffusion of hydrogen
is not required). The factor that controls the hydrogen evolution rate is the diffusion
of hydrogen ions through the fluid to the metal surface and, therefore, the hydrogen
reduction rate is limited by hydrogen-ion concentrations. This type of polarization occurs
mostly in dilute acids or in aerated, dilute salt solutions.

From the point of view of corrosion prevention, the distinction between activation
and concentration polarizations is important. In the case of concentration polarization,
environmental changes that lead to an enhancement of the diffusion of hydrogen ions to
the metal surface (e.g., velocity, agitation, and temperature) will reduce polarization and
will cause an increase in the corrosion rate. Activation polarization, on the other hand,
will not be affected by similar environmental changes.

Passivation

Unde certain environmental conditions, some metals can become essentially inert
and behave like noble metals. As the oxidizing power (consumption of electrons) of a
solution increases, the anodic reactions (transforming metal atoms into their ions) also
increase and result in a higher corrosion rate. In this “active” state, the corrosion rate
increases exponentially. Increasing the oxidation power of the solution beyond a charac-
teristic threshold value, however, will “passivate” the metal. Most commmon engineering
metals are susceptible to passivation. Stainless steel and titanium, for example, are easily
passivated metals.

In the passive state, the metal wiil show a sudden decrease in the corrosion rate.
During the transition from the active to the passive region, a 10? to 10% reduction of the
corrosion rate is usually observed. The precise processes responsible for this passivation
and sudden decrease in corrosion are not known. It is, however, speculated that some
form of activation polarization is producing a film on the metal surface which is stable
over a considerable range of oxidation power of the solution [5]. Further increases in
the oxidizing power of the solution to very high levels will eventually break down the
protective film and corrosion again nroceeds at about the same rate as during the active
state. This latter state is termed “trans-passive.” Active-passive characteristics are
shown in Figure 16.2-1,
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Figure 16.2-1. Corrosion characteristics of an active-passive metal as a function of the
oxidizing strength of the solution [3].

Potentiodynamic polarization curves

Electrochemical studies called “potentiodynamic polarization” tests are routinely con-
ducted to obtain mechanistic information on the corrosion rates. These tests measure the
current density versus an applied potential. Results of these tests are usually shown as
the potentiodynamic polarization curves (PPCs) similar to Figure 16.2-2. In a corrosion
process, the rate constant can be replaced by an equivalent value of the polarizing current
density [6].

Typically, the PPCs show three major zones where the current density increases,
distinguishing two passive ranges. The first and second zones are called, respectively, the
primary and the sscondary passivation zones (Figure 16.2-2). In the passive zones, the
current density remeins fairly constant over a wide range of poteuuals. The corrosion
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Figure 16.2-2. A typical potentiodynamic polarization curve (PPC).

rates in these passive zones are generally quite low. The transition zone between two
passive zones is usually very susceptible to corrosion believed to be associated with the
dissolution of one of the alloying elements. For example, chromium has been shown
to play a significant role in corrosion processes in steels and chromium-enriched grain
boundaries have been determined to be the major reason for the primary passivation
zone on the PPCs [3].

At potentials much higher than those that cause the secondary passivation, the current
density increases very sharply. This zone is associated with very rapid corrosion, such as
pitting or the onset of gaseous oxygen formation by the elecirolysis of water. 1t should be
noted that the PPCs do not indicate th= corrosiveness of material, only the sponianeity

of corrosion processes.



16-16 TITAN-1I FUSION-POWER-CORE ENGINEERING

Effects of temperature and oxygen concentration

It is found that corrosion processes and rates often depend strongly ou the thermal
history of the alloy. Chromium additions abeve ~ 10wi.% to steel are responsible for
most of the corrosion resistance of steels. At temperatures above ~ 950°C, the chromium
content along grain boundaries is eflectively lowered through the formation of CryCe
molecules. These chromium carbides are virtually insoluble and precipitale out of solid
solution, resulting in a depletion of salid-solution chrowium and carbon. These steels are
found to be susceptible to intergranular corrosion and are said to have become sensitized
(the reduction in chromium sensitizes the grain boundaries to corrosive media).

Oxidation reactions play an important role in the corrosion process. A measure of the
corrosiveness is the corrosion potential as a function of oxygen concentration that deter-
mines which corrosion reaction is favored thermodynamically. Stress-corrosion cracking
(SCC) of sensitized stainless steel under boiling-water-reactor (BWR) conditions [7-9],
rippling in boiler tubes [10,11], and erosion-corrosion on unalloyed steels {12] are some
examples which are correlated to oxygen/corrosion potential.

The corrosion potential for stainless steels has heen measured as a function of tem-
perature and typical values of the oxygen content of the boiler water {14]. Figure 16,2-3
shows the values of the corrosion potential of AISI 304 S§ as a function of oxygen concen-
tration in high purity water [7]. Although the values of corrosion potentials are not fully
identical for various experiments, in seneral, the potential increases from about —666mV
at zero oxygen content to about +5U Lo 100mV at 10,000 ppb (parts per billion} of oxygen
(Figure 16.2-3). The larger the potential value, the higher will be the anodic character
of the metal (the clectron sink strength is increased), causing a higher oxidation rate of
the jron into Fe*? jons. Highly negative corrosion potentials correspond to very low cor-
rosion rates. While an increase in the oxygen content increases the corrosion potential,
an increase in temperature decreases the potential for oxygen content in the range of 10
to 1,000 ppb in stainless steels (Figure 16.2-3).

16.2.1.2. Corrosion prevention

Mitigation of corrosion is possible by proper material selection, altering the envi-
romuent, using corrosion inhibitors, and by using protective coatings. Some of these
preventive measures are discussed below. The use of protective coatings, however, is not
itcluded hecause the stability of a particular coating in the TITAN-II nuclear environ-
ment should first be demonstrated.
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Figure 16.2-3. The corrosion potential of AISI 304 SS as a function of oxygen concen-
tration at diffcrent temperatures in high-purity water [13].

Material Selection

The most important method of corrosion prevention is the selection of the proper
material for a given environment. Stainless steels are frequently chosen as onc of the
primary structural materials. Under certain conditions {e.g., chloride-containing medi-
ums and stressed structures), however, stainless steels are less resistant than ordinary
structural steel [15]. Also, stainless alloys are more susceptible to localized corrosion
such as intergranular corrosion, stress-corrosion cracking, and pitting attack than ordi-
nary structural steels [15]. On the other hand, stainless steels are found to have excellent
resistance to nitric acid under a wide range of exposure conditions {the TITAN-II FPC

is cooled by an aqueous LiNQOj solution).

In general, for oxidizing conditions, chromium-containing alloys are used. For reduc-
ing environments (air-free acids and aqueous solutions), nickel, copper, and their alioys
show good corrosion resistance. The most corrosion-resistant material is tantalum which
resists most acids at all concentrations and temperatures.
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To guide the material selection, corrosion engineers have lists of “natural” metal-
corrosive combinations such as [3}:

o Nicke] and nickel alloys - caustic,

e Monel - hydrofiuoric acid,

» Hastelloys - hydrochloric acid,

o Lead - dilute sulfuric acid,

¢ Aluminum - nonstaining atimospheric exposure,

e Tin — distilled water,

Titanium ~ hot strong oxidizing solutions,

Tantalum - ultimate resistance,

Stainless steels — nitric acid,

Steel - concentrated sulfuric acid.

Altering the environment

Depending on the system, the corrosion rate can be drastically affected by physical
changes in the environment (¢.g., temperature, velocity, and oxidizer concentration).

Temperature. Lowering the temperature usually results in a sharp decrease in the
corrosion rates. In some cases, however, lowering the temperalure may have the opposite
effect. For example, increasing the temperature of pure or seawater from hot to boiling
decreases the oxygen solubility in water and causes a decrease in the corrosion rate.

Velocity. The effects of velocity on carrosion are very complex and are highly de-
pendent on the metal-environment combination, In corrosion processes thal are con-
trolled by activation polarization, velocity has little effect on the corresion behavior
{Section 16.2.1.1). On ‘he other hand, when the corroston rate is controlled by cathodic
diffusion, then velocity or agitation will lead to an increase in the corrosion rate. If ca-
thodic diffusion prevails and the metal is readily passivated, then an increase in velocity
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can result in an active-to-passive transition (Section 16.2.1.1). Stainless steels and tita-
nium, for this reason, are often more corrosion resistant when the velocity of the corrosive

medium is high.

Some materials will form visible protective corrosion layers that retard any further
corrosion. These films are unlike the passivation films and can be damaged and removed
by high-velocity medium flow. This type of corrosion falls under the category of “erosion-
corrosion™ and can be highly velocity dependent. An increase in the velocity may have no
effect or slightly increase the corrosion rate until a “critical” velocity is reached. Further
increase in the velocity will result in a drastic increase in the erosion-corrosion rate.
Table 16.2-I11 shows typical corrosion rates at three velocities for some common alloys.

Inicreased velocities may, in some cases, lead to a decrease in corrosion by preventing
silt deposition. This is only true <when silt or dirt buildup causes “crevice” corrosion.
Crevice corrosion is a form of attack primarily associated with small volumes of stagnant.
solution caused by crevices under bolts and rivet heads, gaskets, surfaces, lap joints,
surface deposits, and holes, The main cause of crevice corrosion is believed to be the
depletion of oxygen in the trapped and stagnant fluid. Crevice corrasion is a serious
problem and methods and procedures for mininiizing it include the use of welded butt
Joints instead of riveted or bolted joints, closing of crevices in existing lap joints by
continuous welding, and by frequent removal of deposits.

Oxidizers. Removing oxidizers is a very old corrosion-control technique. Techniques
for removing oxygen include vacuum treatment, inert gas sparging, or the use of oxygen
scavengers. Examples of oxygen scavengers include sodium sulfite and hydrazine which
remove oxygen as indicated by the following reactions:

2Na;S03 + O — 2Na;SO,, (16.2-1)
NoHy+ O — Np +2H,0. (16.2-2)

Monel and copper exhibit a distinct increase in the corrosion rate when oxidizers are
added to acid solutions. Neither of these materials passivate. However, materials that
require oxidizers to form and maintain a protective fihu would show an increase in the
corrosion rate if deaeration was performed. For example, when oxidizers are added to
the solution, active-passive alloys such as 18Cr-8Ni stainless steels experience an increase,
followed by a rapid decrease, and finally arrive at an oxidizer-concentration-independent
corrosion rate.
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Table 16.2-111.
CORROSION RATES OF METALS EXPOSED TO SEAWATER!"

Seawater Flow Velocity

Material 11t/s® 4ft/s 27 ft /s
Carbon steel 34 {0.18) T2 (0.33) 254 (1.18)
Cast iron 45 (0.23) - 270 (1.37)
Silicon bronze 1 2 343
Admiralty brass 2 20 170
Hydraulic bronze 4 1 339
G bronze 7 2 280
Al bronze (10% Al) 5 (0.02) - 236 (1.1)
Aluminum brass 2 - 105
50-10 Cu Ni (0.8% Fe) 5 (0.02) - 99 (0.40)
70-30 Cu Ni (0.05% Fe) 2 (0.008) - 199 (0.81)
70-30 Cu Ni (0.5% Fe) <1 (0.004) <1 39 (0.16)
Monel <1 (0.004) <1 4 (0.017)
316 SS 1 (0.004) 0 <1
Hastelloy C <1 (0.009) - 3 (0.028)
Titaniuin 0 - 0

(a) Corrosion rates are given in mdd (mg/dm?) and in mm/y (values in parenthesis).
(b) Imumersed in tidal current.
(¢) Immersed in seawater flume.

(d) Attached to immersed rotating disk.
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The effects of oxygen on corrosion rates depend on both the medium and the metal
used. Nesmeyanova et al. [16] showed that the addition of oxygen markedly increased
the corrosion of low-alloy steels (having less than 12% total alloy content) and stainless
steels in distilled water at 300°C, while Maekawa et al. [17] and Ito e? al. [18] found that
the corrosion rate of austenitic stainless steel is generally greater in deaerated (oxygen
free) water than in air-saturated water.

More recently, the role of dissolved oxygen on the corrosion behavior of mild and
stainless steel in aqueous solutions at temperatures above 100°C were studied by Fujii
et al. [19]. They concluded that: (1) The passivity which appeared in deaerated solutions
was caused by the formation of a protective magnetite film. On the other hand, the rather
poorly protective oxide obtained under air-saturated conditions was identified as a-Fe30;
together with small amounts of Fe3O4. (2) The corrosion potential of stainless steel was
raised into the trans-passive state (higher corrosion rates) with increased temperature and
amount of dissolved oxygen. (3) The pitting of stainless steel in high-temperature water
containing chloride ions is attributable to the effect of dissolved oxygen. These results
show that removal of oxygen at high operating temperatures is beneficial in minimizing

corrosion of stainless steels.

Corrosion inhibitors

Another corrosion-contral technicue is the addition of “corrosion inhibitors” to the
solution. The most commonly used are adsorption-type inhibitors which suppress metal
dissolution by adsorbing to the surface and thereby reduce both anodic and cathodic
processes. The majority of inhibitors are organic amines (e.g., glycine, lysine, and tryo-
sine}). Hydrogen-evolution poisons (e.g., antimony and arsenic ions) are very effective as
corrosion inhibitors for acid solutions because they retard hydrogen evolution. In closed
spaces such as the interior of machine rooms, vapor-phase inhibitors are sometimes ap-
plied. These inhibitors consist of high-vapor-pressure organic substances that are put in
the vicinity of surfaces to be protected and act similar to adsorption-type inhibitors by
building protective layers through sublunaiion on surfaces.

Inhibitors have to be chosen specifically for a certain metal, environment, concentra-
tion, and temperature range. Lists of appropriate inhibitors and their application ranges
have been compiled and are available [20]. Table 16.2-1V lists some of the reference
inhibitors. Only nitrite and nitrate inhibitors are listed to point out their corrosive
inhibiting potentials for use in reactor desigus.
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The types and quantities of inhibitors to be used have to be determined empirically.
Clorrosion processes are very sensitive to the operating conditions. It is particularly
important to determiue the exact amounts of inhibitors to be used becanse too little can
often lead to an increase in the localized attack {rather than prevent it). The general
rule of corrosion engineers is to use inhibitors in abundance. In some cases, two or more
inhibitors are added, resulting in a larger reduction in the corrosion rate thaun if these
inhibitors were used individually. One such “synergistic” corrosion-inhibiting effect has
been well documented for nitride and molybdate jons. Sodiun nitride has long heen used
to inhibit ferrous-metal corrosion in closed cooling systems [21]. Sodium molybdate was

Table 18.2-1IV,
REFERENCE LIST OF CORROSION INHIBITORS

Meta! Enviromment Inhibitor
Aluminum  Alcoliol antifreeze Sodium nitrite or molybdate
Aluminum  Ethylene glycol 0.01% to 1.0% sodium nitrate
Aluminum  Hydrogen ;;eroxide Alkali metal nitrates
Aluminum  Methyl alcohol Sodium nitrite or chromate
Copper &  Tetrahydrofurfuryl alcohol 1% sodium nitrate or

brass 0.3% sodium chromate
Monel Sodium chloride 0.1% sodium nitrite
Monel Tap water 0.1% sodium nitrite
Steel Tetrahydrofurfuryl alcohol 1% sodium nitrite or

0.3% sedium chromate

Steel Water-saturated hydrocarbons Sodium nitrite
Tin plate  Alkali cleaning agents Diethylene diaminocobaltic nitrate
Tin plate  Alkaline soap 0.1% sodium nitrite

Tin plate  Sodium chloride 0.2% sodium uitrite
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also shown to be an effective corrosion inhibitor of steel in aerated open or fully closed
cooling-water systems [22]. Table 16.2-V indicates the individual corrosion-inhibiting
effects of NO; and MoOj? ions of a fairly corrosive media. The test water contained
250 mg/l chloride, 520 mg/] sulfate, 250 mg/l calcium and 15 mg/1 magnesium at 60°C.

Recently, it was shown that sodium nitride interacts synergistically with sodium
melybdate [21]. Figure 16.2-4 shows the synergistic effect on the corrosion rate. The
synergistic interaction of the two inhibitors is evident at all of the weight ratios of
Mo0;2/NO;z, with optimum synergism occurring at inhibitor ratios ranging from 50/450
to 250/250 mg/l. The PPC of MoO;*/NO; system were studied and it was found that
the current densities in each of the passive regions were lower than the corresponding
passive current densities with either molybdate or nitride ions used separately. The pri-
mary passive region near -500 1V is attributed to mnolybdate, while the secondary passive
region near 0 mV results from nitride.

16.2.1.3. Stress-corrosion cracking

During stress-corrosion cracking (SCC), a metal is virtually unattacked over most of
its surface while fine cracks progress through the bulk of the material. The alloy becomes
brittle with little or no macroscopic plastic deformation. Although many alloys are sus-
ceptible to SCC in at least one environment, SCC does not occur in all environments,
Moreover, an environment that induces SCC in one alloy does not necessarily induce
SCC in another. Stress-corrosion cracking has serious consequences since it can occur at
stresses within the range of typical design stresses. Stress-corrosion cracking can occur
both in transgranular (across grains) or intergranular (between grains) modes. Intergran-
ular stress-corrosion cracking (IGSCC) is found to be the dominant failure mechanism
in sensitized austenitic stainless steels, while transgranular SCC (TGSCC} has been re-
ported to occur primarily in ferritic and low-alloy steels [23]. Three requirements must
be fulfilled simultaneously for SCC to occur: {1) the steel must he sensitized, (2) the
steel must be under tensile stress, and (3} the enviroument must have specific corrosion
properties (e.g., oxygen).

The typical oxygen content in BWRs duriug full-power operation is about 200 to
400 ppb. The source of oxygen is the radiolysis of water in the reactor core. Oxygen
contents that result in corrosion potentials below -300 mV have been shown not to pro-
duce any IGSCC {7]. This corresponds to an oxygen content of not more than 10 ppb
at temperatures above 200°C (Figure 16.2-3). Operating a BWR at full power with less
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Table 16.2-V.
CORROSION RATE OF SAE 1010 STEEL!"

Oxygen Concentration (mg/1)

Test Water!® 0 1 2.5 5
Uninhibited 0.1 (0.00) 6.6 (0.17)  16.3 (0.41) 40.1 (1.02)
500mg/l MoO;2  0.1(0.00) 50 (0.13)  12.8 (0.32) 1.7 (0.04)
1000 mg/l MoO;2 0.1 (0.00) 4.1 (0.10) 7.6 (0.19) 1.9 (0.05)
500 mg/1 NO; 0.1 (0.00) 4.9 (0.12) 8.6 (0.22) 9.6 (0.24)
1000 mg/1 NO; 0.1(0.00) 0.5 (0.01) 0.4 (0.01) 0.4 (0.01)

(a) Corrosion rates are given in mils per year and in mm/y (values in parenthesis).

(b) Uninhibited and inhibited test water at 60°C and a pH of 9.

0.40 Y T T T
0.30 - 2.5 mgiLO, /-
0.20

0.10

Corrosion Rate (mm/y)

0
0/500 100/400 200/200 300/200 400/100 500/0

MoOf/ NO, Concentration (mg/L)

Figure 16.2-4. Corrosion rate of SAE 1010 steel in 60°C test water showing the syn-
ergistic effect on corrosion inhibition with MoO;?/NQO; combinations.
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than 10-ppb oxygen content was achieved in the Swedish reactor OSKARSHAMM-2 [24).
The oxygen content was kept at 3 to 5 ppb by the addition of hydrogen to the feed water.

The Swedish researchers [23] were able to correlate IGSCC average crack-propagation
rates to the corrosion potential at low strain rates (51073 s77). The tests were conducted
on austenitic stainless steels at 275°C. For oxygen contents of about 400 ppb, the crack-
propagation rate was around 5 x 107% mm/s while for tests with oxygen contents less than
10 ppb, the propagation rate was as low as 10 "mun/s. These measurements indicate a
high sensitivity of IGSCC to the oxygen content of the coolant water.

Ljungberg et al. [23] tested 20 different steels including ferritic steels. Their results
indicate that ferritic steels are sensitive to TGSCC under pure-water conditions (PWC).
However, with hydrogenated water (alternate-water conditions, AWC), no TGSCC was
observed {oxygen contents < 10ppb). They concluded that TGSCC in ferritic and
mattensitic steels muay be inhibited at a somewhat greater oxygen content in the re-
actor water than that needed for inhibiting 1GSCC in sensitized stainless steel. The test
results on ferritic and martensitic steels are summarized in Figure 16.2-5.

The fact that the AWC mitigates TGSCC in ferritic and martensitic steels with
a somewhat broader margin of acceptable oxygen levels than for IGSCC in sensitized
austenitic steels was also observed and reported by DRESDEN-2 experimentalists [25].
It should be noted that TGSCC of the type measured in the above experiments has never
occurred in an operating BWR. Presumably, it is specific to the extreme mechanical
conditions prevailing in the above-mentioned tests, with a constant extension rate such
as the TGSCC observed in austenitic stainless steel with AWC.,

Gordon et al. [26] also investigated the corrosion resistance of ferritic steels through
hydrogen addition to BWR coolants. At a test temperature of 288 °C, the oxygen content
was held close to 20 ppb by dissolving 125 + 25 ppb hydrogen at a pressure of 8.69 MPa.
Low-alloy- and carbon-steel samples were characterized by no crack growth under con-
stant load-stress intensities of up to 50.9 MPa-m'/2. Under cyclic loads, these samples
showed a 7 to 20 times lower crack-propagation rate compared with samples exposed to
nominal BWR environtnent (200 ppb oxygen). Furtherniore, the addition of hydrogen
to the test water did not show any evidence of hydrogen stress cracking or hydrogen

embrittlement in low-alloy and high-strength, wrouglt martensitic stainless steels.

In addition to the control of the water chemistry, another remedy to SCC has been to
develop alternative SCC-resistant materials. The most imporiant materials of this type
are the nuclear-grade stainless steels such as AIS1 304 NG and 316 NG. These steels have
a low carbon content (0.2wt.%) to aveid sensitization, but contain nitrogen (between
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Figure 16.2-5. Summary of RINGHALS-1 CERT test results on ferritic and martensitic
steels. For each test condition, the bars and symbols represent the result
for the following alloys from left to right: A 204, SA 533, SA 508, wud
AISI 431. Symbol * denotes no cracking and symbol O denotes the
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0.06 and 0.1 wt.%) to maintain the strength required by the ASME Boiler and Pressure
Vessel Code. These nuclear-grade materials have been found to be much more IGSCC
resistant than the regular AISI 304 and 316 stainless steels [27].

16.2.1.4. Corrosion in nitrates

Nitrates are known to be effective corrosion inhibitors (Table 16.2-1V) for stainless
steels. In this section, the effects of nitrates on ferritics and austenitic steels are discussed.

Ferritic steels

In contrast to the voluminous literature on cracking in austenitic stainless steels, little

information has been published coacerning ferritic stainless steels. Until recently, it was
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Table 16.2-VI,

THRESHOLD STRESSES (MPa) OF MILD STEELS IN
BOILING NITRATE SOLUTIONS [30]

Solution Concentration(®

Nitrate Ew—i 4N 2N 1IN
NH,NO, 15.5 22 54. 92.5
Ca (NO3), 385 54. 92.5 177.5
LiNO,3 38.5 62. 146,54 177.5
KNO3 46.5 62.5 108. 185.5
NaNOj 62. 146.5 170. 201.

(a) Normality, N, is in grams of solute per liter.

(b) Concentration was 2.5N for this case.

more or less assumed that ferritic steels would not undergo SCC under similar environ-
meats which cause SCC in austenitic steels [28]. However, in the late 1360s, Bond {29]
showed that the addition of nickel, copper, or cobalt can cause ferritics to become suscep-
tible to SCC. In molybdenum-free steels, on the other hand, even 1,5-wt.% nickel did not
produce susceptibility to SCC. The dependency of SCC cn various interstitial components
is very complex and strongly depends on tlie coucentration of these components [28].

[n an extensive study of SCC in low-strength ferritic steels, Parkins [30] investigated
+he susceptibility of low-carbon steels to SCC in the presence of a variety of nitrate
solutions. Table 16.2-VI demonstrates the varying susceptibility of mild steels to cracking
according to the nature of the cation and the councentration of the solution in boiling
(atmospheric pressure) nitrate solution. The results show a marked reduction in the
threshold stress as the solution concentration is increased. Table 16.2-VI also indicates
a variation in the threshold stress with different cations at a constant ceacentration,
According to this data, NaNQ; is tlie least potent and NH4NO4 the most potent solution,

with LINO; somewhere between these two limits.
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The effects of various cations in nitrate solutions have been related to the cation
influence on the acidity of the solution. Recent studies have shown that acidic impurities
accelerate the crack initiation, while essentially all inpurities accelerate the crack growih
rate which is geverned by the concentration of the aniou {31]. Therefore, the potency
of the solution can he varied by changes in the pH value. Indeed, constant strain tesis
in 4 N NaNQj; showed that acidification reduces the time-to-failure, while raising the pH
value above 7 (e.g., through addition of MaOH) causes marked increases in the time-
to-failure [30-33]). This finding, although not substantiated for LiNOj, would indicate
an advantage in buffering the pH of the LiNO; solution to ahove neutrality to reduce
SCC of ferritic steels. On the other hand, for a Ca(NQOj3)a solution, a marked decrease
in the time-to-fa‘lure below or above a pH vaiue of 4 is observed {30]. Thus, a decrease
ot an jucrease in the pH value from a specific range could lead to an order-of-magnitude
reduction in the time-to-failure.

An extensive investigation inlo jon-mitigating SCC of ferritic steel through the ad-
dition of various substances wa: performed by Parkins and Usher [32]. They concluded
that oxidizing agents such as KMnO,, MnSQOy4, NaNQ,, and K,Cr;O; generally accelerate
crack formation, while compounds such as Na,COz, HzPO2, NagHPOy, and CO(NH,),
that form insoluble iron products, retard failure. This is an important point, since from a
radiolytic point of view, oxidizing agents such as KMnQy4 have been shown to reduce the
formation of molecular decomposition products such as H20,, OH~, and H;O*. Thus,
in a nuclear enviromnent, the two opposing effects of the addition of oxidizer agents to
the aqueous coolants hiave to be optimized. Stress-corrosion cracking is minimized by
removing oxidizing agents while radiolytic decomposition is reduced by adding oxidizers.

The eflects of halide additions to uitrates have also been studied (34]. Fluoride addi-
tions showed no effect, while chlorides and bromides both increased the time-to-failure.
Small amounts of chloride added to a 4 N Ca(NO;): solution increased the time-to-failure
by orders of magnitude. Addition of chloride to NH,NOj solution had little or no eflect
on the time-to-failure. The effects of chloride addition to LiNQOj, solutions have not heen
reported. Based on data reported in Table 16.2-V], no marked effect is expected.

The eflects of temperature on the cracking of sleels in nitrate solutions follows a
typical Arrhenius plot: & logarithmic dependence of failure time on the reciprocal of the
temperature, as is seen in Figure 16.2-6 {35]. The slope of the Arrhenius plot is a measure
of the activation energy of SCC. Values for the SCC activation energy vary, depending
on the cation type and kind of steel used and are very sensitive to the nature of the
filns that fornt on the surface of the metals. Therefore, cracking does not depend only
on temperature but also on precise electrachemical conditions which may in turn depend
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Figure 16.2-8. Effect of the temperature on the time-to-failure of carbon steels in a

60% Ca(NQj), + 3% NH4NQj; solution (35].

on the pressure and substances other than the NOJ ions. Sgklarska et al. [33] point out
that their measured activation energy for cracking agrees with the dissolution energy of
iron in the corresponding nitrate solution. Because of discrepancies, the use of reported
activation energies for cracking appears to be limited.

Austenitic steels

The main concern with the use of nitrates is SCC of unalloyed carbon steels. An
extensive literature search was carried out by Waeben ¢f af. [36] to determine the com-
patibility of lithium salts with steels as a function of water temperature and salt con-
centration. They note that no specific corrosion problems are reported for stainless steel
in the presence of nitrate solutions, indicating no appreciable dificulties in practice with
such systems. Their major findings on the effects of nitrates on corrosion are: (1) The
threshold stress to cause failure decreases with an increase in the nitrate concentration.
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(2) The failure times change logarithunically with the reciprocal of temperature, (3) The
aggressiveness of nitrates with choice of cation decreases in the following order: NH,,
Ca, Li, K, and Na, (4) At a pH value above 7 tu 8, the susceptibility of steel to SCC
dinninishes. (5) The susceptibility to SCC is the highest for steels with about 0.01 to
0.95-wt.% carbon content. (6} Alloying elements such as chromium and molybdenum
show a beneficial effect on SCC, but nickel shows littie or no effect.

Potentiodynamic polarization curves for 316 55 in water with LiNOy concentrations
of 0.0296 and 0.296 g/cm® at 95 and 250 °C have been constructed by Waeben et al. |36).
The most significant finding was the lack of a marked transition between the primary and
secondary passive regions which indicates that dissolution of a passive layer of alloying
elements does not set in abruptly and, thus, a good passive behavior is observed over the
entire potential range. Furthermore, the anodic currents are alimost independent of the
LiNOj; concentration but are strongly temperature dependent. Microscopic exansination
of the 316 SS showed that a simooth oxide film was formed on the metal surface in
LiNO; solution, with a roughness whiclh was indepeudent of solution concentration and
temperature. Some crystallographic attack/deposit and small pits were found on both
austenjtic and martensitic stainless steels. The duration of the test was too short (200h)
to conclude that stainless steels are susceptible to pitting corrosion in LiNOj solutions,

16.2.1.5. Discussion

Fundamentals of the nature of corrosion were reviewed brieft- to demonstrate that
carrosion is primarily an electrochemical process. The electromagnetic enviroument of a
fusion device can, therefore, have unforseen effects on the corrosion rates by tie aqueous
solution that are not experienced in conventional environments. The complexity of vari-
ous envirenmental factors such as temperature, velocity, oxidizers, and other impurities
was pointed out. The interdependence of these environmental factors is too great to al-
low any decisive conclusions regarding approximate corrosion rates. Lack of knowledge of
the effects of irradiation and the effects of radiolytic decomposition products on corrosion
mechanisms will undoubtedly further complicate the understanding and extrapolation of
existing data.

Most recent experience with SCC in the nuclear environnient was presented. The
most significant finding was that a reduction of oxygen content through the addition
of hydrogen to the coolant can reduce SCC in most ferritic and austenitic alloys. The
effects of alloying elements on SCC were investigated. The high chromium content of the
9-C alloy (11.84 wt.%) is very helpful in reducing the susceptibility of this alloy to SCC,
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The carbon content of the 9-C alloy (0.097 w1.%) is outside the range of highest SCC
susceptibility but is high enough for sensitization to occur {> 0.02wt.%) if the alloy is
heated to temperatures above ~ 950 °C.

Experience with various aqueous nitrate-salt solutions shows that the choice of the
cation will affect the degree of corrosion attack. The aggressiveness of nitrates decreases
with choice of the cation in the following order: NHi, Ca, Li, K, and Na. Thus for
the LiNOj salt, the aggressiveness of NOj ions is in the medium range. The effect of
the cation choice on SCC has been related to the acidity of the solution. Investigations
into buffering the LiNOj, salt solutions to an optimum pH value could lead to marked
reduction in the aggressiveness of the solution. Reduction of the oxidizing strength of the
salt solution has been found to retard failure of test samples by SCC. On the other hand,
an increase in the oxidizing power of the solution decreases radiolytic decompasition
rates. An optimum oxidizing strength has to be established experimentally since the
number of factors tuvolved are too large to make analytical predictions.

Recent experiments [36] on the corrosion rates of LiNOj salt solutions with 316 SS and
with a martensitic alloy at 95 and 250 °C show a lack of a marked trausition between the
primary and secondary passive regions. These data imply that a relatively stable passive
layer is formed in this salt. Microscopic examination of the 316 SS showed that a smooth
oxide film was formed on the metal surface in LiNOg, with the roughness independcunt. of
solution concentration and temperature. Recently, electrochemical corrosion tests were
performed for aqueous LiOH and LiNO; solutions in contact with AISI 316 L stainless
steel [37]. It was found that stainless steels, particularly low-carbon steels, exhibit hetter
carresion resistance in an LiNQ; solutton than in LIOH.

It should be noted that most of the above experimenta! findings regarding corrosion
and SCC of steels in LiNO; salt solutions were obtained without any control of the
oxygen content of the solution which plays a significant role. In a fusion environment,
the production of tritiumn will undoubtedly affect the oxygen content of the aqueous
solution through recombination. Thus, breeding of tritium in the agueous solution can
potentially reduce corrosion and SCC of the structural material used in the FPC.

The investigation of the corrosion of ferritic steels iu an aqueous LiNOj salt soln-
tion does not show unexpectedly ligh corrosion rates or high susceptibility to SCC. In
addition, the latest experimental findings do not indicate any unforeseen calastrophic
corrosion attack. However, an extensive research effort needs 1o be undertaken to con-
firtn these observations. Furthermore, the eflects of high-energv-neutron irradiation on
corrosion mechanisins and rates should be examined.
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16.2.2. Radiolysis of Aqueous Solutions

When water or aqueous solutions are used as the coolant in a fusion reactor, water will
undergo extensive radiolysis becanse of the exposure to high levels of ionizing radiation.
Various products such as Ha and H,O, will be formed, depeuding on the composition,
temperature, pH, and impurities in the coolant. The radiolysis of water causes two major
areas of concern. First, radiolysis can creale large quantities of explosive gas mixtures.
Second, the radiolytic decomposition products, in particular H,O,, can enhance the

corrosion rate of structural materials.

The TITAN-11 FPC is cooled by an aqueons LiNO; salt solution. The presence
of lithium atoms undergoing (n,a) reactions in the coolant introduces high-energy «
and tritjum recoil ions. These energetic ions, together with neutrons, interact with
the surrounding water molecules causing the decomposition of wates molecules. Thus,
contributions from both the ionizing radiation and the nuclear reactions in the aqueous
solution should be included in the analysis.

It is desirable to quantify the radiolytic products as a function of water chemistiry,
impurity levels, temperature, and the characteristics of the radiation field. However,
the camplex interrelationship between environmental factors and the formation rates
of the decomposition product makes this task very difficult. Furthermore, very little
experimental data are available on production and recombination rates of radicals in

aqueous LiNOj salt solutions.

In this seciion, an introduction to radiation chemistry is given (Section 16.2.2.1),
followed by a qualitative description of radiolytic processes. Effects of LiNO; additions
on radiolysis are reviewed. In conclusion, the findings and uncertainties due to the
radiolysis ot the salt solution are sumnrarized.

16.2.2.1. Background

Ever since Roentgen discovered the X vay, the eflects of nuclea~ radiation which cause
¢! emical changes have been investigated as a branch of chemistry (radiation chemistry).
During the 1960s, radiation chemistry received a great deal of attention and identified
intermediate species in gases and liquids, the mechanism of energy loss of free-radical and
ion-pair formation and distribution, and transient species. International conferences are
still being held, mostly in Europe, with heavy contribution from eastern block scientists.
While the literature of the 1960s is rich in research performed on various nitrate solutions,
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LiNO; solutions have only been studied in the last decade and mostly by scientists in
the USSR.

Interaction of highly energetic particles and photons with matter can be divided
into two categories: light particles {electrons and photons), and heavy particles. It is
important to note that the chemical effects produced in the water by this variety of
radiation is much the same. The main difference lies in the geometrical distribution
of the intermediate products that are formed by the interaction of the radiation with

matter.

Photons

Piotons produce free electrons by interacting with matter through three processes:

Photoelectric effect. All of the photon energy is given to one electron. The most
tightly bound electron in water, the K-electrons of oxygen, requires 532eV to become
ionized and removed from the molecule. The excess energy of the plhoton will, therefore,
appear as kinetic energy of one electron.

Compton effect. The photon only gives up part of its energy to an electron. The
remainder is carried by a scattered photon of longer wavelength which eventually will be
absorbed by the photoelectric effect.

Pair formation. For plhotons with energies above 1 MeV, the pair-formation process
becomes significant. When a high-energy photon passes near an atumic nucievs, a pair
of positive (positron) and negative electrons may be formed. The probability of pair
{ormation is directly related to the charge of the nucleus. For water, the pair-formation

process is negligible.

Electrons

The rate at which a moving eiectron loses energy, —dE/dxz, is called “stopping power”
by physicists and “linear energy transfer” (LET) by radiobiologists. For nonrelativistic
electrons having energies below 50 keV the energy loss equation is [38]:

dE  2me!NZ ln(E e)‘

- = = - (16.2-3)

TV2
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where e is the charge of the electron, E is the energy of the moving electron, NZ is the
number of electrons per unit volume of irradiated material, ¢ = 2.71828 is the base of
natural logarithms, and J is a number characteristic of each material (sometimes called
“stopping potential”). Porameter / depends on the atoms present in the material but
is independent of the chemical bound of the atoms. For water, the value of ] has been
estimated between 66 [39] to 69 [40]. For I = 66, Equation 16.2-3 can be reduced to

dE _ 101910g( E)

e — 16.2-4
dr E 56.6 ( )

where —dE/dz is in units of eV/A. At higher energies, Equation 16.2-4 is modified to
include the relativistic change of mass of the electron, resulting in a minimum value of
—dE/dx of 0.018eV/A for electron energies in the range of 1 to 2MeV,

Another quantity of interest is the energy loss of the electron in each event. Although
the probability of energy loss decreases exponentially with increasing electron energy, at
low energies, the probability depends on the binding energy of the electron in the material
and becomes difficult to calculate. Pollard [41] has determined the average energy loss
per event to be 120€V £ 30% i a Jow-pressure cloud chamber, The true value may be
different in liquid water than in the gas cloud chaniber.

If the electron energy greatly exceeds the ionization potential, another fast electron
will be produced which is called a secondary or tertiary electron. These secondary elec-
trons may carry enough energy to cause ionization along their path lying within a few A
of the primary ionization event and leading to the formation of a cluster of ions. These
groups, referred to as “spurs,” will form along the main track of the primary electron.

Figure 16.2-7 shows the LET for electrons in water as a function of electron incident
energy. While passing through matter, electrens change direction frequently as a resuit
of collisions with atomic nuclei. The loss of energy with distance refers to the actual
distance traveled, not to the distance between beginning and end of path.

Heavy charged particles

Ions travel at slower speeds than an electron of equal energy bhecause ions are much
heavier. The LET equation for ions is similar to that for electrons, except that it also
depends on the magnitude of jon charge:

dE 21re“ZfNZ M 4F m
ln( ) .

T E m \T M

T d = E ™ (16.2-5)
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Figure 16.2-7, The LET for electrons in water [42].

where M and Z; are, respectively, the mass and atomic number of the moving ion.
Assuming I = 66 for water, the LET equation for protons reduces to:

dE 1.876 E
“dr  E (0.0605) ' (16.2-6)
and for & particles to
dE 29.735 E
& T TE (0.1203) : (16.2-7)

where E is units of MeV and —dE/dz in units of eV/A. The LET for helium ions
(o particles) in water is shown in Figure 16.2-8.

Towards the end of the track, where the charged particle energy is reduced, it may
capture electrons from the surroundings and ecome a {ast-moving neutral atom (e.g.,
for o particles with energies below ~ 0.5MeV). As the neutral atom travels through the
media, it may lose one, or all, of its electrons and recapture them a later time. The net
energy loss of a neutral during these electron loss and capture processes is, therefore,
much lower than that of a charged particle. The energy of the fast-moving neutrals is
transferred primarily by direct collisions or “knock-uns” to the target nuclei.

Since the LET is proportional to the fourth power of the charge of the particle,
a particles have small LET values. Therefore, an o particle retains its charge over a
large part of the track, maintaining a fairly constant stopping power until it reaches the
knock-on mode.
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Figure 16.2-8. The LET for helium ions (o particles) in water [42].
Neutrons

Fast neutrons lose their energy by collision with the atoms in the material. In water,
the hydrogen atom will take up most of the energy (on average, about half the energy
of the neutron). The recoil hydrogen atom starts to travel at a very high velocity, is
immediately stripped of its electrons, and becomes a fast proton. Therefore, irradiation
by fast neutrons actually results in irradiation by fast protons.

16.2.2.2. Products of the radiolysis

The water decomposition products are often termed “molecular decomposition prod-
ucts” to distinguish them from the short-lived free radicals. The overall process can be
broken up into three stages. During the first stage (lasting < 1072 s), mainly H,O* ions
and excited water molecules, H,O*, are produced. These products undergo a series of
transformations during the second stage (lasting ~ 1071's). These second stage trans-
formations result in the formation of hydrogen atoms, hydrated electrons, OH radicals,
and some H; and H;O;. Only during the third stage do the radicals undergo a variety
of chemical reactions. If the radical concentration is high (e.q., in or close to spurs),
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radicals recombine to formn molecular products H, and H,0,. This stage is completed
within 107° to 10~% s after irradiation. Radicals which do not recombine in the spurs will
recombine in the bulk of the solution or, if present, with solutes. These reactions will be
completed within 1077 to 107%s [43).

In describing the system of reactions occurring during water decomposition, the hy-
drated electron is used. The solvated electron, called “hydrated” electron (ez, ), is trapped
in a solvation shell. The discovery of hydrated electrons showed that eiectrons in water
were chemical entities, as distinct from possessing purely physical characteristics. They
have diffusion properties, size and sphere of influence, associated ion atmosphere, and
reaction rate parameters, all comparable to normal chemical reagents [44]. The hydrated
electron, e_ , reacts with a hydrogen ion and produces a hydrogen atom:

e, +H* — H. (16.2-8)
Today it is widely accepted that the Lhydrated electron is the precursor for the fermation
of the hydrogen atom.

Interactions between the hydrated electron and water, and between the radicals con-
stitute the following molecular product equations:

ez, +en, F2H,0 — Hy+20H, (16.2-9)
e, +OH — OH™, (16.2-10)
H+H — H, (16.2-11)

OH +OH — Hy0,, (16.2-12)
H+0OH — H:0. (16.2-13)

The radicals that escape reactions with other radicals have a chance to diffuse away from
the spurs and react with other molecular products. These reactions are denoted as “chain
reactions” since they result in radicals that could again react with other molecules:

H,0,+H — H.0+OH, (16.2-14)
H:+OH — H,0+H. (16.2-15)

Although some hydrogen and hydrogen peroxide s produced by direct association of
water through

H,0 + H,0* — H, + H.0,, (16.2-16)
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it has been established that most of the Ha and HoO» is formed by the radical recombi-
nation reactions { Equations 16.2-11 and 16.2-12). The molecule H,O" denotes an excited

water molecule,

Oxygen is found among the water decomposition products, although it seeimns Lo be
formed not directly from water but as a result of action of the radicals on hydrogen
peroxide, Thus, the radiation decomposition of water is generally described in terms
of the amounts of molecular H; and Hy0a4, the free radicals H and OH, and the free-
radical decomposition products such as Oy and HOs. The HOz; molecule forms mostly
with heavy-particle irradiation and has to be included as another gquantity to be consid-
ered. When solutes are present, subsequent reactions of these entities with the dissolved

material are also included.

It is important to note that although the free radicals are generally denoted as H and
OH, their actual molecular constitution is not absolutely known. It is clear that His a
powerful oxidizing agent while OH is a powerful reducing agent, and that they can react
with each other to form H. and H,Q;. In a polar medium (i.¢., water), solutes are often
found to exist in acidic or basic forms. The radical OH might be present in its basic form
{O~) or in its acidic form (H;O0*), and the H radical may actually exist as a solvated
electron (basic form of H) or acidic form HY (loss of a proton is ternied “basic,” gain of a
proton is termed “acidic”). So the ionization nrocess of a water molecule results in a free
electron and an H,O% ion. This ion is the “basic” form of the H radical or the “acidic”
form of the OH radical.

16.2.2.3. Molecular and radical yields in water

Reaction yield for a product, P, is denoted by G(P) and refers to the number of
radicals or molecules which are produced by radiation and determined by chemical anal-
ysis. Reaction yields expressed in this mnanner are different from the number of molecules
and radicals which are produced directly by the radiation because these products may
decompose further by reacting with the free radicals. Reaction yields are expressed in
terms of numbers of molecules or radicals produced per 100eV of energy absorbed by the
media.

Gamma rays

Highly pure water irradiated with X or v rays appears to be stable, showing no
decomposition at all. The apparent stability arises from the reaction of free radicals with



16.2. MATERIAL SELECTION 16-38

4 I 1 1 L) ) 1 1

G(H + egq )
3 r -
g of oo _
=
1r G(H202) -
G(H,)
0 | | 1 1 1 ] ]
0 4 8 12 16

pH
Figure 18.2-9. Variation of the primary yields of 4-irradiated water with the pH value.

molecular products (H; and H;O;) leading to recombination back to water. The net
stability of water is seen to depend on whether the hydrogen gas is retained in the water
to be acted on by the radicals, or allowed to escape. This was shown through experiments
in which the hydrogen gas could escape to evacuated volumes [45].

The eflect of pH on +-ray yields of ordinary water has been well documented [42,43].
Figure 16.2-9 shows that the primary yields for gamma irradiation varies little in the pH
range of 4.5 to 10.5 [46].

Alpha particles

When pure water is irradiated with o particles (high LET?}, the number of molecular
decomposition products formed is too great to be converted back into water, resulting
in a continuing net decomposition of water. Heavy-particle radiation, therefore, leads to
extensive decomposition of the water into hydrogen gas, hydrogen peroxide, and oxvgen,
while the effect on dissolved solutes is considerably less for a given energy than with the
light-particle radiation [47].
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As early as 1913, a careful study of the decomposition of water in three phases (ice,
liquid, and steam) by o particles from radon was published by Duane and Scheuer [48].
They reported considerable formation of hydrogen peroxide, oxygen, and hydrogen. More
recently, Lefort [49] showed that the hydrogen yield from the action of a particles on a
larger number of solutions to be about the sam, with value of G(H,) = 1.7. Since the
OH radicals are the vrime radicals that convert the molecular hydrogen back to water, the
a-patticle yield of free OH must be very small. One explanation is that the free radicals
must be produced so densely in the track of the « particle that nearly all undergo initial
recombination to form Hz and H;Os, or to go back to water [50].

Since the track density {(of radicals) is directly related to the LET, the ratio of radicals
to molecular yield should increase with decreasing LET. Another possible reaction in
dense tracks is the encounter of an HQ, with a third OH radical:

OH + H:0y — H.O+ HO, . (16.2-17)

Counsequently, for particles of high LET, there are five primary yields: Gy, Gon, Ga,,
G0, and GO, Quick estimates for high-LET radiation can be fouud from curves
that display yields as a function of initial LET. Figure 16.2-10 shows typical yield curves
for neutral solutions [50).

Jenks [51) has estimated the LET and the associated yields for v rays, fast neu-
trons, and a particles from °B(n,a)"Li reactions. These values are summarized in
Table 16.2-VII together with estimates for a-particle yield from ®Li(n,o)T reaction, de-
rived from Figure 16.2-10.

16.2.2.4. Molecular and radical yields in concentrated solutions
Gammes rays

Over the past uecade, considerable information has been accumulated on y-ray yields
in concentrated solutions, particularly for solutions containing nitrates such as NaNQs,
LiINO3, Ca(NQs3)2, and KNOs. Until recently, no satisfactory (r.e., quantitatively and
qualitatively self-cons’stent} account could b= given of the radiolytic hehavior of these
systems [50). In order to explain radiolysis mechanisms of concentrated solutions, Kiwi
and Daniels [52] progressively measured the yields of various nitrated solutions as a
function of solute concentrations under ~ irradiation. The radiolysis of nitrate solutions
is characterized by a yield of nitrite ions (NO;), increasing continuously with nitrate
concentration up to the solubility limit and the occurrence of O» as a major product.
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Figure 16.2-10. Water-decomposition yields in neutral solution as a function of initial
LET of a particles [50].

Table 16.2-VII.

YIELDS AND LET FOR GAMMA RAYS, FAST NEUTRONS,
AND ALPHA PARTICLES IN WATER [51)

Initial LET Yields {No./100eV)
Energy Soutce {(eV/A) H» H+e, H0, OH HO;
~y ray 0.02 0.44  2.86 0.70 2.34 0.00
Neutrons 4.0 1.12 0.72 1.00 047 0.17
19B(n,a)"Li 24. 1.70  0.20 130 0.10 0.30
8Li{n,a)T @) 4. 1.2 0.7 10 04 02

{a) Estimated based on the data of Figure 16.2-10.
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Nitrites are formed via the reaction of nitrate ions with reducing radicals [43):

NO; +H — NO.+OH™, (16.2-18)
NO; +OH — NO3+OH™, 116.2-19)
NO; +e;, — NO3, (16.2-20)
2NO» + H,O — NO; + NO; +2H" | {16.2-21)
2NO™ + H, 0 — NO; + NO; +20H" . (16.2-22)

While the above reactions are termmed “indirect” reactions, “direct” reactions cau also

occur:
2NO; — 2NO; + s, {16.2-23)
1
NO; - NO; + ;;02 . (16.2-24)

Kiwi and Daniels [52] have measured the yields for Ha, HzOa, Oz, and NO». The exper-
intental data are difficult to explain because nitrite is formed indirectly (Equations 16.2-18
to 16.2-22) and directly (Equations 16.2-23 to 16.2-24). Kiwi and Daniels were able to
explain and distinguish between the direct and indirect yields using an electron fraction
model [50]. They concluded that for all of the nitrate solutions such as NaNQa, LiNO3,
Ca(NOg)2, and KNOj;, and with more than 1 meolar concentration, the major products
are nitrite, peroxide, and oxygen. Table 16.2-VIII lists the various yields as a function of
salt concentration in LiNOj solutions. Figures 16.2-11 and 16.2-12 present these results
and show that, as the molarity of the solution increases, G(H202) and G(H;) decrease
drastically, while G{NO7 ) and G(O4) values stay fairly flat, increasing only slightly with
increasing salt concentration.

The experimental yields were explained by assuming that the phenomena character-
istic of concentrated solutions originates independently of water radiolysis [50], Hence,
the yield for a product {P), formed both in dilute and concentrated solutions, can be
written as:

G(P) = G(P)a0 x fu0 + G(Plyo; % fyo; » {16.2-25})

where G(P) is the measured yield and G(P)p,0 and G(P)No; are constant yield char-
acteristics of dilute and concentrated solutions, respectively. The values of the weighting
coefficients are estimated to be 0.331 and 0.342 {or fNo; and 0.646 and 0.635 for fi.0
for LiNOs solution with 7 and 7.2mol/liter concentration, respectively [50]. No yvields for



16.2. MATERIAL SELECTION 16-43

Table 16.2-VIII.
YIELDS FOR GAMMA RADIATION IN LiNO; SOLUTIONS (*! [52]

Molarity® H,0, H, NOZ 0,
1 0.63 0.15 14 0.35
2 0.53 0.09 1.5 0.75
3 0.45 0.05 ~ 1,55 ~ 0.8
5 0.35 0.03 ~ 1.6 ~ 0,85
7 0.33 < 0.01 ~ L7 ~ 0.6
9 026 < 0.01 ~ 1.8 -

(a) In units of No./100eV.
(b) Molarity, M, is defined in units of mol/liter of LiNO,.

OH as a function of molarity were reported, since it was shown that G(OH) will he fairly
independent of the concentration of tle nitrate solutions [50]. Thus, for all practical
purposes, the corresponding value for water can be used.

Scavenging

For concentrated solutions, it is found that oxidizing agents will gradually decrease
the H; yield as the concentration of the oxidant js increased, and reducing agents will
decrease the H,0, yield [33]. This eflect is expected, because solute molecules that are
present in the spur may react with the radicais hefore they have a chance 1o encounter a
radical of the same kind. Thus, the probability of molecular product formation decreases
as the solute concentration increases. The process of picking up and destroying radicals
by solutes is referred to as “scavenging.” Soine experience has been gathered in the fission
industry by using copper as a scavenger to reduce the molecular-product yield [54].

The scavenger effects on the molecular-product yields for 4 rays lias been studied
closely siuce the mid-1950s [53,55,56]. Sworski [55] ineasured the hydroxide peroxide
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Figure 16.2-11. Yields of hydrogen, G{H;), and hydrogen peroxide, G(H>0:}, as func-
tions of molarity (mol/liter) of the nitrate salt solution.
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vield, Gu,0,, in aerated acid solutions as a function of bromide concentration (X). As
the bromide concentration increased, Gu,0, decreased linearly in the cube root of the
bromuide solution, or:

Gr,0,(X) = Gipo, +Ge x (X)), (16.2-26)

where n = 1/3 for 4-ray irradiation, G° is the molecular yield (molecules/100eV of
radiation absorbed in very dilute solutions), G. is a constant, and X is the concentration
(molarity) of the solution. Schwarz [53] discovered that the hydrogen yield and the
peroxide yield could be greatly reduced by concentrations of potassium nitrite and copper
sulfate.

Nitrate ions at high concentrations were found to reduce the H; yield under nuclear
reactor radiation to values less then 0.05 [57]. This result verifies that molecular hydrogen
does not form directly by splitting of the hydrogen from the water molecule by

HO+e, — H,+0, (16.2-27)

but by the combination of H atoms. Ferric ions are among other scavengers that reduce
G, in acid solutions [53]. In general, substances that react readily with H atorns reduce
G, while those reacting with OH reduce Gy,0,.

Alpha particles

While the 4-ray yields are well known as a function of LiNOj selt concentration, the
a and tritium recoil yields have not been studied to this extent. The eZect of scavenger
concentrations was investigated by Burton and Kurien [58]. They concluded that: for
v rays, the exponent n of Equation 16.2-26 is about 1/3; for 50-keV X rays, n ~ 0.26;
and for 3.4-MeV a particles, n ~ 0.15. These results indicate that higher LET radiation
vields are more sensitive to solute concentrations than are low LET radiation yields. H,
and H,0O; yields can be approximated as a function of nitrate concentration by:

4MeV a o v X
Ghlfnor “UX) ~ Gipo, + Ga x X°'°. (16.2-28)
Unfortunately the power law has not been investigated for yields of H, OH, and HO».

The eflect of scavenger concentration on these yields can be estimated using a mass
balance equation resulting in:

Ghion™ NX) = Guowm x (2X)7015, (16.2-29)
Gg.;;’\ffll a}(_Y) ~ GHO, > (3;“)—0'15 . (162-30)
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Using Equations 16.2-28 through 16.2-30 and the water decomposition yields from
Figure 16.2-10, the various yields as a function of salt concentration for the high LET ra-
diation from ®Li(n,a)T reactions can be estimated. Table 16.2-IX shows these estimated

values.

16.2.2.5. Temperature effects

In general, the stability of non-boiling water to radiolysis increases as the tempera-
ture is increased, caused by the increase in the reaction rates between various radicals.
Burns [59] has estimated the temperature dependance of veaction rate constants, k,

KT) = kT,) exp {—Q(Tl— - %)] , (16.2-31)

where T is temperature in K, T, is the room temperature, and @ is the activation energy.
Equation 16.2-31 can be used to estimate reaction-rate constants at higher temperatures.

Most of the experimental data of nitrate solutions reported in this section do not
include the effect of temperature on various yields. However, Cohen points out that

Table 16.2-IX.
YIELDS FOR °Li(n,a)T REACTIONS IN LiNO, SOLUTION®

Molarity! H: H,0, H OH HO,
0 1.2 1. Q.7 0.4 0.2
2 1.08 0.9 0.57 0.32 0.15
3 1.00 0.85 0.53 0.31 0.14
5 0.95 0.79 0.50 0.28 0.13
7 0.90 0.75 047 0.27 0.13
9 (.86 0.72 0.45 0.26 a.12

(a) Yields (No./100eV) are based on the power-law measurement by Burton [58].

(6} Molarity, M, is defined in units of mol/liter of LiNO;.
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experiments in the High-Flux Irradiation Facility (HFIR) show a decrease of about an
order of magnitude in yields for Hz and H;0,, and about a factor of two decrease for
HO; and O, yields as the temperature rises from room temperature to 200°C 146). In
high-temperature coolants of power reactors, oxygen cannot be detected uniil iydrogen
concentrations fall below the normally maintained levels of 25 cm®/kg.

16.2.2.6, Tritium issues

The breeding of tritium in the coolant of a fusion reactor will lead to high-LET
radiation which forms HO; molecules. These molecules are precursors of free-oxygen
formation. Experiments with power reactors have shown that if oxygen is added to
the coolant at high-power levels, rapid recombination with the existing hydrogen will
occur [46]. Out-of-pile experiments with stainless-steel tubes at 260°C' have shown that
excess oxygen will disappear with characteristic half-life of about 1.5h, independent of
hydrogen concentration [60], most probably reacting on the metal surface. Therefore,
although the aqueous solution containing LiNOj; salt will produce more oxvgen than
the salt-free coolants of fission power reactors, the production of tritium should enhance
oxygen-hydrogen recombination under non-boiling conditions.

The nuclear reaction ®Li(n,a)T causes tritium atoms to recoil with 2.73 MeV of en-

ergy. Tritium atoms have been shown to react chemically while still possessing some of

the kinetic energy. The high-energy tritium, “hot hydrogen,” is believed to undergo a

hydrogen abstraction reaction:

T+HOH — HT+OH, (16.2-32)
or an isotopic exchange reaction:

T+HOH — TOH+H. (16.2-33)

The activation energies for reactions 16.2-32 and 15.2-33 are, respectively, energies of
24 kcal/mol and 18 kcal/imol.

Thermal hydrogen atoms (low-energy tritium) will undergo reactions with the H and

CH radicals to forma HT or TOH by:

T+H — HT, (16.2-34)
T+OH —~ TOH. {16.2-35)
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Table 16.2-X.
HT/HTO RATIOS OF NEUTRON-IRRADIATED SOLUTIONS [61]

Solution HT/HTO Ratio
1.5M LiNO,, 0.1 M NaOH 0.06
1.5M LiNOg, 6.1 M NaOH 0.08
0.6 M LiOH 0.04
0.7M LiCl, pH 14 0.048
1.0M LiCl, 1M NaOH 0.07

Kambhara et al. [61] have made a detailed study of the HT/HTO ratio formed during neu-
tron irradiation of various lithium-containing solutions. They studied aqueous solutions
of LiNQCj3, LiOH, and LiCl at pH values ranging from 1 io 11 irradiated to a total flux
of 10'* to 10%® neutrons/cm?. They found all HT/HTO ratios fall in the range of 0.04
to 0.12 with an average ratio of 0.10 & 0.01. Table 16.2-X shows the HL/HTO ratios of
some of the solutions studied.

An LiCl solution saturated with KMnQ4 showed an HT yield of zero. The NO3 ijon
is known to be an excellent scavenger for thermal hydrogen atomns through the following

reaction:
H+NO; — NO,+OH . (16.2-36)

In fact, nitrate scavenging of thermal hydrogen atoms competes very successfully with
hydrogen-atom recombination. Sowden [57] has shown that a 15.9-M CaNQ; solution
irradiated by fast neutron and - rays shows a 75-fold reduction in hydrogen vield, G( H,),
compared to that observed in water. However, it can be seen from Table 16.2-X that LiCl
and LiOH also introduce strong H scavengers into solution. Thus the choice of lithium
salt will have little effect on the HT/HTO ratio.
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16.2.2.7. Discussion

Radiolysis of pure water and of aqueous LiNO; salt solutions by light and heavy
particles was investigated. Gamma-ray radiolysis yields of LiNOj sal{ solutions are known
as a function of salt concentration. At high concentrations, the H; yields are very small
and the H;O, yield decreases by a factor of about 3 relative to pure water. Oxygen yields
of light-particle radiation are fairly independent of the salt concentration.

Energetic a particles (3.4 MeV) are produced by nuclear reactions with lithinm in
the aqueous LiNOj salt solution. Reaction yields were estimated as a function of salt
concentration based on the power-law measurements of 3.4-MeV « particles. Thc oxygen
production by heavy-particle radiation increases while the yields of H;, H-O,, H, OH, and
HO, all decrease with increasing salt concentration. The increase in oxygen production
due to radiolysis mnay be balanced by the production of tritium atoms. It has been
shown that oxygen added to non-boiling fission-reactor coolants at high-power levels
rapidly combines witli any hydrogen present. The decrease in the yield of free radicals
in concentrated LiNOj solutions makes this salt more favored than LiOH solutions.

The effect of elevated temperature on radiolysis was investigated. From experience
gained in the fission industry with pure water, it can be ascertained that the stability of
non-boiling water to radiolysis increases as temperature increases. The apparent stability
is actually caused by an increase in radical recombination rates at elevated temperatures.

In conclusion, although many uncertainties remain and much research is required in
the area of radiolysis, the use of a highly concentrated, aqueous LiNOj salt solution should
not lead to the formation of volatile or explosive gas mixtures, The effects of radiolytic
decomposition products on corrosion, however, remain uncertzain and experimental data
on the behavior of radiolytic decomposition products in a fusion environment are needed.

16.2.3. Properties of LiNO; Solutions

The physical properties of concentrated solutions of LiNOj; at high temperatures
differ from those of pure water, Therefore, a fairly detailed investigation of the physical
properties of the aqueous solutions was made, including an extensive literature survey,
to ensure that reliable data were used in analyzing the performance of the TITAN-1I
FPC. The physical properties of LiNO; solntions as functions of temperature and salt
concentration are given in the following subsections. During the TITAN-H design period,
it proved convenient for the neutronics analysis to specify the salt concentration as the
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atomic percentage of Li atoms present. As other measures of concentration are also
commonly used, the relationships between the molality of the solution, m (the number
of moles of solute per 1kg of solvent), and the weight percentage of the solute, W, as a
function of the atomic percentage of Li, Ar;, are given in the following equations:

3000AL;
_ 16.2-37
M, (100 — 5AL;)° ( )

300A; M,
3AL:M, + M, (100 — 5AL;) !

(16.2-38)

where M,, and M, are the molecular masses of the water (18.02) and of the solute
(68.94 for natural LiNO3), respectively. Figure 16.2-13 shows these relationships over
the concentration range of interest,
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Figure 16.2-13. Relationship between molality and weight percentage of solute as a
function of atomic percentage of Li for LiNO; solutions.
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In many cases, experimental data for some physical properties of interest for LINO,
solutions are not available at high temperatures. Where this is the case, and reasonable
extrapolations cannot be made, the corresponding data for NaCl solutions have been
used because the NaCl-H,O system has been nmch more widely studied than any other
solution and many solutions of 1-1 electralytes (e.g., NaCl, KB, and LiNO3) have similar
properties at the same concentrations. It is expected that such estimates should be
accurate to about 20% [62], which is adequate for a worthwhile assessment of the thermal
performance of the blanket.

16.2.3.1. Density

A full experimental data set is available for the density of LiNOj; solutions for tem-
peratures up to 350°C and for concentrations from pure water to pure LiNO, [63,64].
In Reference [63], an expression is fitted to experimental data for weight percentages
up to 40% and for temperatures up to 300°C, the fit being accurate to better than
1.5% throughout the range. This data fit for the density, p, in g/em® as a function of
temperature, T' (°C), is reproduced in the equation below:

p = 1.003 +5.765 x 107°W + 3.750 x 107°14"2
- (1.898 x 107% + 1.096 x 1073 + 9.375 x 107° Wz) T

5

— (2,497 x 107° — 6.500 x 107°W +4.229 x 107'°W?) T?. (16.2-39)

In Reference [64), experimental data are given for weight percentages from 40% to
100% LiNO; and for temperatures up to 350°C. To yield a smooth set of data over the
entire range of temperatures and compositions under consideration, the fit has been used
for the lower concentrations and the experimental data for the higher concentrations,
with the data being slightly smoothed in the transition range between the two data sets,
Figure 16.2-14 shows the density as a function of temperature for various values of the
lithium-atom percentage. This figure shows that for the higher concentrations, density is
significantly increased from the pure-water value, the difference being a factor of about
two for a lithinim-atom content of 8%.

No pressure dependence for the density was given in either of these references because
the measurements were taken for saturation pressures. But the pressure dependence of
the density is expected to be weak because the density of pure water rises by only ~ 3%
as the pressure increases from 8.6 MPa (saturation) to 20 MPa.
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A final point arising from these papers is that the authors note that LiNQ; and
H20 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.

16.2.3.2. Viscosity

The same Russian group that has published data concerning the density of LiNO,
solutions at high temperatures has also reported measurements of the viscosity of these
solutions. References [65,66] give experimental results for the viscosity of LiNQj solutions
for temperatures up to 275°C and for concentrations up to 10mol/kg (~ 4.5% Li), and
provide fits to these data. They quote a fit to the viscosity of the solution, 7, relative to
that of pure water, 7, of the form

/] AN
nl|—] = ——= 16.2-40
where A and B are temperature-dependent constants and N is the mole fraction of
LiNOj. Similar to the quoted fits for the density, no dependence of the viscosity on
pressure was given, but since there is only an ~ 5% variation in the viscosity of pure

water as the pressure changes from saturation to 20 MPa at 300°C, it appears reasonable
to ignore this effect.

The fit is said to be valid {65,66] only for mole fractions up to 0.1 {m ~ 6mol/kg,
or Ar; ~ 3%), although it reproduces the experimental data well up to 10 mol/kg. The
relative viscosity at the high temperatures relevant to fusion blankets is almost constant
with varying temperature for a given concentration. Equation 16.2-40 has therefore been
applied throughout the concentration and temperature ranges of interest, using the values
of A =4.10 and B = —1.8 (for 250°C), and the results are shown in Figure 16.2-15.

According to this fit, there is about a factor of 6 increase in the viscosity of the
8% LiNOj solution compared with that of pure water. This large change can have a
significant effect on the thermal performance of the coolant, although some of the change
is reduced by differences in other properties. As the data fit has been used well ocutside
its quoted range of validity, it is important to recognize that there is a large degree of
uncertainty associated with these values. However, the general trend in the values should
be correct, and until better experimental data become available it is reasonable to use
these estimates to assess the potential of LiNOj solutions as fusion-blanket coolants.
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16.2.3.3. Specific heat capacity

The specific heat capacity is a more difficult quantity to predict by using a polynomial-
type equation or by simply relating it to the value for pure water at the sane temperature.
The difficulty arises because the specific heat capacity of pure water becomes infinite as
the critical point (374°C and 22.1 MPa) is approached. The addition of even small
quantities of a salt changes the crilical temperature and pressure quite sizificantly.
Therefore, the specific heat capacity of the solution can vary markedly from that of pure
water at the same conditions. Wood aud Quint have proposed a very simple way of
estimating the specific heat capacity for aqueous salt solutions using a “corresponding-
states” method [67]. In this method, the properties of the solution are approximated
by the properties of water at the same “relative” conditions with respect to the critical
point. The expression for the specific heat capacity of the solution, cp, at temperature,
T, and pressure, p, is

Cp(T‘, P) = I’VD[CPU (T,s Pl) — Cpo (,T'v 0) + Coo (T, 0)] ’ “62"“)

where c g is the specific heat capacity of water, W} is the weight fraction of water, and
T’ and p’ are, respectively, the reduced temperature and pressure and are given by

, T
T = (ﬁ)T“’" (16.2-42)
P = (pﬁ)pco- (16.2-43)

Here T, and p. are, respectively, the critical temperature and pressure of the solution and
the subscript 0 refers to the properties of the pure water.

This approximation was tested for NaCl solutions up to 330°C and 3 mol/kg and was
found to give excellent agreement with experimental data, the largest error being about
3% at the highest temperatures and for the most concentrated solutions [67]. However, it
should be noted that the heat capacity of the salt in the solution has been ignored in the
calculation, which is likely to introduce a larger error for more concentrated solutions.

In order to use this method to estimate the specific heat capacity for LINO; solu-
tions, the critical temperature and pressure of the solution must he known as a function
of concentration. No measurements for LiNQOj salt appear to have been made, bhut data
are available for many other salt solutions [68] and it has been found {hat many 1-1 elec-
trolytes have very similar critical temperatures at the same molality. Since an extensive
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data set is available for NaCl [69], these data have been used as a reasonable approxi-
mation for LINQ;, although a large extrapolation has been made from the highest Na(!
concentrations studied (6mol/kg} to the most coucentrated LiNOg solutions proposed.

Figure 16.2-16 shows the estimated critical temperature and pressore for LINO; so-
lutions. A rapid increase in the critical temperature and pressure wit): increasing salt
concentration is evident from Figure 16.2-16, although the large extrapolation made for
the higher concentrations makes these values rather uncertain. The possibility of oper-
ating an aqueous blanket at high temperatures (greater than 400°C') is suggested by the
increase in critical femperature, if the higher pressures can he tolerated and if suitable
materials can he found for these conditions.

The data from Figure 16.2-16 have then been used to yield specific heat capacities of
the aqueous salt solution, as illustrated in Figure 16.2-17, These data were evaluated for
a pressure of 10 MPa, but the specific heat capacity varies by less than 1% for pressures
up to 16 MPa, except for the case of pure water. Figure 16.2-17 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 change in ¢, is also offset
somewhat by the associated increase in the density of the solution. It must be recog-
nized that there is a large element of unce:tainty in the specific-heat-capacity estimates,
especially for the higher concentrations. This uncertainty is caused not only by the ex-
trapolation made for the critical properties of the solution, but also by neglecting the
contribution of the dissolved salt to ¢, salt in the calculation. At low concentrations, this
has little effect on the heat capacity of the solution, but as the weight fraction increases
the contribution from the LiNOj becomes significant. The estimates presented here are,
therefore, expected to be low for the higher concentrations.

16.2.3.4. Thermal conductivity

There appear to be no exiensive experimental measurements of the thermal conduc-
tivity of LiNOj solutions for the temperature range of interest for fusion blankets. Data
for NaCl are available, however, and Reference {70} gives smocthed values of experimental
data for temperatures up to 330°C and for concentrations up to 5mol/kg. These data
vere extrapolated tc 11 mol/kg (Az: ~ 5%) and a simple it to the data was made. For
higher concentrations, curve fits were used as the simple fit breaks down. The thernal
conductivity of the solution, & (W/mK), is approximately given by

k = k-la—-bm)m, (16.2-44)
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a =.47% +1.5x107°*T, (15.2-45)
b 0.185+50 x 107 T, (16.2-46)

where kg is the thermal conductivity of pure water, m is the molality in mol/kg, and T
is the temperature in °C,

Estimates for the thermal conductivity are shown in Figure 16.2-18. These estimates
suggest that the difference in the thermal conductivity of the solution compared with that
of pure water is not as marked as for other properties. However, as the original NaCl data
are not precise, and these results have been extrapolated to higher concentrations and
applied to LiNO; solutions, the valves shown here should be taken as indicative of the
expected trends for the property rather than precise measurements. Further experimental
data are required for a more exact assessment of the thermal performance of the coolant.

16.2.3.5. Boiling point

Reference [71] reported measurements of the vapor pressure of LiNO; solutions for
concentrations up to 24 mol/kg and for temperatures up to 110°C!. Their results showed
that the relative vaper 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 assuined that this relationship is valid for higher
temperatures, in the absence of relevant experimental data. The boiling point of the
solution is then evaluated by finding the temperature at which the vapor pressure is
equal to the applied pressure. Figure 16.2-19 shows these results for pressures ranging
from 4 to 16 MPa. These estimates of the boiling point indicate that the boiling point of
the LiNQOj solution should be significantly higher than of pure water. For a lithium-atom
percentage of 5%, the increase is 40 to 50°C, which has a major effect on the thermal
design of the fusion blanket.

Once again, a note of caution is necessary because the accuracy of these estimates
is uncertain since an extrapolation was made from the lower temperature results, For
example, LiOH solutions show a saturation in the beiling-point elevation with increasing
concentration at higher temperatures [46], although this is caused by the association
of the ions into LiOH molecules which is not expected to occur with LiNOs. Further
experimental data are clearly required.
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16.2.3.6. Discussion

The above estimates of the properties of LINOg solutions at high temperatures ex-
hibit marked differences from the properties of pure water. Therefore, the exact coolant
conditions should be considered in designing the blanket. The thermal-hydraulic design
of an aqueous salt blanket can be very different from that of a water-cooled design, and
advantage can be taken of the differences in properties by, for exampie, reducing the
coolant pressure or increasing the temperature without incurring an increased risk of

burnout.

However, many of the estimnates are extrapolationts from experimental data or have
been obtained from the results for other salt solutions. Although these predictions should
give good indications of the expected trends for the various properties, a much expanded
experimmental data base s required for the salts and conditions proposed hefore the ther-
mial performance of an aqueous salt blanket at hLigh temperature can be confidently

predicted.

16.2.4. Structural Material

One of the goals of the TITAN study has been to satisfy Class-C waste-disposal
criteria [72] and achieve a high level of safety assurance, Among the low-activation
candidate vanadium alloys, V-3Ti-1Si (the structural material for the TITAN-I design)
had to be ruled out because of its poor water-corrasion resistance. Other vanadium
alloys which contain chromium {e.g., V-15Cr-5T1) show excellent resistance to corrosion
by water coolant but their properties are inferior to those of ferritic steels when helium-
embrittlement effects are taken into account {73] (Section 10.2). Therefore, v..rious steels
were considered as TITAN-II structural material.

Irradiation of commercial steels in a fusion environment produces long-lived radioac-
tive isotopes. Acceptable levels of activation for near-surface burial have heen estab-
lished by the U. S. Nuclear Regulatory Commission (U. 8. - NRC'}. These limits are
published in the U. S. Code of Federal Regulations, 10CFR61 {72]. The I0CFR61 list
was compiled to establish concentration limits (Ci/m?®) for fission-reactor waste streams.
In recent years, the 10CFR£] list of radiopuclide concentrations have been angmented
to include radionuclides important to fusion [74,75]. A list of limiting-specific activities
for near-surface burial of all radionuclides with atomic numbers less than 84 was recently
compiled by Fetter [76]. One should note that some discrepancies exist between Fetter’s
evaluations and those of 10CFR61. Furthermore, Fetter's evaluations includes nuclides
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Table 16.2-XI.

10CFR61 CLASS-C DISPOSAL LIMITS OF
SELECTED ALLOYING ELEMENTS OF STEELS [77]

Element Product Half-Life (y) Disposal Limit (Ci/m?®)

N g 5730 80
Ni 59Nj 76000 220
93N 100 7000
Nb %Nb 20000 0.2
Mo ®Nb 20000 0.2
%Mo 3500 30
w 1921, 241 1
193py 50 200000

not covered by the 10CFR61 code (Sections 13.7 and 19.5). Disposal limits of the major
alloying elements used in commercial steels such as N, Ni, Nb, Mo, and W are listed in

Table 16.2-X1 [77).

Effort has been made to develop low-activation alloys by replacing those alloying
elements that would not qualify for Class-C waste disposal with more suitable ones,
without compromising mechanical properties. As a result of these reduced-activation-
alloy studies, three steels have been produced: (1) Ti-modified 316 austenitic steels,
(2) 2% Cr ferritic/bainitic steels, and (3) 9- to 12-Cr ferritic/martensitic steels. A major
advantage of the ferritic steels over austenitics is their excellent resistance to void swelling.
Figure 16.2-20 shows a comparison of the relative swelling rates of austenitic alloys with
those of ferritic steels [78]. Furthermore, ferritic steels have a higher thermal-stress
resistance compared to austenitic steels [77]. These characteristics prompted the choice
of a ferritic steel as the structural material for the TITAN-II design.

Currently three major research institutious in the U. S. are developing and evaluat-
ing low-activation ferritic alloys [79]: Oak Ridge National Laboratory (ORNL), General
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Figure 16.2-20. Comparison of swelling behavior of austenitic and ferritic steels [78].

Atomics (GA), and Hanford Engineering Development Laboratory (HEDL). The ORNL
programn has developed 2 series of low-chromium and 9%-12% Cr ferritic alloys termed
fast-induced-radioactivity-decay alloys (FIRD). In the FIRD alloys, molybdenum is re-
placed by tungsten, which is in the same group as molybdenum. About 0.25wt.% of
vanadium is also added to increase the strength through vanadium-carbide formation.
The low-chromium and 9-Cr steels were all 100% martensitic, while the 12-Cr steel con-
tained about 26% delta-ferrite. The 12-Cr steel is, therefore, expected to have a lower
hardness and a higher ductile-to-brittle transition temperature (DBTT) than the 100%
martensitic steels. Tensile-behavior tests have verified the strengthening effect of vana-
dium and tungsten. The eflects of irradiation on tensile properties of FIRD steels are
being evaluated in specimens irradiated in the Fast-Flux Test Facility (FFTF) [79].

The GA program has concentrated on 9% and 12%-Cr ferritic alloys, referred to as
GA3X and GA4X, respectively. Various combinations of Cr-W-V-C were developed and
evaluated. The tungsten additions are as high as 2.5% and vanadium content is about
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0.3%. A low-carbon concentration, below 0.15%, was chosen to ensure weldability. The
tow-vanadium concentration resulted in high M2aCg precipitate formation in tempered-
steel samples. Generally, precipitate formation results in a decrease in elongation; the
total elongation of the GA3X was found to be about 50% lower than that of its commercial
counterpart alloy 9Cr-1Mo-V-W {80].

The emphasis of the HEDL program has been in replacing molybdenum with vana-
dium rather than with tungsten. These alloys are sometimes referred to as low-activation
ferritic steels. To avoid delta-ferrite formation, manganese is added to the high-chromium
alloys and carbon contents are kept very low (< 0.1wt.%). To compensate for the ef-
fects of carbon as a solute strengthener, the manganese content had to be increased
substantially (~ 6.5% Mn). Compared with 23Cr-1Mo, the low-chromium bainitic alloy
(23Cr-V) has a lower yield strength, a slightly lower ultimate tensile strength, and a much
higher elongation [79]. On the other hand, the 12-Cr martensitic alloys show a higher
strength with comparable elongation when compared with commercial 12Cr-1Mo-V-W
steels [79].

The effects of irradiation on the low- and high-chromium alloys were also investi-
gated [2] and the latter alloys were found to be superior. Under irradiation, the 2:Cr-V
alloys showed an increase in strength and a reduction in elongation, while the 9 to
12Cr-Mn-V-W alloys exhibited onfy small changes in strength and elongation after irra-
diation at 420°C and damage doses up to 10dpa [2]. The radiation-hardening resistance
of high-chromium alloys is also significantly different from: commercial high-chromium
ferritic steels such as 9Cr-IMo-V-Nb and 12Cr-1Mo-V-W (HT-9) [79,81].

Some data on irradiation behavior of the lJow-activation ferritic steels are available,
Specimens were irradiated up to 14dpa in the FFTF and post-irradiation tests were per-
formed at rcom temperature. Figure 16.2-21 shows a comparison of the yield strength and
total elongation of low-activation ferritic steels as a function of irradiation temperature
(values on the vertical axis corresponding to the unirradiated specimen). Figure 16.2-21
shows that 2;Cr-V alloys experience an increase in strength of about 200 MPa when
irradiated at 420°C. At 585°C, however, these alloys show a reduction of strength com-
pared with unirradiated alloys. The high-chromium alloys show much smaller irradiation-
hardening effects at 420°C. A reduction in strength at 585°C is also experienced by the
high-chromium alloys, but the decrease is not as much as that of the low-chromium al-
loys. The 12Cr-0.3V-1W-6.5Mn martensitic steel shows the smallest degree of irradiation
hardening and the lowest decrease in strength of all tested alloys. Figure 16.2-21 ailso
shows the total elongation of the tested specimen. Again 12Cr-0.3V-1W-6.5Mn marten-
sitic steel shows the smallest fluctuations in total elongation among all tested alloys.
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The ductile-to-brittle transition temperature (DBTT) of some ferritic alloys may be
a potential problem. The DBTT is the temperature at which the fracture stress is
reached during loading of a specimen prior to the onset of the yield. When a specinien is
loaded at a temperature below the DBTT, a brittle-type cleavage fracture oceurs, while
at temperatures above the DBTT the metal undergoes yielding before fracture occurs.
Figure 16.2-22 shows changes in DBTT of 9Cr-1Mo-W-Nb and 12Cr-1Mo-W-V (HT-9)
irradiated to damage levels of up to 30dpa as a function of irradiation temperature. The
change in DBTT is highest at low irradiation temperatures, and vanishes when irradiation
temperatures exceed 600°C. The commercial 8-Cr alloy shows overall smaller increases
in DBTT when compared with HT-9. Recently, Lechtenberg [82] investigated the DBTT
of the reduced-activation 9Cr-2W-0,15C stabilized martensitic steel. The DBTT of the
unirradiated specimen was -24 °C. When irradiated at 356 °C to damage dose of 10.5dpa,
the DBTT increased to about 0°C. The measured increase on DBTT of 24°C is the
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Figure 16.2-22. Change in the DBTT as a function of irradiation temperature for
9Cr-1Mo-W-Nb and HT-9 ferritic steels [82].
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smallest increase reported among all the low-activation ferritic alloys studied. The DBTT
of tested ferritics clearly indicates a potential problem. Until alloy-development efforts
alleviate this problem, operating conditions iust be chosen to minimize the rise in DBTT
of ferritic steels.

16.2.4.1. Discussion

The TITAN-II FPC is cooled by a aqueous lithium-salt solution which also acts as
the breeder material [1]. Among the low-activation candidate vanadium altloys, V-3Ti-15§
(the structural material for the TITAN-I design} had to Dbe ruled out because of its
poor water-corrosion resistance. Other vanadium alloys which contain chromium (e.g.,
V-15Cr-5Ti) show excellent resistance to corrosion by water coolant but their proper-
ties are inferior to those of ferritic steels when helium-embrittlement effects are taken
into account [73] {Section 10.2). Therefore, various steels were considered as TITAN-II

structural material.

Reported results of the low-activation ferritic-steel development program indicate that
a reduced-activation alloy can be developed without compromising mechanical properties,
primarily by replacing Mo with W. However, recent evaluations of radiomuclices produced
from tungsten alloys indicate that W may be a potential activation-limited element {83}
Nevertheless, it should be possible to develop low-activation ferritic steels.

For the TITAN-II reactor, the HEDL/UCLA 12Cr-0.3V-1W-6.5Mn alloy (9-C) has
been chosen as the structural material, primarily because of its high strer sth and good
elongation belhavior after irradiation as compared with other low-activation ferritic steels.
The high-chromium content of this alloy ensures an excellent corrosion resistance, as
is disc* ssed in detail in Section 16.2.1, The low carbon content of this alloy results
in good weldability, high sensitization resistance (Section 16.2.1.1), and a reduction of
hydrogen-embrittlement susceptibility (Section 16.2.5). Furthermore, alloy 9-C has a low
tungsten content {< 0.9%) which reduces the waste-disposal cencerns of the production
of the radionuclide '**"Re by fusion-neutran reaction with W. The high concentration of
manganese in 9-C prevents the formation of delta-ferrite phases, which is responsible for

high DBTT and low hardness

Table 16.2-X1I shows selected properties of the 8-C alloy which was used throughout
the TITAN-II study. The composition (wt.%) of the 9-C alloy was determined by the
vendor as: 11.81Cr, 0.097C, 0.28V, 0.89W, 6.47Mn, 0.115i, 0.003N, < 0.005P, and 0.005S
with balance in iron.
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Table 16.2-XII.
PHYSICAL AND MECHANICAL PROPERTIES OF
ALLOY 8-C LOW-ACTIVATION FERRITIC STEEL [2]
Property Temperature (°C)
RT 300 400 500 600
.,
You.ng's modulus {GPa) 225 200 19 180 150
Poisson ratio 0.4 0.4 0.4 04 0.4
Shear modulus (GPA) @ 83 75 72 68 -
Tensile strengtih (MPa) 1002 - 8100} 942®) 749
Yield strength (MPa) © 810 810 820 650 531
Total elongation (%) () 101 138 15.0 17.0 19.4
Thermal-expansion coefficient (10-9/°C) 9.5 10.5 11.0 11.5 12,0
Specific heat (J/kg-°C) 450 570 600 680 780
Electric resistivity {pf2m) 0.6 0.82 0.9 0.99 1.05
Thermal conductivity (W/m-K) 25 26.5 26.7 27.2 27.6
DBTT at 15dpa (°C) @ - - 100 25 0
DBTT at 30dpa (°C) '@ - - 140 50 55

(a) Data unavailable, corresponding values for HT-9 were used.

(b) Values at irradiation temperatures after 6 dpa.

(¢) Values at irradiation temperatures after 14 dpa.
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16.2.5. Hydrogen Embrittlement

Tuteraction of hydrogen with metals can lead to one of the many forms of failures
collectively termed “hydrogen damage.” The term “hydrogen embrittlement” has been
used freely in the past to describe any one of the many forms of hydrogen damage.
Specific types of hydrogen damage have been categorized by Craig [84] based on the
following property degradation processes,

Hydrogen environment embrittlement. This failure mode occurs during the plastic
deformation of stressedl alloys exposed to liydrogen-bearing gases or curing hiydrogen-
producing corrosion reactions. Experiments show that steels, nickel-base alloys, and
titanium alloys are most susceptible to this mechanisii when the strain rate is low and
the hydrogen pressure and purity is high.

Hydrogen stress cracking. Normally, ductile alloys can fail by brittle fracture under
sustained loads in the presence of hydrogen. Hydrogen stress cracking starts by ab-
sorption of hydrogen. The hydrogen then diffuses into regious of high triaxial stresses.
The diffusion and agglomeration inanifests itself in a delayed time-to-failure (incubation
time}. Furthermore, this failure niode is often characterized by a threshold stress below
which hydrogen stress cracking does not occur. The threshold stress generally decreases
as the yield strength and teunsile strength of an alloy increase. Thus, hydrogen stress
cracking is not seen very often in low-strength alloys.

Loss in tensile ductility. Lower-strength alloys exposed to hydrogen can show a
marked reduction in area (7.e., loss of ductility during tensile-stress tests). The extent of
loss in ductility is a direct function of the hydrogen content of the metal.

Hydrogen attack. Hydrogen may enter the steel and react with carbon to form volatile
methane gas. The alloy undergoes decarburization and shows marked crack formations.
This form of hydrogen damage is a high-temperature {I' »200°C") process that occurs
in carbon and low-alloy steels exposed to high-pressure hydrogen. Although the limits
of alloy content for certain groups of steels are not well defined, it is assumed that a
“low-alloy” steel is one having less than 12% total alloy content; above that level the
term stainless steel is used [85].
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Blistering. In low-strength alloys, atomic hydrogens can be trapped at internal defects
and consequently form molecular hydrogen (H;). Localized plastic deformation can occur
when the pressure of the H, gas reaches a large value, leading to blistering and can cause
rupture.

Shatter cracks. Meits of alloys possess a higher hydrogen solubility than the solids.
Therefore, during forging, welding, au.a casting, hydrogen pickup is increased. When the
melt cools down, the solubility of hydrogen decreases and results in an agglomeration
of hydrogen at internal trap sites. The effects of this process are similar to those of
blistering.

Micro-perforation. Steels exposed to very high hydrogen pressures at near room ten:-
perature ofien show the formation of networks of fissures. Consequent exposure to gases
or liquids will result in a rapid permeation of the alloy.

Degradation in flow properties. The interaction of atomic hydrogen with disloca-
tions can enhance the dislocation motion and also create dislocations at surfaces or crack
tips, leading to softening of the material on a localized scale. This enhanced plastic flow
has been found at ambient temperatures for iron and steels and is observed as an increase
in the steady-state creep rate.

Hydride formation. Atomic hydrogen can react with metals to form corresponding
hydrides (MH.). Precipitation of metal-hydride phases results in the degradation of
the mechanical properties and cracking in magnesium, tantalum, niobium, vanadium,
uraniuim, thorium, zirconium, titaniuni, aud their alloys. Hydride formation is enhanced
under stress and leads to an increase in hydrides around the crack tip, resulting in a
degradation of ductility near crack-tip regions.

Hydrogen embritilement encompasses only the first three of the above-mentioned pro-
cesses: hydrogen environment embrittlement, hydrogen stress cracking, and loss in ten-
sile ductility. Hydrogen embrittlement is caused primarily by the atomic, diffusible, or
nascent hydrogen (H) content, and not by those processes caused by the total hydrogen
content which may also include molecular hvdrogen (H,). In a nou-nuclear enviromnent,
there are three sources of hydrogen: steel manufacturing, corrosion in acqueous solutions



16-72 TITAN-II FUSION-POWER-CORE ENGINEERING

(cathodic reaclions generate liydrogen atoms at the metal surface), and in-service envi-
ronment. A fourth source of hydrogen is added when metals and alloys are exposed to
neutron irradiation. Hydrogen 1s generated as a result of (n,p} nuclear reactions. Further-
more, the metal or alloy must also be under an externally applied stress for a specific type
of hydrogen damage to be termed hydrogen embrittlement. There are three sources of
stress: applied stress, residual stress from heat treatment, and residual stress from weld-
ing or plastic deforniation. These sources of stress further complicate the identification
of a specific cause of hydrogen embrittlement.

To minimize hydrogen embrittlement, the following classification is helpful: {1) in-
ternal, reversible hydrogen embrittlement, and {2) hydrogen-reartion embrittlement [86).
For hydrogen embrittlement to be fully reversible, it must occur without the hydrogen
undergoing any type of chemical reaction within the lattice. By relieving the applied
stress and by aging steels at room temperature, ductility can be restored if micro-cracks
have not yet developed. Hydrogen-reaction embrittlement, on the other hand, is gener-
ally not reversible by aging at room temperature. After having been absorbed, hydrogen
can react near the surface or diffuse further into the lattice before undergoing a reaction.
Hydrogen can react with itself to form Ha, with the matrix to form a metal hydnde
(MH_), or with foreign elemerts in the matrix to form a gas (CH;). In carbon and low-
alloy steels, the primary gas formed is methane (CH;). The volatility of the methane
gas leads to the process known as decarburization. Hydrogen can also react with oxygen
to form steam (H,0) inside the matrix. Copper alloys are highly susceptible to steam
formation which results in blistering and porous metal components [86).

Much confusion exists in the relationship between stress-corrosion cracking (SCC)
and hydrogen embrittlement because the crack-growth mechanism of both processes is
the same. For SCC to occur, the crack has to be in contact with the aqueous solution.
During the corrosion process in agqueous solutions, atomic hydrogen is generated and is
then absorbed by the crack tip. Stress-corrosion cracking is, therefore, a special case of
hydrogen embrittlement in which hydrogen is produced by the corrosion process occurring
inside the crack.

16.2.5.1. Hydrogen embrittlement of ferrous ailoys

During 1960s, the National Aeronautics and Space Administration (NASA) experi-
enced failure of ground-based hydrogen-storage 1auks. Because of these failures and the
anticipated use of hydrogen in advanced rocket and gas turhines, hydrogen environment
embrittlement was recognized as a serious problem and NASA initiated research efforts
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in these areas. Conferences on the subject of hydrogen embrittlement are held frequently,
mostly sponsored by the National Association of Corrosion Engineers (NACE) and pub-
lished under the International Corrosion Conference series [87]. As a result of the research
efforts over the past decades, factors influencing hydrogen embrittlement in various alloys
have been identified. Thz following is a summary of important factors in ferrous alloys.
More detailed discussions are given in References [84-90].

The primary factors that affect the behavior of ferrous alloys in a hydrogen-bearing en-
vironment are: (1) hydrogen concentration, (2) temperature, {3) heat treatment, (4) mi-
crostruct:ire, (5) stress level, and (6) environment. The tendency for hrdrogen embrit-
tlement to occur increases with hydrogen concentration in the metal, Figure 16.2.23
shows that after a given length of time, cracking occurs at successively higher stresses as
the hydrogen content in the metal is reduced by the baking treatment [91]. In general,
increasing the concentration of hydrogen in an alloy will reduce the time-to-failure and
the stress levels at which failure occurs [84].

Hydrogen concentration inside the alloy is generally a function of many factors such
as the approximate concentration of hydrogen at the surface exposed to the environment,
hydrogen-adsorption characteristics of the surface, and amount of trapped hydrogen in-
side the matrix. Trapping occurs by binding hydrogen to impurities or structural defects.
Structural traps may be mobile (e.g., dislocations and stacking fa::’ts) or they can be sta-
tionary (¢.g., voids, grain boundaries, carbide particles, and solute atoms). The trapping
at structural defects is believed to * > the major cause of increased hydrogen embrit-
tlement in heavily cold-worked ferritic steels, The microstructure of the alloy can have
a profound effect on the resistance of steels to hydrogen embrittlement. A quenched
and tempered fine-grain microstructure is more resistant to cracking than a normalized
steel [22]. The effect of the grain size on the resistance to hydrogen embrittlement is
illustrated in Figure 16.2-24 which shows that as the grain size of an alloy is reduced, the
resistance to hydrogen damage is increased.

Another microstructural feature which affects hydrogen embrittlement is the con-
centration of precipitate particles (irap sites) dispersed in the alloy. Measurements
of the effective diffusion coefficient of hydrogen as a function of precipitate particles
{Figure 16.2-25) show a marked decrease in the diffusion of hydrogen with an increased
concentration of particles [93]. The apparent <iffusion coefficient is an indirect measure of
the trapping strength of the matrix since, once trapped, a diffusing species must undergo
de-trapping before diffusion can proceed. In general, the most resistant microstructure
is a highly tempered martensitic structure with equiaxed ferrite grains and spheroidized
carbides evenly distributed throughout the matrix [84].
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Figure 16.2-23. Static fatigue curves of AISI 4340 steels for various hydrogen concen-
trations obtained by different baking times at 150°C. Arrows indicate
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The effects of various elements on hydrogen embrittiement have also been studied in
great detail. In general, elements such as carbon, phosphorus, sulfur, manganese, and
chromium increase the susceptibility of low-alloy steels to hydrogen embrittlement. For
stainless steels (high alloys), large amounts of elements such as chromium, nickel, and
molybdenum are needed for manufacturing. The atom fractions of these elements in stain-
less steels are large enough to change the crystal structure, microstructure, and the heat
treatment requirements. Since hydrogen embrittlement is sensitive to the microstricture,
stainless steels with large atom fractions of Cr, Ni, and Mo, such as 15Cr-25Ni, also show
almost no loss in ductility while 304 L stainless steels are the most susceptible 1o loss of
tensile ductility when exposed to hydrogen enviromnents [84].

The susceptibility of stainless steels to hydrogen embrittlement is also directly related
to its strength. Stainless steels show extremely low resistance to hydrogen embrittlement
with increasing vield strength as shown in Figure 16.2-26 for AISI 4340 steel in aquecus
and gaseous hydrogen [94]. Data in Figure 16.2-26 indicate that the threshold stress
intensity for crack growth generally decreases with increasing yield strength. The reason
for this stress behavior is not entirely clear but it has been related to a change in hydrogen-
assisted failure modes, with blistering becoming the dominant failure mechanism for

low-strength steels.

Ferritic steels show an excellent resistance to hydrogen embrittlement because of their
enhanced ductility and lower strength characteristics [28]. By examining a wide range of
ferritic alloys that had undergone different heat treatments, Bond et al. [28] concluded
that ferritic steels can be embrittled only after severe and extensive hydrogen charging
from aqueous solntions. Furihermore, they concluded that cracking is intensified by
welding, high-temperature heat treatment, and cold working. The chemical composition
of the alloys was found to be less important under conditions of hydrogen charging.

The effect of temperature on hydrogen embrittlement has been investigated in de-
tail. Hydrogen embrittlement has been observed in ferrous alloys over a wide range of
temperatures, —100 to +700°C. However, the most severe embrittlement in steels occurs
around room temperature [96-99]. The temperature dependence of the tensile strength
of a high-strength stee} is shown in Figure 16.2-27. At very low (—100°C) or very high
{700°C’) temperatures, the tensile strength of a hydrogen-charged steel approaches the
values of a hydrogen-free sample [95]. This temperature dependence can be explained by
noting that at high temperatures, thermal agitation may cause de-trapping of a hydro-
gen atom which will then diffuse rapidly through the matrix. The combination of these
two effects, a higher de-trapping rate and a higher mobility, results in a low hydrogen
concentration at high temperatures. At very low temperatures, on the other hand, the
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diffusivity of hydrogen atons is reduced to such a small value that trap sites would not
be filled.

Figure 16.2-27 also shows that hydrogen embrittlement is highly sensitive to the
strain rate. At a very high strain rate, the cracking proceeds without the assistance of
hydrogen. The hydrogen mobility is not sufficient to maintain a hydrogen atom cloud
around the moving dislocations. At a low strain rate, crack propagation is slow enough to
keep the hydrogen concentration around the moving dislocations at levels that influence
cracking. Cracking that is influenced by the presence of hydrogen falls into the category
of stress-corrosion ¢ cking (SCC). The tendency of an salloy to undergo SCC decreases
with increasing temperature and drops significantly above 70°C. Except in corrosion
reactions involving hydrofluoric acid or hydrogen sulfide, SCC is usually not a problem
with steels having a yield strength below 1,000 MPa {100].

16.2.5.2. Hydrogen-embrittlement p1evention

The main cause of hydrogen embrittlement is ke penetration of hydrogen into a metai
or alloy. Techniques for in-service hydrogen-embrittlement prevention generally focus nn
either eliminating the source of hydrogen or minimizing stresses to below the threshold
values necessary to cause cracks. For nuclear components, however, the hydrogen source
from {n,p) reactions can never be totally eliminated. Nevertheless, hydrogen embrit-
tlement may be mitigated or prevented by application of one or more of the following
preventive measures.

Reducing corrosion rates. Clorrosion of metals or alloys in aqueous solutions is al-
ways accompanied by the evolution of hydrogen at the surface of the metal. Corrosion-
prevention measures are discussed in detail in Section 16.2.1.2. These include changes
in the corrosive medium such as removing oxides or adding carefully selected inhibitors.
Table 16.2-1'" includes a reference list of corrosion inhibitors.

Baking. Hydrogen embrittlement is an almost fully reversible process, especially in
low-carbon steels, if no hydrogen damage has yet occurred. If the hydrogen is removed,
the mechanicel properties of the treated material are only slightly different from those
of hydrogen-free steels. Although a common way of removing hydrogen is by baking at
relatively low temperatures (200 to 300°F), high service temperatures will also ensure
minimal hydrogen entrapment inside the matrix. Trapping of hydrogen atoms decreases
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as the service temperature is increased above 200°C. High-temperature hydrogen attack
(i.e., decarburization due to volatile CH, formation) is a major concern only for high-

carbon or low-alloy steels.

Alloy selection. Hydrogen embrittlement strongly depends on the strength of the
alloy and high-strength steels are the alloys which are most susceptible to hydrogen em-
brittlement. Low-strength alloys (o1 < 1000 MPa) are the least susceptible to hydrogen
enbrittlement. Furthermore, alloying elements such as nickel and molybdenum reduce
the susceptibility to hydrogen embrittlement [3].

Reduction of SCC by deaeration of boiler water. Experiments with the ad-
dition of hydrogen to water in BWRs has shown that SCC can be reduced markedly
{Section 16.2.1.3).

In summary, aeration (the presence of dissolved oxygen in a liguid medium) may
have profound influence on the corrosion rate of metals. Some metals and alloys are
more rapidly attacked in the presence of oxygen, whereas others may show hetter corro-
sion resistance. For example, deaeration of hoiler water results in a marked decrease in
the corrosion of steels and cast irons. The addition of hydrogen results in a deaeration or
reduction of oxygen content of the water, leading to a decrease in corrosion rate [13,23-
26]. These experiments demonstrate the different effects between nascent (monatomic,
adsorbed, and diffusible} hydrogen and molecular (H;) hydrogen. While nascent hydro-
gen increases SCC, molecular hydrogen decreases SCC Lecause of recombination with
dissclved oxygen.

Petrachemical plants expose metals to high temperatures and high hydrogen pressures
(hydrogenation processes). The dissociation of molecular hydrogen under conditions of
high pressure and high temperature is a major source of diffusible hydrogen. The reaction
of hydrogen with carbon has been identified as the iain cause of hydrogen embrittlement
in hydrogenation processes. The petrochemical industry has adopted a practical solution
to this problem by using low-alloy steels. These steels contain carbon stabilizers such
as chromium, molybdenum, tungsten, vanadium, titanium, and niobium. In addition to
altering the microstructure of the alloy, these alloying elemnents also reduce the reactivity
of carbon with absorbed hydrogen. Experience in the petrochemical industry has resulted
in the development of “Nelson curves” [101] which prescribe the acceptable limits of
temperature and hydrogen partial pressure for conunon low-alloy steels. An example of
these curves is shown in Figure 16.2-28. It can be seen that a higher chromium content
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allows higher temperatures and higher hydrogen partial pressures. The worst case is that
of regular carbon steel.

16.2.5.3. Discussion

Hydrogen embrittlement is an important plienomena caused mainly by the trapping of
absorbed hydrogen in metals under applied stresses. The main factor influencing hydro-
gen embrittlement is the hydrogen content which depends strongly on the temperature,
microstructure, and streugth of the alloy. Hydrogen content can be reduced by minimiz-
ing the sovrce of nascent hydrogen (mostly due to corrosion) and by operating at high
temperatures {> 200 °C), provided that a low-carbon steel is used. High concentrations
of chromium, nickel, or molybdenumn (> 10wt%) increase the resistance of ferrous alloys
to hydrogen damage. Microstructural features such as a fine-grained and annealed alloy
with minimum cold work further reduce susceptibility to hydrogen embrittlement. B
cause of the lower strength and higher ductility of ferritic steels, these alloys are generally
less susceptible to hydrogen embrittlement than austenitic steels.

The low-activation, ferritic steel 9-C is chosen as the reference structural material
for the TITAN-II FPC (Section 16.2.4). The 9-C alloy contains very small amounts
of carbon (< 0.097wt.%), but has a high concentration of carbon-stabilizing elements
(> 11wt.% Cr, 6wt.% Mn, 0.28wt.% V, and 0.89wt.% W). Furthermore, the addi-
tion of nitrate salts to the aqueous solution reduces the corrosion rate of ferrous alloys
(Section 16.2.1.2), resulting in a reduction in the production of hiydrogen atoms on the
surfaces, thus reducing the nascent hydrogen Lontent.

The production of hydrogen by nuclear reactions and by plasma-driver. permeation
through the first wall of 2 fusion device increases the hydrogen content inside the alloy
matrix which may lead to unacceptable hydrogen embrittlement of the structure for
operation at or near room temperature (the highest susceptibility of high-strength alloys
to hydrogen embrittlement is at or near roomm temperature [100]). But the TITAN-II
structural material operates at high temperatures (> 400°C), minimizing the effective
trapping of hydrogen inside the matrix. Experiments show that above ~ 200°C, hydrogen
embrittlement of ferrous alloys is reduced markedly [3]. Furthermore, the Nelson curves
indicate that 2.0 Cr-0.5 Mo steel can operate at 400°C with a hydrogen partial pressure of
17 MPa without internal decarburization and hydrogen embrittlemsnt (Figure 16.2-28).

Based on the above discussion, the ferritic alloy 9-C is expected to exhibit a high
resistance to hydrogen embrittlement. The number of factors influencing hydrogen em-
brittlement are numerous and their interdependence is a complex function of the specific
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microstructure and operating conditions of an alloy. Therefore, experimental data are
needed in order to perform a complete evaluation of hydrogen embrittiement of the 9-C
alloy under TITAN-II operating conditions.

16.2.6. Neutron-Multiplier Material

Beryllium is chosen as the neutron-multiplier material for the TITAN-1I design mainly
because of low activation. Concerns associated witu peryllinm are toxicity, resource lim-
itation, and radiation damage. In this section, properties of beryllium are presented
(Section 16.2 6.1) and the available data on corrosion of beryllium by the aqueous solu-
tion is reviewed (Section 16.2.6.2). Section 16.2.6.3 discusses the irradiation behavior of
beryllium.

16.2.6.1. Properties

Selected properties of beryllium are given in Table 16.2-XII1. Mechanical properties
of beryllium at elevated temperatures depend on the microstructure and composition {pu-
rity). Ultimate tensile and yield strengths of typical commercial beryllium (low purity)
are given in Table 16.2-XIV. The average grain size of the tested beryllium was 16 pm
with the principle impurities being: 200appm oxygen, 620 apptn argon, 1380appm iren,
500 appm silicon, and 220 appm titanjum.

16.2.6.2. Beryllivin corrosion

The two areas of concern regarding beryllium in a fusion environment are swelling and
corrosion. Beryllium that is clean and free of surface hinpurities (in particular carbonates
and sulfates) has exceedingly good resistance to attack in low-temperature, Ligh-purity
water [102], with typical corrosion rates of less than 1 mil/y [103]. In a slightly acidic
demineralized water of 2 nuclear test reactor, beryllium has performed without problems
for over 19 years {104,105].

Beryllium exposed to chloride and sulfate-contaminated aqueous solutions is suscep-
tible to attack. Development of corrosion-protective coatings for beryilium has been
extensive [104]. Extremely thin (100 A) chromate coatings produced by simple dip treat-
meuts have shown to hold up under 5% salt spray tests for a period of 120 h [106]. With
anodized coatings, no corrosion was detected after 2000-h exposure in ASTM salt-spray
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Table 16.2-XIII.
SELECTED PROPERTIES OF BERYLLIUM! [102]

Atomic weight 9.01
Deusity (g/cm®) 1.85
Crystal structure
T<1254°C h.c.p.
T>1254°( bh.c.c.
Melting temperature (°C) 1283
Boiling temperature (°C) 2484
Heat of fusion (J/g) 1083
Heat of vaporization (J/g) 24,790
Heat capacity {J/g-°C)
500°C 2.25
1o000°C 2.92
1500°C 3.59
Coeflicient of thermal expansion {1/°C)
25- 100°C 11.6 x 107®
25- 500°C 15.9 x 107
25-1000°C 18.4 % 1078
Thermal conductivity (W/m-K)
50°C 150
300°C 125
600°C 90
Electrical resistivity (u§Icm)
50°C 5
300°C 12
600°C 23
Bulk modulus (GPa) . 115.8
Shear modulus (GPa) 157.7
Young’s modulus (GPa) 278.5
Poisson ratio 0.2
Fracture mode cleavage
Ductility poor

(a) Properties are at room temperature except as indicated.



16.2, MATERIAL SELECTION 18-85

Table 16.2-XIV.

ULTIMATE TENSILE STRENGTH AND 0.2% YIELD STRENGTH
OF A TYPICAL BERYLLIUM SHEET [102]

Temperature ( °C) Yield Strength (MPa) Ultimate Tensile Strength (MPa)

300 180 360
500 140 260
700 - 100 170
900 80 120

1073 10 ' 25

tests [104]. Uniform and adherent anodized coatings on beryllium are produced either
by solutions of 50% HNOj with a current density of 0.20 A/ft> for 5 minutes, or by solu-
tions of 7.5% NaOH with a current density of 10 A/ft? for 20 minuies. It is conceivable
to develop an in-situ anodizing mechanism to coat berylliumn in an aqueous self-cooled
blanket. In particular, the TITAN-II blanket coolant contains both NOjs and OH ions.
Extensive research into this area will be required to establish the feasibility of in-situ
anodizing methods.

16.2.6.3. Swelling

Irradiation-induced swelling is a major concern associated with beryllium in a fu-
sion environment. Swelling of beryllimin under neutron irradiation is mostly caused by
helium-gas generation from (n,a) reactions. Helium atoms are insoluble in me*als and
consequently they will rapidly diffuse through the metal until they become immobilized
at trap sites such as thermodynamically and irradiation-produced dislocations, cavities,
and grain boundaries. This phenomena is responsible for the nucleation and growth of
bubbles. Bubbles can alse migrate through the matrix or along grain houndaries and
coalesce to form bigger bubbles (increased swelling). The temperature has to be high
enough to allow bubble migration and cozlescence.
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The threshold temperature below which swelling of beryllium is insignificant was
determined in early post-irradiation experiments [107-116]. For fluences resulting in
a few appm of helium-atom concentration in beryllium, the threshold temperature js
around 700 °C while for fluences creating more than 50 appm of helinm, swelling threshold
temperature drops to about 500°C. Beryllium located behind the first wall of a fusion
device will have a helium generation rate of about 10,000 helivin appm per | MW y/m?.
Because of these high helium-generation rates, suppression of beryllium swelling through
operation at low temperatures is not feasible in a fusion blanket.

High-temperature {1000 °(), post-irradiation anneal experiments showed a maximum
swelling of 30%. This m~imum in swelling was attributed to interconnecting bubbles
which resulted in a release of trapped helium from the bulk. The minimum swelling
necessary to produce an interconnecting network of helium bubbles for gas venting was
theoretically determined to be 5% to 10% [111]. Thus, beryllium exposed to high levels
of fast-neutron irradiation will swell a mininmum of about 10% and a maxiuun of 30%
al high temperatures ("> 750°C).

Phenomenological swelling equation

Because it is believed that swelling has its microstructural origin in helium behavior,
a swelling equation based on the following gas-behavior assumptions ias been developed:
(1) Van der Waal's equation of state is used, (2) all retained gas is trapped in bubbles,
(3} all bubbles are of the same size, (4) bubbles are in mechanical equilibrium with the
solid, and (5) irradiation-induced re-solution is neglected.

The Van der Waal’s equation of state, conunonly used to describe the thermodynamic
state of fission gas bubbles, is:

1
P (— - B) = kT, (16.2-47)
Pg
where p is the pressure of the gas of molecular density p, at temperature T. The Van
der Waal parameter, B, can be regarded as an expression for the volume occupied by a
single gas atom. Using the mechanical-force balance on a bubble, p = 2v/R yields:
1 kT

— = B+
g 2y

R, (16.2-48)

where « is the surface tension of a hubble with a radius &.
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Assuming that all retained helium atoms are trapped inside bubbles of equal size, the
fractional increase in volume caused by the bubbles is:
AV
|4

The bubble number density, N, is related to the number of gas atoms per bubble, m,
and the helium generation rate, Gye:

= %’T RN. (16.2-49)

mN = frGp.t, (18.2-50)

where fg is the fraction of helium atoms retained in the bulk of the material and # is the
time of irradiation. Using Equation 16.2-48, the number of gas atoms contained inside 2
bubble of radius R is:

4r 4 Re

™= gl T TR LT/2VR

16.2-5
; (16.2:51)

Combining Equations 16.2-49 through 16.2-51 and assuming bubbles have radii greater
than 1000 A (ignoring B) results in:

AV _ 3\”2 kT fnf;'}{,t 3
v T (ZE/' [(E) (—————N”3 )] . (16.2-52)

15, which is commonly found experimentally, To

Note that the swelling rate scales as
use Equation 16.2-52, it is necessary to know the surface tension of bubbles in beryllium,

the fraction of retained heliumn atoms, and the bubble number density.

Recently, Beeston [112,113] measured beryllium swelling as a function of temper-
ature and helium content. The helium content was about 30,000appm. Beryllium
was irradiated in ETR and ATR test reactors up to 3.5 % 10** n/cm® by tast neutrons
(E > 0.1MeV). The number densities of helium bubbles were measured at annealing
temperatures between 400 and 600°C [113]. An empirical equation, given iy Beeston,
for the number density as a function of temperature is:

0.41
N = 14x10" exp(ﬁ) , (16.2-53)

where N is given in bubbles per cm®, k is Boltzmann constant (k = 8.618 x 10-% eV/K),
and T is the temperature in Kelvin. Since the effects of high-fluence 14-MeV neutrons
are not known at the present time, this model should be used with caution.

No measurements for the fraction of retained helium atoms are reporied. Therefore,
for the purpose of using Equation 16.2-52, it is conservatively assumed that all helium
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atoms produced during irradiation are trapped (fg = 1). Beryllium surface-energy mea-
surements have been performed and the values quoted range from 1 to 2J/m? [114-117].
In calibrating the swelling Equation 16.2-52 to Beeston'’s data, a surface tension value of
1.6J/m? leads to the best agreement hetween the model and the data. Table 16.2-XV
shows a comparison of the experimental data with predictions of Equation 16.2-52. For
the temperature range between 300 and 500 °C, good agreetnent between the model and

measured swelling data is apparent.

To estimate the swelling of the TITAN-II beryllium rods, it is assumed that high
density berylliuin, which retains most of the generated helium, is used. Table 16.2-XVI
shows the eslimated beryllium swelling after one full-power year (FPY) of operation.
The berylliun: was assumed to have an average temperature of 500°C. It can he seen
that with conservative assumptions, the maximum swelling of beryllium should not be
liigher than ~ 15% at 0.5cm behind the first wall.

Swelling of porous berylinm

The estimated swelling values of Tahle 16.2-XVI were calculated assuming no loss of
helium atoms from the matrix. Loss of helium through open pores and helium trapped
in closed pores affects the rate of swelling. A realistic model of beryllium swelling has to
account for helium released through open pores and for the fraction that is retained in

closed pores.

First, the amount of helium trapped in closed pores needs to be approximated. At
high temperatures (> 250°(C!), the helium bubbles will be in mechanical equilibriuin
{p=2v/R). For an average-sized closed pore of R = 2.5um, the amount of helium
trapped is

_ 8ymwR?

n= oy = 1.96 x 16° (atom per pore) . (16.2-54)

The total helium produced during 1 FPY of operation in berylliam located just behind the
first wall of the TITAN-II reactor is about 6.6 x 10% He/cm?®. Starting with a beryllium
matrix having a density of about 70% theoretical density (70% TD or 30% apen porosity),
and assuming a 50% pore closure by self welding, the fraction of helium trapped inside
closed pores after 1 FPY is estimated to be

1.96 x 10°(He/pore)
8.2 x 10-12(cm®/pore)

<(0.3) x (0.5) = 3.1 x 10"°(He/cm®).  (16.2-55)
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Table 16.2-XV.

EXPERIMENTAL') AND ESTIMATED®
SWELLING VALUES OF BERYLLIUM

16-80

AVIV (%)
Temperature ( °C) Experiments(® Estimated®
200 1.2 0.36
300 1.5 1.29
400 3. 3.17
500 6. 6.69

(a) Specimen contained about 30,000 appm helium (3.7 x 10?* He/cm®) [112,113].

(b) Estimated using Equation 16.2-52.

Table 16.2-XVI.
SWELLING OF SOLID BERYLLIUM IN THE TITAN-II REACTOR'

Distance from First Wall (cm)

Total Helium (appm) AV/V (%)

53,400
34,000
20,300
11,900

14.5
7.4
3.4
1.5

{a) After 1 FPY of operation at 18 MW/in? neutron wall loading.
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This rough estimate shows that ouly about 0.5% of the total generated helivin is trapped
inside closed pores. Ouly at very low temperatures can the amount of helium trapped

inside closed pores be a fairly large fraction of the total amount produced.

Estimating the amount of helium that reaches open surfaces through interconnected
open pores is best determined empirically. However, because of the lack of experimental
data, only a rough estimate can be made. Diffusion of helium through beryilium can be
estimated using self-diffusion coefficients given by [118]:

~1.63
D, = O.EZexp(mﬁ—), (16.2-56)

-1.71 _
.D" = (.62 exp ("—'——"'kT ), (16.2—54)

where D, and Dy are, respectively, the diffusion coefficients perpendicular and parallel
to the C-axis (in units of cm?/s) and &7 is in units of eV. Assuming an average diffusion
path to open pores of 10 um and an average temperature of 500", Equations 16.2-56
and 16.2-57 predict thatl it would take a helium atom from 1 to 3 days to reach the pore,
depending on the crystal orientation. Thus, at elevated temperatures, a substantial
fraction of untrapped helimm atoms can reach open pores within a short time. If 30% of
all generated helium atoms escape to open pores, about 1.9 x 102! He/cm:® will be vented
resulting in fp ~ 0.7. Based on this estimate for fgr, the maximum beryllium swelling at
0.5cm behind the first wall of TITAN-11 is zbout 8.5%. The above calculations assume
that the pores in the beryllium rod remain open and do not sinter during operation;
sintering must be wminimized to avoid pore closure and excessive swelling.

A smear density of 70% TD can be achieved using sphere-packed beryllium. The
maximum operating temperature mnust be kept below 660°C to prevent sintering of the
spheres. Beeston {119] has conducted experimental investigations of grain growth of
beryllium which indicate open porosity below 661 °C. The thermal conductivity of 70%
TD beryllium at 600°C is about 44 W/m-°C [120].

Strength

Most nietals undergo hardening when exposed to neutron irradiation. Similarly, beryl-
lium is expected to experience an increase in yield strength with irradiation [121]. Miller
et al. [122] analyzed the effects of irradiation on the strength and fracture toughness
of beryllium. Figure 16.2-29 shows the effects of temperature and irradiation on the
strength of beryllium at a fluence of 1.2 x 10*? n/cw”. Irradiation increases the strength
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Figure 16.2-29. Compressive yield strength of beryllium as a function of test temper-
ature under irradiation with a fluence of 1.2 x 10?2 n/em?® [122].
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of beryllium by a factor of ~ 2 at temperatures hetween 300 and 600°C. Although the
data base of irradiated beryllium is sparse, the irradiated strength measurements indicate
adequate retention of the compressive strength, Irradiation experiments to measure the
ductility of berylliun are needed to understand and model lifetime-limiting effects.

16.2.6.4. Discussion

Corrosion of beryllium in aqueous solntions is a function of the cleanliness of the beryl-
liuin surface and of solution impurities. Beryllium surfaces should be free of carbonates
and sulfates and the water should have mininium chlorate and sulfate impurities to as-
sure minimuin corrosion rates. Coatings to protect beryllium against attack have been
developed and their effectiveness has been demonstrated in a neutron-free environnent.

Swelling levels of above ~ 10% will most likely result in a network of interlinking
helinm bubbles, thus promoting helium release. This means that swelling will stop tem-
porarily until large enough temperature gradients cause sintering of open channels. The
sintering temperature for beryllium has been estimated to be around 660°C. The on-
going process of clasing and opening of porosity will ultimately lead to an equilibrium
helium-venting rate with an associated maximum swelling value. Realistic prediction of
this process is currently not feasible because of the lack of experimental data. A phe-
nomenological swelling equation for beryllium is developed which predicts a maximum
swelling value between 9% and 15% depending on the amount of retained helium atoms.
A swelling value of 10% is taken as the basis for design calculations. Swelling may be
accommodated, to a degree, by using beryllium with low TD (~ 70%). This density can
easily be achieved by using sphere-packed beryllium. The maximum operating tempera-
ture must be kept below 600°C to prevent sintering f the spheres.

Two methods for accommodating the high rate of swelling in beryllium are available:
(1) using & very fine grain beryllium operating at temperatures above 750°C to ensure
interlinkage of bubbles to vent the helium gas into the plenum of the cladding tube; and
(2) using low-TD beryllium (sphere packed to a TD of ~ 70%) to accummulate helium in-
side the porosity. The latter approach, however, results in a lower neutron multiplication
and a reduction of thermal conductivity.

Irradiation data on the strength of beryllium are sparse. Irradiation hardening does
occur at temperatures above 306 °C. McCarville ef a/. {123] predict that thermal creep
may help extend the lifetime by relieving stresses caused by differential swelling, with
irrediation-creep effects being negligihle.
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16.2.7. Discussion "

In the TITAN-II design, tritium breeding is accomplished in a lithium salt which
is dissolved in the primary-water coolant. Issues of corrosion and radiolysis, therefore,
greatly impact the choice of the dissolved lithium salt and the structural material.

Two candidate lithium salts, lithium hydroxide (LiOH) and lithium nitrate (LiNOs),
are considered because they are highly soluble in water. The LiNOj; salt was selected
as the reference salt material for two main reasons. First, LiIOH is more corrosive than
LiNO3 (Section 16.2.1). Recently, electrochemical corrosion tests were performed for
aqueous LiOH and LiNQ; solutions in contact with AISI 316L stainless steels {37]. It
was found that stainless steels, particularly low-carbon steels, exhibit better corrosion
resistance in LINQjy solution than in LiOH. Second, from the point of view of radiolysis,
LiNOj solutions are also preferable. Radiolytic decomposition of water results in the
formation of free radicals that will ultimately forin highly corrosive hydrogen peroxide
and OH jons. In an LiNQO; solution, nitrate jons (NOs) act as scavengers and reduce
the probability of survival of highly reactive radicals in the water during exposure to

radiation.

The most drastic effect of adding LiNQ; to the coolant water is the elevation of the
boiling point of the solution. This implies that the thermal-hydraulic design of such an
aqueous salt blanket will be different from that of a pure-water-cooled design. A lower
coolant pressure or a higher operating temperature can therefore be chosen.

The low-activation ferritic alloy, 9-C, was chosen from among other reduced-activation
ferritics because of its good strength and elongation behavijor after irradiation. The high
cliromimm content (11 wt.%) of this alloy should provide good resistance to corrosion
in an aqueous solution. The low-carbon content (0.09wt.%) reduces the risk of hydro-
gen embrittlement. Although no data on the ductile-to-brittle transition temperature
{DBTT) is available, it is believed that the high manganese content (6.5 wt.%) of 9-C
will prevent the formation of delta-ferrite phases which are primarily responsible for in-
creases of DBTT. The data base for corrosion of ferritics in LING; solutions is very
limited. Indications are, however, that a high-concentration LiNQO; solution does not
exhibit unacceptable corrosion problems.

Stress-corrosion cracking (SCC) is a major concern in the nuclear industry. Most
recent experiences with SCC in a nuclear environment clearly show that SCC can be
suppressed by reducing the oxygen content through the addition of hydrogen to the
coolant. The production of tritium in an aqueous LiNOj solution is seen as an SCC-
controlling mechanisni. The proper choice of structural material can further reduce the
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probability of SCC. In particular, a high chromium content coupled with a low carbon
content (as in the ferritic alloy, 9-C) are shown to reduce SCC.,

Another form of attack on structural material in an aqueous environment is hydrogen
embrittlement. The main factors influencing hydrogen embrittlement are the hydrogen
content and the temperature of the structural alloy. Reducing the amount of atomic
hydrogen available for solution in the structure and operating at high temperatures are
the most effective means of reducing hydrogen attack. Atomic hydrogen is produced on
metal surfaces during corrosion processes. Thus, minimizing corrosion also reduces hy-
drogen embrittlement of the structure. The production of tritium in the coolant does not
necessarily result in an increased hydrogen attack because of rapid recombination to form
molecular hydrogen or water molecules. In fact, the Nelson curves, used by the petro-
chemical industry as guidelines, show that chromium steels can operate at 400°C with a
hydrogen partial pressure of 17 MPa without experiencing hydrogen embrittlement [100].

Radiolytic decomposition of aqueous solutions exposed to a radiation environment
is always cause for concern. Experimental data indicate that light-particle radiation (e,
v, and X rays) of concentrated LiNO; solutions results in a decrease of decomposition
products compared with regular water. Heavy-particle radiation (n, p, &, and T) on con-
centrated LiNQ; solutions also shows a decrease in the formation of radiolytic products,
excepting oxygen. However, the production of tritium effectively reduces the oxygen
content of the coolant by forming water molecules. Furthermore, the elevaied operating
temperature of the coolant is shown to be effective in reducing formation of decompo-
sition products in non-boiling nuclear systems. More experimental data are required so
that the radiolytic behavior of concentrated salt solutions can be predicated with a higher
degree of confidence,

The TITAN-II design requires a neutron multiplier to achieve an adequate tritium-
breeding ratio. Beryllium is the primary neutron multiplier for the TITAN-II design.
Investigation of the swelling behavior of beryllium shows the necessity of using either low-
density, sphere-packed or high-density, fine-grained beryllium. Depending on the type
of beryllium chosen, different operating conditions must he satisfied to ensure minimum
swelling and retention of structural integrity. Beryllium corrosion by an aqueous solution
was also investigated. Past experience shows that minimizing carbonates, sulfates, and
chlorates in solution reduces corrosion of beryllium. Coatings have also been developed
and their effectiveness has been demonstrated. However, since most of the coatings were
developed for radiation-free environments, research is needed to develop coatings that
can withstand harsh radiation environments. For the TITAN-II design, a cladding of 9-C
alloy surrounds the beryllium rods.
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16.3. NEUTRONICS

Neutronics calculations for the TITAN-II design were performed with ANISN [124],
a 1-D neutron and gamma-ray transport code, using a P3Ss approximation in cylindrical
geometry. The nuclear data library, ENDF/B-V-based MATXS5 was used. The library
was processed with the NJOY system at Los Alamos National Laboratory [125]. The
energy group structures in this library are 30 groups for the neutron cross sections and
12 groups for the gamma-ray cross sections.

The TITAN-1I design is cooled by an aqueous lithium-nitrate solution. The structural
material is a low-activation ferritic-steel alloy, 9-C' [2]. The TITAN-II blanket requires
neutron-multiplier material to achieve an adequate tritium-breeding ratio (TBR). Beryl-
livm is chosen as the multiplier, mainly because of its low-activation property.

This section describes the neutronics studies for the TITAN-II design. Scoping studies
are reported in Section 16.3.1 and include an assessment of the blanket performance if
heavy water (D,0) is used as the coolant, and the impact of beryllium density on the
blanket performance. The neutronics perforimance of the TITAN-II reference design is
described in Section 16.3.2.

16.3.1. Scoping Studies

Neutronics scoping studies are performed with the configurational paran.eters based
on the mechanical and thermal-hydraulic design of the TITAN-1I FPC. The first wall
is 12.5-mm thick and is composed of 16.7% structure, 61.8% coolant, and the balance
is void (in this section, all material compositions are in volumme percentages, except as
otherwise noted). The blanket zone composition is 9% structure, 32% coolant, and 59%
berylliun. The thickness of the blanket is a variable in the scoping studies. The blanket
is followed by a metallic shield coniposed of 90% structure and 10% coolant. Two shield
thicknesses of 0.2 and 0.25m ate considered.

A 50-mm-thick zone is located behind the shield to simulate the toroidal-field (TF)
coils, The material composition of this zone is 10% structure, 10% spinel insulator
{MgAl,0,), 10% coolant (pure water), and 70% copper conductor. The ohmic-heating
{OH) coils of the TITAN-1I design are located 0.78 m from the first wall in the scoping
studies. The material compositions of the OH ccils are identical to the TF coils. The
space between the TF and OH coils contains pure water (the low-pressure water pool).

For the scoping studies, it is assumed that the aqueous coolant contains LiNQj salt.
and ordinary water (H,O) with 1:5 molecular ratio. This aqueous LiNO; solution has
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Table 16.3-1.

BERYLLIUM ZONE THICKNESSES TO ACHIEVE DIFFERENT
TRITIUM-BREEDING RATICS IN THE TITAN-II BLANKET(®

Tritium-Breeding Ratio

1.1 1.2
°Li enrichment (%) 742 30. 60. 7.42 30. 60
Be zone thickness {in) 0.20 0.12 0.09 0.23 014 o0.11
Blanket energy multiplication ! 1.41 1.30 1.26 1.43 1.33 1.29

{a) For a 0.2-m-thick shield with 18 MW /m? neutron wall loading.

{b) Including all nuclear energy deposited in the first wall, Be zone, and shield.

a density of 1.07g/cm® and contains 5at.% of lithium. The blanket tritium breeding is
strongly affected by ®Li enrichment in the lithinun salt. Three ®Li enrichment cases were
considered in the scoping studies: 7.42% (natural abundance), 30%, and 60%.

In the initial phase of the scoping studies, we varied the beryliiun zone thickness
from 0.1 to 0.3 m while keeping the shield thickness at 0.211. It was found that the TBR
ranged from 0.76 for natural ®Li enrichment (7.42%) and 0.1-in-thick beryllium zone to
TBR of 1.66 for 60% °Li enrichment and 0.3-m-thick beryllium zone.

Next, for a given TBR, the thickness of the beryllium zone was estimated. Table 16.3-]
presents the estimated thickness of the berylliumn zone to achieve TBR of 1.1 or 1.2
for different ®Li enrichment of 7.42%, 30%, and 60%. The resultant blanket-energy
multiplications for these blanket systems are also given, Table 16.3-1 shows that: (1) the
blanket energy multiplication ranges from 1.25 to 1.43 as the beryllium zone thickness
varies from 0.09 to 0.23m; and (2} %Li enrichment can be adjusted, for example, from
7.42% to 60% SLi, to obtain the desirable TBR.

The neutron fluence at the location of TF coils was also examined. Af J full-
power years (FPY) of operation at [8.1 MW/m® neutron wall loading, the maximum
fast-neutron (E, > 0.1 MeV) fluence was found to be insensitive to ®Li enrichment. For
beryllium zone thicknesses of 0.1, 0.2, and 0.3m, the maximum fast-neutron fluences
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Table 16.3-I1.
IMPACT OF °Li ENRICHMENT ON BLANKET PERFORMANCE®

*Li Enrichment (%) 7.42 20. 60.
Tritium-br. .ding ratio 0.982 1.269 1.361
Blanket «nergy multiplication, M 1.42 1.37 1.35
Fraction (% of M) of nucle=z energy in

First wall 8.3 8.8 9.0

Beryllium zoue 63.4 66.2 67.1

Shield 28.3 25.0 23.9
Energy leakage (% of M) 2.5 2.5 2.4
Maximum fluence® at TF coils (n/cm?) 8.8 x 1022 8.7 x 1022 -7 % 1072

{e) Yor 6.15-m Be zone and 0.23-m snield designs at 18 MW /m? neutron wall loading.
(b} Fast-neutron fluence (E, > 0.1 MeV) for 3¢ FPY of operation.

at the TE coils are, respectively, 2.3 % 10%%, 9 % 10%?, and 3.3 x 1022 3/cm®. Since the
fast-neutron-fluence limit to the spinel insulators is determined to be 2 x 10°3n/cm?
{Section 10.2.3), a beryllium zone thicker than 0.15m will be sdequate to ensure a
30-FPY lifetime for the TF coils. Note that a single-piece maintenar . procedure is
envisioned for the TITAN-II dezign (Section 20). The complete FPC, including the TF
coils, is replaced cach year during the scheduled maintenance. The used TF coils are
separated from the replaced FPC and are reused on a new reactor torus.

Further scoping studies were performed for a 0.15-m-thick beryllium zone and a
0.25-m-thick shield (for a total blanket and shield thickness of 0.4 m). fable 16.3-11
summarizes the results of neutronics calculations for three different 8Li enrichments of
7.42%, 30%, and 60%. The case of natural errichment does not yield adequate tritium
breeding and for enrichments above 30% the blanket performance is rather insensitive
to the enrichment levels. From the results shown in Table 16.3-11, a set of preliminary
performance parameters can be obtained: (1) a blanket energy multiplication of about
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Table 16.3-111.

COMPARISON OF NEUTRONICS PERFURMANCE OF
BERYLLIUM MULTIPLYING BLANKETS®) WITH
H.0 AND D.O-BASED LITHIUM-NITRATE COOLANTS

Coolant Type

H,C D,C
*Li enrichment (%) 7.42 30. 7.42 30.
Tritium-breeding ratio 0.982 1.269 0.936 1.217
Blanket energy multiplication 1.42 1.37 1.44 1.39
TF-coil heating rate (W/em?®) 4.6 4.2 7.2 6.7

(a) For 0.15-m Be zone and 0.25-m shield designs at 18 MW /mm? neutron wall loading.

1.38 for a TBR of 1.2; (2} the nuclear energy deposited in the TF coils, the pool water,
and the OH coils is about 2.5% of the total iuclear energy deposited in the first wall,
blanket, and shield; (3) the maximum fast neutron fluence at the TF coils is less than
1 x 102 n/cm?; and (4) the needed 9Li enrichment is 30% or less for obtaining a TBR of
1.2 in the full-coverage 1-D analysis.

Heavy water (D,0) as the coolant

The option of using heavy water (D,Q) as the coolant for the TITAN-II design was
considered because D,O has a lower neutron-absorption cross section than ordinary water
(H20). Furthermore, deuterium has a significant (n,2n) cross section of ahout 0.1 barn
at 14MeV. I is also of interest to investigate whether D;O can be used without any
beryllium in the TITAN-II concept.

Two additional neutronics calculations were performed for the 0.15-m-thick beryllium
zone blanket of Table 16.3-1I. In these calculations, H;O was replaced by D;O while
all other blanket parameters remained the same. Table 16.3-1If compazes the results
of these calculations with those obtained with H,O as the coolant. The results show
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that the ordinary-water blanket is able to breed more tritium than the heavy-water one,
within the rauge of blanket parameters used, because hydrogen has a better neutron-
moderation capability than d uterium. As a result, the neutron-leakage rate into the TF
coils is expected to be higher in the DO blanket than in the H,Q blanket, as is seen in
Table 16.3-1I1. The D(n,2n} reactions do not significantly contribute tn tritium breeding,
since beryllium is the major neutron multiplier with a multiplication factor of 15 or 1ore
higher than that of the heavy water under the specified blanket parameters.

The need for the beryllium multiplier in the TITAN-iI design is demonstrated by
considering four different designs without Be:

1. 0.3-m blanket and 0.1-m shield, D20 coolant, 60% SLi,
2. 0.6-m blanket and no shield, D2O coolant, 30% ©Li,
3. 0.6-m blanket and no shield, D;O coolant, 60% °Li, and

4. 0.6-m blanket and no shield, H2O coulant and 60% °Li.

The compositions in the above blaukets are identical to those in the previous study,
except that beryllium is replaced by either D,O or HoO with the corresponding LiNO,

content of the solution.

Table 16.3-1V summarizes the results for these four cases. It is clear that without
beryllium, both DO and H.O LiNQ; blankets have insufficient TBRs, Marginal breeding
ratios can be achieved for a blanket with a structural content of about 1% or 2% and
with D,O as the coolant.

The fast-neutron fluence at the TF coils for the first blank.t considered (total thick-
ness of 0.4 m) is about the sarne as the blanket design containing beryllium (Table 16.3-1I).
The latter indicates that water (either light or heavy water) itself is a very good neutron
moderator, but Jacks adequate neutron-multiplication capability.

Effect of beryllium density factor

Scoping studies were performed to assess the imipact of the beryilium zone thickness
and density factor on optimized blanket-energy multiplication and beryllium utilization.
The blanket composition in this set of calculations incindes a 15-nun-thick first wall with
16.7% structure, 61.8% coolant, and a balance of void. A variable-thickness heryllium
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zone was considered consisting of 12.2% structure, 58.7% beryllium, and 29.1% coolant,
according to a more up-to-date mechanical design of the FPC. Two beryllium density
factors, 1.0 and 0.8, were considered. A 0.15-m-thick breeder/reflector zone with 9%
structure and 91% aqueous coolant and a 0.1-m-thick shield with 80% structural netal
and 10% aqueous coolant are located behind the Be zone.

Figure 16.3-1 shows the Be (n,2n) reaction rate as a fuuction of beryllium zone thick-
ness which indicates that for a 0.3-m-thick beryllium zone, the reaction rate is about
saturated for both density factors of 1.0 and 0.8. When the beryllium zone thicknesses
are 0.1, 0.15, and 0.2 m, the corresponding Be (1,2n) reaction rates relative to the value

Table 16.3-1IV,

NEUTRONICS PERFORMANCE OF D,0- AND H,O-BASED
LiNO; BLANKETS® WITHOUT BERYLLIUM NEUTRON MULTIPLIER

Case 1 Case 2 ‘ase 3 Case 4
Blanket thickness (m) 0.3 0.6 0.6 0.6
Shield thickness (1) 0.1 0.0 0.0 0.0
Coolant ¥ D,O D,0O DO H.,0O
SLi enrichment {%) 60. 30. 60. 60.
Tritium-breeding ratio 0.850 0.987 0.993 0.880
Blanket energy multiplication 1.12 1.16 1.15 1.13
D (n,2n) 0.130 0.140 0.140 N/A
TF-coil heating rate (W /cn®) 7.7 3.4 3.2 2.5

Fluence® at TF coils (n/cm?) 1.0 x 103 2,5 % 1022 2,2 % 107 1.8 x 10?2

{(a) For designs with 9% ferritic-steel structure and 18 MW/m? neutron wall loading.
{b) The coolant is an aqueous LiNOj solution containing 5at.% lithium.

(c) After 30 FPY of operation.
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Figure 16.3-1. Beryllium neutron-multiplication factor in the TITAN-II design as a
function of beryllium zone thickness for berylliwum density factors (D.F.)
of 0.8 and 1.

at 0.3 m are 0.64, 0.77 and 0.9, respectively. The Be (n,2n) reaction rate is alinost directly
proportional to the beryllium density factor (packing fraction) used. Hence, a beryllium
design with a 0.8 density factor will produce a 20% lower neutron-mulliplication factor
than a design with a density factor of 1.0.

The ultimate impact of a lower-density beryllium on the neutronics performance of the
TITAI-II design is a lower blanket energy multiplication (M) when the TBRs in these
designs are fixed at 1.2 by adjusting the ®Li enrichment. A preliminary design study was
performed using a 0.15-m-thick beryllium zone as the base blanket for the design analysis.
Two beryllium zone compositions were considered in the preliminary structural design
study: Case A with 12.2% structure, 29.1% coolant, and 58.3% beryllium; and Case B
with 15% structure, 20.5% coolant, and 64.5% beryllimmn. For each case, two beryllium
density factors of 0.8 and 1.0 were considered. Natural lithinm in the agueous coolant
is used when the beryllium density factor is 1.0, while 20% ®Lj enrichment js used for
the designs when the beryllium density factor is 0.8. These ®Li enrichments were chosen
primarily to make sure that these preliminary designs result in reasonable TBRs (> 1).

Table 16.3-V shows the neutronics performance for these blankets with these two
beryllium zone compositions. For a beryllinm density factor of 0.8, both cases have equal
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Table 16.3-V.

COMPARISON OF NEUTRONICS PERFORMANCE OF
PRELIMINARY TITAN-II BLANKET DESIGNS(®)

Case A Case B

Compositions of Be zone (%)

Beryllium 58.7 64.5

Coolant 29.1 ’ 20.5

Structure 12.2 15.0
Beryllium density factor 1.0 0.8 1.0 0.8
8Li enrichment (%) 74 20 74 20
Tritium-breeding ratio 1.06 1.19 1.01 1.18
Blanket energy multiplication, M 1.38 1.31 1.43 1.34
Be(n,2n) reaction rate 0684 0.573 0.740 0.624
Nuclear energy leakage (% of M) 2.8 3.3 2.6 3.1

(a) All calculations were obtained with the following system:
First wall (15mm): 16.7% structure, 61.8% coolant, and 21.5% void;
Beryllium zone (0.15m): T'wo variable compositions as shown;
Breeder/reflector zone (0.15m}): 9% structure and $1% coolant;
Shield (0.1 m): 90% structure and 10% coolant; and

Coolant: aqueous (H,0) LiNO; solution containing 5at.% lithium.

-
-
P |
=]
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Figure 16.3-2. Total and fest-neutron (E, > 0.1 MeV) flux distributions in TITAN-I}
components as a function of distance from the first wall.

TBRs of 1.2 and roughly equal M (1.31 for Case A and 1.34 for Case B). For a Be density
factor of 1.0, M increases to 1.38 and 1.43, respectively, for Cases A and B. However, the
TBRs are reduced to 1.06 and 1.01. If the TBRs are adjusted to about . .2 by increasing
the ®Li enrichment in lithium, M will decrease slightly to about 1.36 and 1,40. This
study suggests that the reduction of the beryllium density factor from 1.0 to 0.8 will
cause M to decrease by about 4%.

Figure 16.3-2 shows the neutron-flux distribution as a function of distance from the
first wall for Case A with a beryllium density factor of 0.8 and a SLi enrichment of 20%.
The maximum fast-neutron fluence at the TF coils is about 3 x 10% n/cm? after 1 FPY
of operation at 18.1 MW/m? aecutron wall loading. Therefore, TF and OH coils can
be used for the lifetime of the power plant with no replacement, since the fast-neutron
fluence after 36 FPY is about a factor of 2 to 3 below the radiation-damage limit to the
spinel insulator. This margin may provide an incentive to move the OH coils closer to the
blanket system in order to improve the coupling between the OH coils and the plasma.
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16.3.2. Reference Design

Based on the above scoping studies, the following parameters were selected for the
TITAN-1I reference design: a 0.2-m-thick beryllium zone with a beryllium density fac-
tor of 0.9 (a maximwm value when beryilium swelling is considered}; a 0.1-m-thick
breeder/reflector zone; and only a 50-mm water gap region between the TF and OH
coils, bringing the OH coils closer to the blanket system by 0.3 m. Also, a higher LiNO,
concentration (6.4at.%) in the aqueous coolant is used because of heat-transfer consid-
erations. The ®Li enriclunent level is chosen to achieve a TBR of 1.2. The schematic and
materials composition of the TITAN-II reference design are llustrated in Figure 16.3-3.

The neutronics performance of the reference design is summarized in Table 16.3-VI
and compared to three alternate designs with no breeder/reflector zones and 0.3-n1-thick
beryllium zones. The TBR is calculated to be 1.22 for the reference design when the
SLi enrichinent is 12%. The corresponding ®Li enrichment for the alternate designs with
thicker beryllium zones is also 12%. The blanket energy multiplication for the reference
design is 1.36 and 1.40 for the alternate design because of its thicker beryliium zone. The
nuclear energy leakages to the TF coil, water, and OH coils are also given in Table 16.3-VI,
and are very siniilar in these designs with a 2.8% total leakage of the blanket energy from
the high-temperature zones. The volumetric nuclear-heating rates in the reference and
alternate (12% ®Li enrichment) designs are displayed, respectively, in Figures 16.3-4 and
16.3-V.

16.4. THERMAL AND STRUCTURAL DESIGN

‘The TITAN-II design uses an aqueous salt solution (LiNOj in ordinary water) as the
primary coolant. Major parameters of the TITAN-II design are given in Table 16.1-1.
The configuration of the first wall, blanket, and shield is shown in Figures 16.1-1 through
16.1-4. The coolant channels are in the poloidal direction. The coolant enters at the
bottom and exits at the top of the torus. One set of coolant chaunels runs along the
outboard side of the torus and another set along the inboard side. The geometry of
the coolant channe's is shown in Figure 16.4-1. The cross section of the first wall is a
semicircular channel with the convex side facing the plasma. The outer diameter is 3 em
and the wall thickness is 1.5 mm, including a 0.25-mm erosion allowance.

The blanket is made of rectangular-cross-section lobes attached to the first-wall
coolant chanueis. 1'he outer dimensions of the blanket lobes are 3cn torcidally and
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Figure 16.3-3. Schematic of the blanket and shield for the TITAN-II reference design.
The coolant is an aqueous LINOj solution (6.4at.% Li) and beryllium
density factor is 90%.
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Table 16.3-VIL

NEUTRONICS PERFORMANCE OF THE TITAN-II REFERENCE AND
ALTERNATE BLANKET DESIGNS

Reference Design ~ Alternate Designs

Beryllium zone thickness (m) 0.2 0.3
Breeder/reflector zone thickness (m) 0.1 0.0
Shield thickness (m) 0.1 0.1
5Li enrichment (%) 12. 7.42 12, 15.
Tritium-breeding ratio 1.22 1.08 1.20 1.25
Blanket energy multiplication, M 1.36 142 140 1.39
Fraction (% of M) of nuclear energy in
First wall 12.4 11.8 121 122
Berylliun: zone 69.2 81.0 815 815
Breeder/reflactor zone 12.7 - - -
Shield 5.7 7.2 64 6.3
Energy leakage (% of M) to
TF coils 1.27 143 140 1.38
Water pool 0.31 0.30 030 0.30
OH coils 1.09 1.11 111 1.12

TOTAL: 267 284 281 2.80
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30 cm radially. The lobe wall thickness is 1.4mm. The first 20 cm of the blanket lobe
(the multiplier zone) contains 7 rows of beryllium rods clad in 9-C, with a diameter of
2.6 cm. The thickness of the clad is 0.25 mm. The multiplier zone contains 12% structure,
59% beryllium, and 29% coolant (all by volume). Nuclear-heating rate in the blanket
decreases away from the first wall. Therefore, to ensure proper coolant velocity, poloidal
flow separators are placed behind the 2nd, 4th, and 7th rows of beryllium rods to form
channels which have individual orifices. The remaining 10 cm of the blanket lobe (the
breede:/reflector zone) does not contain beryllium aund consists of 9% structure and 91%
coolant (by volume). Behind the breeder/reflector zone, there is a 10-cm-thick shield.
The shield contains two rows of circular coolant channels. The volume percentages of
structure and coolant in the shield are 90% and 10%, respectively.

A review of the thermal analysis of the TITAN-1I FPC is given in Section 16.4.1. The
thermal-hydraulic parameters of the reference design are summarized in Section 16.4.2.
The structural design of the FPC is presented in Section 16.4.3.

16.4.1. Thermal Analysis

The design peak heat flux on the first wall due to plasina radiation is 4.6 MW/m?,
corresponding to a plasina radiation fraction of 0.95. The coolant is an aqueous LiNO;
solution with a lithiwin concentration of 6.4 at.% and a base pressure of 7 MPa. The inlet
and exit temperatures of the coolant are, respectively, 298 and 330°C. The resulting exit
subcooling is 17°C and, at moderate coolant velocities, nucleate boiling will take place

)OOOO

‘F‘W‘ MULTIPLIER ZONE } REFLECTOR SHIELD
ZONE

Figure 16.4-1. Geometry of the first-wall, blanket, and shield coolant channels.
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in the first-wall coolant channels because of the high heat flux. Therefore, the mode of
heat transfer in the first-wall coolant channels will be subcooled flow boiling (SFB). On
the other hand, the heat load in the blanket and shield coolant channels is by volumetric
nuclear heating only. The resulting heat flux on the coolant surface is smaller than that
on the first wall. The maximum heat flux is less than 1 MW/m?2. Therefore, at these
coolant velocities in the blanket and shield coolant channels, boiling will not take place
and non-boiling, forced-convection heat transfer is sufficient to remove the heat.

16.4.1.1. Subcooled flow boiling

The maximum value of the average coolant temperature is always less than the boiling
point by at least 17°C. Any boiling will, therefore, be subcooled boiling. When the
wall temperature exceeds the saturation temperature, boiling begins. Bubhbles form at
nucleation sites, grow, and detach from the wall. In the bulk of the coolant, where the
temperature is lower than the boiling point, the bubbles collapse. Flow boiling is a highly
efficient 110de of heat transfer. The boiling process suffers a drastic reduction in heat-
transfer capability when the heat flux exceeds a certain limiting value termed critical heat
flux. Beyond the critical heat flux, the boiling process changes from nucleate boiling to
film boiling -.nd the heat transfer capability is much less than that of the critical heat
flux. If the surface heat flux is not correspondingly reduced in such a case, the wall
temperature will drastically increase and may result in ielting of the wall material.
This is more likely to happen in designs with a constant heat flux.

Three important parameters govern boiling heat transfer: the incipience of boiling,
the wall superheat corresponding to a given surface heat flux, and the critical heat flux
for the given coolant and flow conditions. Complete physical understanding of the boiling
phenomena and theoretical solutions to different problems are not available at present.
However, extensive experiments have been performed with different types of boiling heat
transfer, mainly with pure liquids, and many empirical correlations are available. Since
pure water (without additives) is used as coolant in many boiling heat-transfer appli-
cations, most of the boiling heat-transfer data are for water. It is expected that when
additives are mixed with water, as is the case for TITAN-II, the boiling heat-transfer
capability as mneasured by the critical heat flux will increase. However, only very limited
data are available in this area. Therefore, the correlations for boiling heat transfer of
pure water are used for the aqueous coolant of TITAN-1I with appropriate corrections
for changes in coolant properties resulting from the addition of the salt {Section 16.2.3).
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Incipience of boiling

A semi-empirical correlation for the heat flux for incipience of boiling at a given wall
superheat is provided by Bergles and Rohsenow [126]. Conversion to miore convenient SI
units yields

2‘047/;,0.0231
] , (16.4-1)

9
qsl = 0.0155“91'155 [5 (Tw - Tmt)

where ¢’ is the incipient heat flux (MW /m?), p is the pressure (MPa), and T3, and Tyq
are, respectively, the wall and saturation temperatures (°C'). This correlation is valid for
all velocities and represents the nuinerical data for water quite accurately over a pressure
range of 0.1 {0 14 MPa (15 to 2000 psia).

Equation 16.4-1 can be used to determine if boiling will take place or if the heat-
transfer mechanism will remain purely convective at a given flow velocity, pressure, and
heat flux. If the wall temperature obtained from the assumption of pure forced-convection
hieat transfer is greater than that given by Equation 16.4-1, then boiling will take place.
In this case, the wail temperature should be caleulated from the boiling equations given
below.

‘Wall superheat in subcooled-flow-boiling heat transfer

Several correlations are available for calculating wall superheat corresponding to a
given heat flux in fully developed, forced convection, nucleate-boiling heat transfer. The
following three equations (converted to SI units) are by Jens and Lottes [127], Weather-
head [128], and Thom et al. [129], respectively:

100 { ¢ \* ( P
To= T = 73 (3.152) XP —6.207)’ (16.4-2)
7 1/4
Ty —Tow = (47.74 —0.127T,0) (ﬁ) . (16.4-3)
;o\ 172
q P )
w  daat = 0 —_ 1, .4-
Lo~ Toa = 4 (3.152) EXP( 8.690 (16.4-4)

with temperature in °C, pressure in MPa, and the heat flux in MW /m?.

Equations 16.4-2 and 16.4-3 are based on the assumption that the surface character-
istics do not significantly influence the position of the fully developed boiling curve in
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forced convection. Equation 16.4-4 appears to be in better agreement with experimental
data. At higher heat fluxes, Equation 16.4-4 by Thom et al. [129] predicts highest wall
superheat among the three equations and, therefore, will give a conservative estimate for
the wall temperature of the first-wall coolant channel. Hence, Equation 16.4-4 is used in
the thermal-hydraulic design of the TITAN-1I FPC.

Critical heat flux

In any application of boiling heat transfer, it must be ensured that the maximum
possible heat flux is less than the critical heat flux (CHF) by a certain safety margin. A
large amount of data for internal flow boiling CHF for pure liquids, especially for water,
is available and many empirical correlations for the CHF exist. Because of the scatter in
the data, these correlations are generally accurate to £20% over the applicable range of
the data. Therefore, the CHF given by the different correlations may vary by as mmch
as 40% [130].

The particulars about boiling in the first-wall coolant channels of TITAN-II are: the
heat flux varies circumferentially, the flow is upward, and the coolant is an aqueous
salt solution (not pure water). Since boiling is a localized phenomenon, circuinferential
variation of heat flux is not likely to affect the CHF. This has been shown to be the case
by an experiment conducted at Oak Ridge National Laboratory [131].

It has been shown by Hasan et al. [132] that the direction of flow relative to gravity
does not affect the CHF at high flow velocities in external flow boiling. They found
that in subcooled or near-saturation boiling of methyl and ethyl alcohols flowing across a
horizontal cylinder, the flow direction does not have any effect on the CHF for velocities
in excess of about 1m/s. The coolant velocity in the first-wall coolant channel is about
20m/s. Therefore, the flow direction is not expected to have any effect on the C'HF in
the first-wall -oolant channels of TITAN-IL

Several correlations for critical heat flux (gg; ) in flow boiling of pure liquids are
available. The following correlation {converted to SI units) is by Jens and Lottes [127]
and is based on the data for water only:

. G \" .
doyr = 0(1356) (ATu)"*, (16.4-5)

where G is the mass vel~city of the coolant (= pv) in kg/m?-s, the factor 1356 aries from
the conversion of units, AT, is the local subcooling in °C, and géyr 1s in MW/m?.
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Constants €' and m depend on the pressure, p (MPa), through

¢ = 3.00-0.102p, (16.4-6)
v -

= == 04 16.4-
m 30 + 0.04 (16.4-7)

Data used in deriving the above CHF correlation was limited to maxinmuun values of CHF
of 38MW /m?, water velacity of 17m/s, pressure of 13.6 MPa, and local subcooling of
90°C,

A subcooled empirical correlation for the CHF developed by Tong [133], has the

following form (after conversion to SI units):

degr = (0725 + 1.93 x 1071 () x (3.0 + 0.018 AT, )
x (0,435 + 1,23 ¢700093L/dh) o (1,7 —1.4¢77). (16.4-8)
The parameter, g, is given by
haa - hin 3f4 13
a = 0532 (‘—) (ﬂ) . (16.4-9)
hyq Pu

The length and hydraulic diameter are denoted by L and dy, respectively. The inlet
enthalpy is h;. and the saturation enthalpy is h,q.. The heat of vaporization is hy,, py
is water density, and p, is vapor density. Data used in deriving the abeve correlation
were limited to maximum values of CHF of 12.6 MW /m?, water velocity of 110.6 m/s,
pressure of 19 MPa, local subcooling of 127°C, and L/d, of 365. Because the data for
this correlation were obtained from uniform-heat-flux test sections, it is not clear whether
the CHF predicted by Equation 16.4-8 is a local CHF or an average heat flux up to the
critical point.

Another empirical correlation of CHF data in up-flow of water through vertical tubes
was provided by Katto and cited in Reference [130):

" . Ah,
9GcHr = % (1 + K "b) ) (16.4-10)
htq
where parameters K, g”, and the Weber mumber, We, are given by:
0.\ 013 d i\ >
K = 0416 (—) Wela33 (0.0221 + —‘) (——) , (16.4-11)
Py L L
G*L
We — , (16.4-12)
opy
0.133 0.27
# - Lo 042 _ (L/ds)
= 98x10°%Gh — W —_— ), 16.4-13
o * s (p,) ¢ TTo001L/d, 0 (8413
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with o being the surface tension of water and L being the length of the channel. The
ranges of velocity and CHF are rather small for this correlation.

Of the three correlations, the Jens-Lottes correlation (Equation 16.4-5) is the simplest
and has the range of parameters for boiling heat transfer which is close to those of the
first-wall coolant channel of TITAN-I1. In the region of high heat flux, the predictions
of Equations 16.4-5 and 16.4-8 are close, but the prediction by Equation 16.4-10 is too
small, probably because the equation is not applicable at high heat Alux. For example,
at 13.8 MPa, water velocity of 10m/s, and exit subcooling of 20°C, the predictions of
critical heat fluxes for the first-wall channel of TITAN-II by the above three correlations
are 6.8, 5.8, and 3.8 MW /m?, respectively.

As explained before, correlation 16.4-8 probally underestimates the CHF. References
cited in [130] show that the CHF is increased by about 40% with an aqueous selution of
ethanol over pure water. Therefore, if the maximum heat flux is kept within 60% of that
predicted by the correlation of Jens and Lottes, an adequate safety margin for CHF is
available. Any increase in the CHF due to the lithivin-salt content will add to the safety
margin. The Jens-Lottes correlation (Equation 16.4-5) is used to check for CHF in the
first-wall coolant channel in TITAN-IL

16.4.1.2. Maximvm temperature of the first wall

The maxitnum structure temperature in the first-wall coolant chanuei is given by
Tymazr = Tex+ AT+ ATy, (16.4-14)

where T,. is the mixed-coolant exit temperature and AT, and AT; are the wall and
film temperature drops, respectively. The maximum temperature drop across the wall
is obtained from a 1-D, cylindrical-geometry heat conduction at the point of maximum
radiation heat flux on the first wall. The maximum wall temperature drop is given by:

_ %0 b) g b (bY  qu (b —a%) ]
AT, = L ln(a + ok ]"\a - ok ) (16.4-15)

2

7" is the volumetric heating rate in the

where ¢/ is th2 maximum radiation heat flux, g
channel wall, a and b are the inner and outer radii, respectively, and k, is the thermal
conductivity of the wall mmaterial. The film temperature drop, ATy, is the result of sub-
cooled flow boiling {Section 16.4.1.1) and can be written as ATy = (T, — Teqt) + AToubezs
where AT, is the subcooling at the channel exit. The wall superheat, (Ty — That), is
calculated from Equation 16.4-4 using the maximum radiation heat flux on the firsi-wall

coolant channel.
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16.4.1.3. Analysis of blanket and shield

In the muitiplier and breeder/reflector zones of the blanket lobe and in the shield,
the heat flux removed by the coclant is very low, The flow is turbulent in the channels
of these regions. Forced-convective heat transfer is adequate ta remove the heat without
raising the wall temperature to the level which would initiate nucleate hoiling. Therefore,
the maximum structure temperatures in the blanket and shield are calculated under the
condition of non-beiling, forced-convective heat transfer.

The film temperature drop is calculated from the forced-convection, turbulent-flow
Nusselt number, Nu, which is given by the Dittus-Boelter equation:

Nu = 0.023(Re)*® (Pr)'/?, (16.4-16)
where He = psV'd,./uy is the Reynolds number, Pr = cppy/ky is the Prandtl number,
and py, @y, cp, and k; are the density, viscosity, specific heat capacity, and thermal
conductivity of the coolant, respectively. The cooclant velocity is denoted by V and d), is
the hydraulic diameter of each zone. The film temperature drop is then obtained from:
q'l db
Nu k'f )

The heat flux, ¢”, at the wall-coolant interface is determined from the volumetric nuclear-

AT, =

(16.4-17)

heating rates.

The important temperatures in the blanket and shield are those at the center of
the beryllium rods, the clad, the channel wall, and the maximum temperature in the
shield region. These temperatures should not exceed the design Jimits. The maximum
temperatures are obtained by adding the filin temperature drop and the temperature
drops across the structural material and gap resistance to the coolant exit temperature.
One-dimensional heat conduction is used to find the temperature drops in the structural
material. The maximun: center-line temperature of a beryllium rod, Te ma=, is given by:

Temar = T+ ATy + ATqea + ATgep + ATy, (16.4-18)

where AT ady ATyap, and ATy, are the temperature drops across the clad, gap, and the
beryllium rod (from center to the surface), respectively:

qm (bz _ az) (qm _ qlél )az b
ATeg = 2 — - & In{~-]|, 16.4-19
Tetad ak, 2k, "\a ( )
19
ATy, = gs—'a, (16.4-20)
gep
yro 2
ATg, = 1B (16.4-21)

4kg,
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where ¢ and ¢, are the volumetric nuclear-heating rates in the structure (cladding)
and beryllivm rod, respectively. The thermal conductivities of the structural inaterial
and berylliuin are, respectively, k, and kg, and the heat-trausfer coefficient for the gap

is hgap.
The maximum blanket-lobe wall temperature, T, maz, 15 given by:

q:II tz q;u t dh

Tomar = Tt ok, t Nuk, (16.4-22)
3 &
where ¢ is the wall thickness.
The maximuin temperature in the shield region, T, nqe, is given by:
qm (Rz - 1'2) qn- R R qm(Rz _ r2)
T maz = Ter = + > l (—‘) - ] 16.4-23
. Y Nk, o A7 ak, ( )

where R is the radius of the shield region surrounding a coolant channel of radius r. The
thermal-hydraulic design should ensure that none of the above three maximum temper-
atures, Temaey Lwmazs 804 Ty oz, exceeds the corresponding design-limit temperatures.

16.4.1.4. Pressure Drops

The pressure drop in the coolant circuit is caused by the friction in the coolant channel
and bends, and by sudden contraction and expansion at the inlet and ontlet. In the first-
wall coolani channel, the pressure drop will be increased because of the two-phase flow
which results from sulicooled flow boiling. In the blanket- and shield-coolant channels,
the friction pressure drop is given by:

Apr = p¥?, (16.4-24)
y 2dn ’
where f is the friction factor whicl is a function of the Reynolds number and the wall
roughness parameter for turbulent flow. The friction factor is given in the Moody diagram
available in texts on fluid dynamics [134].

Friction pressure resulting from sudden expansion and contraction or occurring at a
90° bend is given by:
B

Apy = o, (16 4-25)
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where g is the gravity acceleration, The factor o is equal to 0.5(1 — 1/n) for a sudden
contraction and is equal to (1 — 1/n)? for sudden expansion with n being the ratio by
which the flow area suddenly decreases or increases. For a circular channel with a 90°
bend, the factor @ depends on the ratio of the radius of curvature to the channel radius.
When the ratio is 1, a = 0.6 and when it is 5, o = 1.4.

The pressure drop in subcooled flow boiling in the first-wall-coolant channel can be
calculated from the following equation [135].

(- @) P2 E e
dz [ sop d= P P \adépr

where p is the pressure in MPa, (dp/dz); is the pressure drop for single-phase flow and
can be obtained from Equation 16.4-24 for unit channel length, and
ATaub.in -k ATmt

"= . 16.4-27
9spL (4L/G cpdn) + (dn/ Nt ky) {16.4-27)

Here AT, b = Tsar — Tin is the subcooling at the inlet and L is the channel length. The
wall superhieat, ATyo: = Ty — Tyat, is given by Equation 16.4-4. Nusselt number, Nu is
obtained from Equation 16.4-16 for purely convective hieat transfer.

16.4.2. Reference Design

Figure 16.4-1 shows the cross sections of the first-wall, blanket, and shield coolant
channels. The nuclear-heating rates in the FPC components are given in Figure 16.3-4.
The input parameters relevant to the thermal-hydraulic design are given in Table 16.4-1.
In the TITAN-JI design, pressure drop and pumping power are not as limiting as the
structure temperature and the base pressure of the coolant. The coolant base pressure is
7 MPa and the inlet and exit temperatures of the coolant are, respectively, 298 and 330°C.
The primary-coolant pressure has been selected to be lower than the steam-geneiator
pressure (7.2 MPa) se that any leakage in the steam-generator tubes does not result in
leaks of the tritium-containing primary coolant to the steam cycle. The necessity for an
intermediate heat exchanger is thereby avoided. The coolant inlet and exit temperatures
are selected to match the primary-coolant temperatures of a typical PWR power cycle,
thus eliminating a full-scale power-cycle analysis.

The thermal-hydraulic design must ensure that the maximun structure temperatures,
coolant velocities, and pressure drops do not exceed the design limits. The structure tem-
peratures are determined by using the equations presented in Section i6.4.1. The coolant
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velocities are determined by energy balance. The nuclear-heating rates in the structure,
coolant, and beryllium rods are obtained fram the neutronics analysis (Figure 16.3-4).
The thermal-hydraulic reference design of TITAN-II first wall, blanket, and shield are
given in Tables 16.4-11 through 16.4-V.

The thermal-hydraulic design of TITAN-II is conservative in that the structure tem-
peratures are well within the design limits. The critical heat flux in the first-wall channel
is 8.3 MW /m? which is 63% higher than the peak heat flux crossing the coolant film
(5.1 MW/m?). The pumping power is 49 MW, nearly equal to that for TITAN-1. For
coolant circulation, pumps supplying a head of 1 MPa are used. Because the coolant
flows in parallel through the first wall, multiplier, reflector, and shield zones, orifices are
used to reduce the pressire as necessary for each channel. Separate coclant supplies for
each of the flow channels {or zones) would alleviate the need for arifices and reduce the
pumping power considerably. However, the added complexity of move coolant systems
and hydraulic separation of the flow channels does not justify this change.

16.4.3. Structural Analysis

The first wall and bianket of the TITAN-II design are integrated in the form of blanket
lobes. The construction procedure for each blanket lobe is shown in Figure 16.4-2. Each

Table 16.4-1.
THERMAIL-HYDRAULIC DESIGN PARAMETERS

First-wall heat flux 4.6 MW/m?
Cloolant inlet temperature 298 °C
Coolant exit temperature 330 °C
C'oolant pressure 7T MPa
Structure tenmiperature linit 550 °C
Pressure stress limit 200 MPa

Thermal stress limnit 400 MPa
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Table 16.4-1I1.
THERMAL-HYDRAULIC DESIGN OF TITAN-II FIRST WALL

Channel outer diammeter, b 30.0 mm
Channel inner diameter, a 27.0 nmm
Wall thickness, ¢ 1.5 nun
Erosion allowance 0.25 nun
Structure volume fraction 0.17

Coolant volume fraction 0.62

Void volume fraction 0.21
Volumetric heating (structure) 202 MW/m?
Volumetric heating (coolant) 270 MW/m?
Total thermal power 7702 MW
Coolant inlet temperature, T;, 208 °C
Coolant exit temperature, T, 330 °C
Maximum wall temperature, T}, maox 503 °C
Coolant pressure, p 7 MPa
Maximum primary stress 98 MPa
Maximum secondary stress 363 MPa
Coolant flow velocity, U 22.6 m/s
Mass flow rate 1.15 x 18*  kg/s
Volumetric flow rate 10 m?/s
Pressure drop, Ap 0.5 MPa
Total pumping power 125 MW
Reynolds number, Re 1.49 % 108

Nusselt number, Nu 2360

Prandt]l number, Pr 16.5

Critical heat flux, q¢yr 8.3 Mw/m?

Subcooling at exit, Ter sup 17 °C
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Table 16.4-I11.
THERMAL-HYDRAULIC DESIGN OF TITAN-II BERYLLIUM ZONE

Zone radial thickness 200 nmm
Zone toroidal extent 30 mm
Wall thickness 14 mm
Structure volume fraction 0.12

Coolant volume fraction 0.29

Beryllium volume fraction 0.59
Volumetric heating {structure)@! 180 MW/m?*
Volumetric heating (coolant)(® 240 MW/m?®
Volumetriz heating (beryllium) 140 MW/m?
Total thermal power 1753.6 MW
Coolant inlet temperature 298 °C
Coolant exit temperature 330 °C
Maximum beryllium temperature 573 °C

Mass flow rate 2.6 x 10* kg/s
Volumetric flow rate 22.6 m®/s
Coolant flow velocity!® 14 mfs
Pressure drop(® 1.0 MPa
Total pumping power 28.2 MW
Reynolds number(®! 2.7 x 10°

Nusselt number(?) 601

(a) Values for the first cell of multiplier zone.
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Table 16.4-1V.

THERMAL-HYDRAULIC DESIGN OF TITAN-II
BREEDER/REFLECTOR ZONE

Zone radial thickness

Zone toroidal extent

Wall thickness

Structure volume fraction
Coolant volume fraction
Volumetric heating {structure)
Volumetric heating (coolant)
Total thermal power
Coolant inlet temperature
Coolant exit temperature
Maximum wall temperature
Mass flow rate

Volumetric flow rate
Coolant flow velocity
Pressure drop

Total pumping power
Reynolds number

Nusselt number

100

30

14

0.09

0.91

40

40

314.3

298

330

348

4.66 x 103
4.1

1

50 x 1074
5.1

1.5 x 105
376

min
mini

mm

MW/m®
MW/m?
MW

°C

°C

°C

kg/s
mSfs
m/s
MPa
MW
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Table 16.4-V,
THERMAL-HYDRAULIC DESIGN OF TITAN-1I SHIELD

Shield radial thickness 100 mm
Structure volume fraction 0.90
Coolant volume fraction 0.10
Total thermal power 159.8 MW
Coolant inlet temperature 208 °C
Coolant exit temperafure 330 °C
Mass flow rate 2.44 % 10° kg/s
Volumetric flow rate 21 md/s
Total pumping power 26 MW
First Row of Channels
Channel inner diameter 12.7 mm
Volumetric heating (structure) 22 MW/m®
Volumetric heating (coolant) 10 MW/m?
Maximum wall temperature 409 ~°C
Coolant flow velocity 6.5 m/s
Pressure drop 2.2x 107 MPa
Reynolds number 3.3 x 10°
Second Row of Channels
Channel inner diameter 19.0 mm
Volumnetric heating (structure) 9 MW/in®
Volumetric heating {coolant) 5 MW/md
Maximum wall temperature 427 °C
Coolant flow velacity 37 m/s
Pressure drop 4.7 < 107* MPa
Reynolds number 2.8 x 10°
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Figure 16.4-2. The TITAN-II blanket lobe, J-plate design.
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blanket lobe is made of two plates, called “J-plates” because one edge of each plate is
rolled to the appropriate radius to form a J-section. Both J-plates are made of the low.
activation, high-strength ferritic steel, 3-C' [2]. The first-wall plate is thicker than the
other plate, since it is subject to erosion. Two plates are then brazed or welded together
to form a complete blanket lobe. A channel manifold ring completes the lobe and allows
the coclant and breeder wmixture to flow. This configuration will require a multistage
pressing operation, perhaps even hot-pressing to achieve this shape.

An alternate design, also shown in Figure 16.4-2, is the U-plate design. The advan-
tages of this design are that the thin material can be used for both sides, and the edge
U members are easier to make thar the J-plates. However, acceptance of either configu-
ration would depend on detailed investigation of the thick braze or weld area io ensure
there is no focusing of thermal radiation or other heat-transfer problems.

Seventy blanket lobes are than stacked side-by-side to form a blanket module. The
structural details of a blarket module are shewn in Figure 16.4-3. This arrangement
is structurally a membrane pressure vessel with balancing forces, derived from identical
neighboring lobes, maintaining its flat sides. This configuration requires an external
constraining structure to keep it pressed into oval form, which is readily derived from the
shield as discussed below. The advantage of this design is that the structural fraction in
the important near-first-wall radial zone is nearly as low as ideally possible, giving good
tritium-breeding performance. This configuraticn alse has a much lower void fraction
when compared to a tubular design, giviug a minimum-thickness blanket. The assembly
technique for each blanke* module is expected to be multistage brazing with intermediate
leak checking. Since the lobes only recuire constraint in the blanke! torcidal direction
and because they are soft structurally in this direction, high precision is not necessary.

For the first wall, the structural-material temperature limit is taken at the centerline.
The allowable peak, n:idiine temperature of the 9-C alloy is 550 °C". The allowable primary
stress, Sme, for 9-C is 200 MPa. The coolant base pressure is ¥ MPa. With the 4.6 MW/m?
of surface heat loading, the lobe radius is conservatively selected at 1.5 cm. The first-wall
thickness at the beginning of life (BOL) is selected at 1.5mm. The plasma side of the
first wall is desigtied with an erodible thickness of 0.25 mm. The BOL first-wall maxinium
surface temperature is 650°C. The BOL midline temperature of 503°C is 47°C' below
the allowable temperature.

The primary stress, 5;, due to coolaut pressure, is:

S, = = 98.6 MPa, (16.4-28)

HI'E-:
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Figure 16.4-3. Equatorial-plane cross section of a TITAN-II blauket module.
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where » = 14.175mm is the lobe centerline radius and ¢ = 1.15mm is the wall thickness
at the end of life.

The temperature stress, under these conditions, is a secondary stress with an allow-
able value of 2 x 5,; = 400 MPa. The temperature stress in the TITAN-II first wall is

estimated at:

)

AT o
Sgh = —2— 1——: » = 363 MPa, (16.4—29)
for the temperature drop across the first wall of AT = 265°C, a coefficient of ther-
mal expansion for 9-C alloy of a = 1.11 x 10° /°C, a Young’s modulus of E = 172GPa,
and Poisson ratio of v = 0.3. The lobed wall in the classical hoop-tension configuration
(Figure 16.4-3) has a very high structural efficiency (ratio of mean stress under maximum

loading to the allowable stress) and good swelling tolerance.

The split at the top and bottom of the torus divides the blanket and the shield into
inner and outer half shells which are structurally independent. The tendency of the
lobe flat sides to blow out has to be resisted by what are, in effect, the divertor walls
(Figure 16.4-3). These wall are 12-cin-thick cantilever besmn members which also derive
some of their strength from their torsional stiffness and will require internal cooling.
These walls are anchored to the 10-cm-thick shield shell by welds at the inside and
outside of the shield. The shield is made of cast half-ri:g sectors, welded together at the
inside edge (Figure 16.4-3).

Welding of the main body of the shield to give a 2.5-cm-thick coutinuous, semicircular
member between divertors gives a sufficiently strong beam to prevent “concertina®” expan-
sion of the blanket lobes. The shell on the inside of the vertical split includes 15 x 3-cm
retainer frames at about 0.5-m intervals which are welded into the shield. Each 0.5m of
the inner assembly has a {orce trying fo increase its major radius. The magnitude of this
expanding force:

F,., = Blanket axial area » Subtended angle x  Pressure {16.4-30)
%(0.962 —0.66%) x sin(10°) x 7.0x 108N
= 927,950 N.

it

Each inner assembly presses ageainst both of the retainer frames with a total force of
1,317,866 N. Thus, given a coeflicient of friction (ratio of the expanding to retainer forces)
greater than 0.16, the lobe assembly will retain itself against “concertina” expansion
sideways, ensuring that no outer shell force is required for stability of the inner shell.
The 0.18 figure will need to be confirmed by experiment for use in the final design.
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It should be pointed out that the present design is relatively flexilble and a few of the
parameters can easily be adjusted for the final design.

Immediately behind the shield there is a 5-cin-thick zone occupied by the toroidal field
(TF) coil which is a multi-turn copper coil held in position by ceramic standoffs from
the shield (Figure 16.4-3). The design of the standard elements to support the TF coils
is comparatively straightforward since the TF coil has only gravitational and maguetic
position stabilizing forces carried externally.

The vacunm boundary is a continuous, 5-mm-thick metal shell immediately outside
the TF coil. Because of the large toroidal radius of 5.06 m, such a shell cannot with-
stand the atmospheric and water-pool pressures totalling about 3atin without buckling.
Accordingly, since the working stress is only about ¥MPa, nonconducting stabilizers
similar to those used for the 5-cm-thick TF coil can be vsed, If necessary, the vacuum
boundary can be electrically insulated in the toroidal direction by alternate layers of soft
aluminum and hard, anodized 7075 aluminum-alloy sheets. The soft aluminum provides
a deformable vacuum seal, and the anodized layer provides the electrical insulation. The
two vacuum boundary skins can then be held together by i5-mm-thick stainless-steel,
insulator-lined swagged clamps. Details of this method of vacuum-vessel insulation will
still need to be demonstrated.

A mumber of electrically insulated penetrations of the vacunm shell also have to be
made for the TF-coil leads. It is envisaged that the technology of automotive spark
plugs can be developed to do this task which consists of embedding a precision ceramic
insulator in soft metal (usually copper) gaskets, This technique is presenily cvailable
for diameters an order of magnitude larger than spark plugs, and its extension to sizes
relevant to TITAN-II appears feasible. This will also need to be developed.

A skirt, welded to the lower header system and extended to the pool bottom, will
support the entire removable first wall, blanket, and shield assembly. This skirt will be
of open-frame form to allow free circulation of the pool.

16.4.4, Discussion

The TITAN-II design uses an aqueous sait solution as the coolant. The coolant
circulation is essentially loop-type, similar to that for TITAN-I, although the geometry
of the blanket-coolant channels is very different. The aqueous salt solution has two
advantages as coolant. First, the coolant can act as tritium breeder. Second, the salt
conternt elevates the boiling point of the coolant which can be utilized to reduce primary-
coolant pressure below the pressure in the steam generator, eliminating the need for
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intermediate heat exchangers. Pressure reduction in a pure-water system cannot be
realized because of the lower saturation temperature and the resulting lower critical heat
flux.

Among other effects of the salt content, the specific heat capacity is reduced by a
factor of about two while the density increases only by 15% which result in a significant
reduction in the heat capacity of the coolant. The tenperature rise of the primary coolaut
is 32°C. Therefore, although the coolant pressure drop is only 1 MPa, the large coolant
volume flow rate (391m%/s) results in a pumping power of 49 MW, which is very close to

that for TITAN-I.

The thermal-hydraulic design of TITAN-II is expected to have adequate safety mar-
gins. The maximum heat flux on the first-wall channel is 60% lower than the eritical
heat flux. The maximum temperature at the mid-plane of the first wall is 503 °C which
is less than the allowable limit of 550 °C. The structure temperatures in the blanket and
shield coolant channels have even greater safety margins. The maxinmum pressure stress
is less than 50% of the allowable and the thermal stress is below its linit.

16.5. POWER-CYCLE ANALYSIS

The selection of the inlet and exit temperatures of the primary coolant (respectively,
298 and 33G°C) is motivated by the possibility of using a typical fission, pressurized-
water-reactor (PWR) power cycle. The lithiun-salt content of the TITAN-I1 aqueons
coolant (6.4at.%) elevates the boiling point of the conlant from 285°C for pure water
to 347°C at a primary-coolant pressure of 7 MPa. With a primary-coolant pressure of
7MPa, a higher steam pressure in the steam generator can be selected. During normal
operation, if there is any steam-generator tube leakage, thie primary coolant will not
leak into the steam side. Therefore, the necessity for an intermediate heat exchauger
(THX) can be avoided, resulting in an increase in the power cycle efficiency. Somewhat
higher steam temperatures can be obtained with higher primary-coolant pressure, but
at the cost of additional expense and complexity associated with JHX and more robust
primary pining. Therefore, the TITAN-1 reference design uses a power cycle without an
intermediate heat exchanger. The steam conditions are similar to those of an existing
PWR-type power cycle.

The parameters of a typical PWR power cycle are readily available. The STARFIRE
report [136] has a detailed discussion on PWR-type power cycles. That report also
discusses some possible improvements which can raise the gross thermal efficiency by
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Table 18.5-1.
COMPARISON OF SOME PWR POWER CYCLES

STARFIRE PWR Typical PWR
Primary coolant (water):
Inlet temperature (°C) 280 298
Exit temperature (°C) 320 330
Coolant pressure (MPa) 13.8 15.5
Saturation temperature (°C) 335 345
Exit subcooling (°C) 15 15
Throttle steam conditions:
Temperature (°C) 299 308
Pressure {MPa) 6.3 7.2
Saturation temperature (°C) 279 289
Gross thermal efficiency 0.34 0.346

one or two percentage points. Other nuclear steam supply systems and power cycles
have been reported [137] which are applicable to the TITAN-II design. Table 16.5-1
summarizes the parameters for PWR-type power cycles from these two references. These
data show that with pure water as the primary coolant, gross thermal efficiency of 34%
to 36% can be realized. Further increase of the primary-coolant pressure beyond 15 MPa
will not increase the efliciency significantly.

Using an aqueous salt solution as the primary coolant allows the exit temperature
of the primary coolant to be significantly increased at the same pressure as that for
pure water. However, if {he primary coolant pressure is higher than the steam generator
pressure (about 7MPa), then an IHX will be necessary for safety reasons. This reduces
some of the benefits of higher primary-coolant exit temperatures. In addition, the use of
IHXs increases the capital cost and complexity of the system. By designing for an over-
pressure in the steam side, TITAN-II does not need an IHX under normal conditions to
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isolate the primary coolant circuit. At 7MPa pressure and a lithium content of 6.4at.%
in TITAN-II coolant, the primary coolant inlet and exit temperatures can be made equal
to those for the typical PWR power cycle given in Table 16.5-1. The primary coolant
pressure of 7MPa is less than the stearm generator pressure of 7.2MPa for this cycle
and considerably less than the 15 MPa required in a typical PWR. The parameters of
TITAN-II reference power cycle are given in Table 16.5-I1 which has the same steam
cycle parameters as found in Reference [137]. The estimated gross thermal efficiency of
the TITAN-II power cycle is 35%.

16.6. SUMMARY AND CONCLUSIONS

The TITAN-II design uses an aqueous solution as the primary coolant and breeder.
Two candidate lithium salts, lithium hydroxide (LiOH) and lithium nitrate (LiNOs),
were considered because they are highly soluble in water. The LiNQj, salt was selected
as the reference salt material for two main reasons. First, LiOH is more corrosive than
LiNO; (Section 16.2.1). Recently, electrochemical corrosion tests were performed for
aqueous LiOH and LiNO; solutions in contact with AISI 316L stainless steels [37]. It
was found that stainless steels, particularly low-carbon stezls, exhibit better corrosion
resistance in LiNOj; solution than in LiOH. Second, from the point of view of radiolysis,
LiNOs solutions ate also preferable. Radiolytic decomposition of water results in the
formation of free radicals that will ultimately form highly corrosive hydrogen peroxide
and OH ions, In an LiNOj; nitrate solution, nitrate jons (NOg) act as scavengers and
reduce the probability of survival of highly reactive radicals in the water during exposure
to radiation.

The low-activation ferritic alloy, 9-C, was chosen from among other reduced activation
ferritics because of its good strength and elongation behavior after irradiation. The high
chromium content (11 wt.%) of this alloy should provide good resistance to corrosio. and
stress corrosion cracking in an aqueous solutions. The low carbon content (0.09 wt.%),
reduces the risk of iydrogen embrittlement. Although no data on the ductile-to-brittle
transition temperature (DBTT} is available, it is believed that the high manganese con-
tent (6.5 wt.%) of the 9-C alloy will prevent the formation of delta-ferrite phases which
are primarily responsible for increases of DBTT. The data base for corrosion of ferritics
in LiNQj; solutions is very limited. Indications are, however, that a high-concentration
LiNQO; solution does not exhibit unacceptable corrosion problems.

Stress-corrosion cracking (SCC) is a major concern in the nuclear industry. Most
recent experiences with SCC in a nuclear environmment clearly show that SCC can be
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Table 16.5-II.

TITAN-II REFERENCE POWER CYCLE

Primary coolant {water):

Total thermal power 3027
Inlet temperature 298
Exit temperature 330
Coolant pressure 7
Saturation temperature 347
Exit subcooling 17
Mass flow rate 4.5 x 104
Total pumping power 49

Throttle steam conditions:

Temperature 308
Pressure 7.2
Saturation temperature 289
Degree of superheat 19

Gross thermal efficiency 0.3!

MW

°C
MPa
°C

kg/s
MW

°C
MPa
°C
°C
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suppressed by reducing the oxygen content through the addition of hydregen to the
coolant. The production of tritium in an aquecus lithinmn-salt solution is seen as an
SCC-controlling mechanism. The proper choice of structural material can further reduce
the probability of SCC. In particular, coupling a high chromium content with a low carbon
content is shown to reduce SCC. The ferritic alloy, 9-C, fulfills both requirements.

Another form of attack on structural material in an aqueous environment is hydrogen
embrittleinent. 'The main factors influencing hydrogen embrittlement are the hydrogen
content and temperature of the structural alloy. Reducing the amount of atomic hydro-
gen available for solution in the structure and operating at high temperatures are the
most effective means of reducing hydrogen attack. Atomic hydrogen is produced on metal
surfaces during ccrrosion processes. Thus, minimizing corrosion also reduces hydrogen
embrittlement of the structure. The production of tritium in the coolant does not nec-
essarily result in an increased hydrogen attack because of rapid recombination to form
molecular hydrogen or water molecules. In fact, the Nelson curves, used by the petro-
chemical industry as guidelines, show that chromium steels can operate at 400°C with a
hydrogen partial pressure of 17 MPa without experiencing hydrogen embrittlement [101].

Radiolytic decomposition of aqueous solutions exposed to a radiation environment is
always cause for concern. Experimental data indicate that light-particle radiation (e, 7,
X rays) of concentrated LiNQOj salt solutions results in a decrease of decomposition prod-
ucts compared with regular water. [{eavy-particle radiation (n, p, o, T) on concentrated
LiNO,; solutions also shows a decrease in the formation of radiolytic products, excepting
oxygen. However, the production of tritium eflectively reduces the oxygen content of the
coolant by forming water molecules. Furthermore, the elevated operating temperature of
the coolant is shown to be effective in reducing the formation of decomposition products
in non-hoiling nuclear systems. More experimental data are required so that the radi-
siytic behavior of concentrated salt solutions can be predicated with a higher degree of
confidence.

Neutronics scoping studies resulted in a TITAN-1I reference design with a total blan-
ket thickness of 41.5 cm including the first wall, 20 cm of heryHium multiplier zone, 10cm
of ferritic steel breeder/reflector, and 10 cin of shield. With a €Li enrichment of 12% in
the LiNOj solution, the tritium-breeding ratio (TBR) is estimated at 1.2 and the blanket
energy multiplication at 1.30.

Neutronics scoping studies have shown that the TITAN-II design requires a neutron
multiplier to achieve an adequate TBR. Beryllium is the primary neutron multiplier for
the TITAN-II design. Investigation of the swelling behavior of herylliun shows the need
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for using either low-deusity, sphere-packed or high-density, fine-grained beryllium. De-
pending on the type of beryllimn chosen, different operating conditions must be satisfied
to ensure minimum swellting and retention of structural integrity. Beryliium cotrasion
by an aqueous solution was also investigated. Past experience shows that minimizing
carbonates, sulfates, aud chlorates in solution reduces corrosion of beryllium. Coatings
have also been developed and their effectiveness has been demonstrated. However, since
most of the coatings were developed for radiation-free environments, research is needed
to develop coatings ihat can withstand harsh radiation environments. For the TITAN-11
design, a cladding of the 9-C alloy surrounds the beryllium rods.

The primary coolant contains 6.4at.% lithium with a ®Li enrichment of 12%. Esti-
mated properties of this solution were used in the thermal-hydraulic calculations. Com-
pared to water, this aqueous solution has a higher density, a lower specific heat capacity,
and a higher boiling point. This implies that the thermal-hydraulic design of such an
aqueous salt blanket will be different from that of a pure-water-cooled design. A lower

coolant pressure or a higher operating temperature can be chosen.

Taking advantage of the elevated boiling point of the solution, the reference TITAN-1I
design operates at a coolant pressure of 7 MPa, with inlet and outlet temperatures of 208
and 330°C, respectively. The design can handle a first-wall heat Aux of 4.6 MW/m?
using subcooled-flow-boiling heat transfer. The beginning-of-life first-wall midline tem-
perature is 503°C, which is below the temperalure Hmit for alloy 9-C (550°C). The
primary-coolant pressure has been selected to be lower than the steam-generator pres-
sure (7.2 MPa) so that any leakage in the steam-generator tubes does not result in leaks
of the tritium-contaming primary coolant to the steam cycle. The necessity for an inter-
mediate heat exchanger is thereby avoided. Pressure reduction in a pure-water system
cannot be realized because of the lower saturation temperature and the resulting lower
critical heat flux. This power conversion system has a gross thermal efficiency of 35%.

The engineering design study of the TITAN-II FPC indicates that this design is tech-
nically feasible. Design approaches to address different critical design areas have been
identified. However, experimental investigations and design improvements in several
areas are needed to confirm the findings. In the materials area, experimental measure-
metts of the effects of corrosion, hydrogen embrittlement, and radiolysis in aqueous-
coolant /ferritic-steel systems are needed. Experimental data to confirm the estimated
physical properties of nitrate solution, confirmation of the LiNO3; subcaoled-flow-boiling
heat transfer, critical heat flux, and pressure drop are essential.
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17. TITAN-II DIVERTOR ENGINEERING

17.1. INTRODUCTION

This section describes the engineering design of the divertor of TITAN-II, including
the thermal and mechanical design of the divertor components, materials selection, and
fabrication issues. The design of the impurity-control system poses some of the most
severe problems of any component of a DT fusion reactor. For TITAN, the divertor
design represents (perhaps together with the design of the oscillating-field current-drive
system, described in Section 7) the most critical engineering and physics issues for the

reactor.

The two main design issues for the divertor system are to achieve heat loadings on
the divertor collector plate (or target) that do not exceed the maximum acceptable level,
while simu’taneously ensuring that the sputtering erosion rate does not lead to an early
failure of the component. These two aims tend to conflict, because the high heat loadings
which inevitably occur on the divertor target require the use of thin structures to minimize
temperature differences and thermal stresses, while a thick structure is necessary to give
a long life against erosion.

The background behind the toroidal-field-divertor design for TITAN-I was given in
Section 11; the considerations for TITAN-1I are the essentially the same. An account of
the magnetics analysis for the divertor is contained in Section 4.4 and the edge-plasma
and neutral-particle modeling, which had a strong bearing on the engineering of the
divertor, are described in Sections 5.4 and 5.5, respectively.

As discussed in Section 4.4, the TITAN divertor uses an “open” configuration in which
the divertor target is located close to the null point, facing the plasma, rather than in a
separate chamber. This positioning takes advantage of the increased separation between
the magnetic field lines (flux expansion) in this region, which tends to reduce the heat
loading on the divertor plate because the plasma flowing to the target is “tied” to the field
lines. The high plasma density in front of the divertor target ensures that the neutral
particles emitted from the surface have a short mean free path; a negligible fraction of
these neutral particles enter the core plasma (Section 5.5).

The magnetic design (Section 4.4) focussed on maximizing the achievable degree of
flux expansion in order to minimize the peak lheat flux on the divertor target while
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minimizing the divertor-coil currents and reducing the joule losses in the divertor coils.
The toroidal-field-coil design for TITAN-II, which consists of copper coils as opposed
to the integrated blanket coils (IBCs) of TITAN-I, prompted a new divertor magnetic
design. The final magnetic design, similar to that of TITAN-I, includes three divertor
modules, located 120° apart in the toroidal direction. An equatorial-plane cross section
of a quadrant of the TITAN-II fusion power rore including one of the divertors is shown
in Figure 17.1-1. The magnetic field lines are diverted onto the divertor plate using one
nulling and two flanking coils which localize the nulling effect. No divertor-trim coils are
required for the TITAN-1I design. The use of copper coils rednces the joule losses in the
TITAN-I divertor coils to 9.8 MW which are much smaller than that of the TITAN-I
IBC divertor coils (120 MW),

The results of the magnetic design of TITAN-II divertor (e.g., field-line connection
length) were not sufficiently different from the results for TITAN-I to warrant a sepa-
rate edge-plasima analysis. A summary of the results of the edge-plasma modeling for
TITAN-I, which are also used for the TITAN-1I design, is given in Table 17.1-1 and are
described in detail in Section 5.4. The plasma power balance is controlled by the in-
jection of a trace amount of a high atomic-number impurity (xenon} into the plasma,
causing strong radiation from the core plasma, the scrape-off layer (SOL) plasma, and
the divertor plasma. About 395% of the steady-state heating power {alpha particle and
ohmic heating) can be radiated to the first wall and divertor plate, with about 70% be-
ing radiated from the core plasma (i.e., inside the separatrix). This intense radiation
reduces the power deposited on the divertor target by the plasma to an acceptably low
level. Preliminary experimental results suggest that beta-limited RFP plasmas can with-
stand a high fraction of power radiated without seriously affecting the operating point
(Section 5.3); this behavior contrasts with that observed in tokamaks, in which a high
radiation fraction appears to lead to a plasma disruption. The radiative cooling also
reduces the electron temperature at the first wall and divertor target (also assisted by
recycling) which, in turn, reduces the sputtering erosion problem.

The final TITAN-II divertor design represents the results of extensive iterations be-
tween edge-plasma analysis, magnetic design, thermal-hydraulic and structural analyses,
and neutronics. The remainder of this section is devoted to the engineering aspects of
this integrated design. In many cases, there are strong similarities with the TITAN-I
design. The major difference between TITAN-1 and TITAN-11 divertor designs is the use
of an agueous-salt solution as the coolant for the TITAN-II divertor (as opposed to liquid
lithium for TITAN-1}). The use of a nonconducting coolant eliminates the concerns of
excessive MHD pressure drops. As a result, the divertor target can be shaped more freely,
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Table 17.1-L.
SUMMARY OF TITAN-II EDGE-PLASMA CONDITIONS

Number of divertors 3
Scrape-ofl layer thickness 6 cm
Peak edge density 1.7 x 10 m™2
- Peak edge ion temperature 380 eV
Peak edge electron temperature 220 eV
Plasma temperature at first wall 1.7 eV
Peak divertor density 6 x 102 yn~3
Peak divertor plasma temperature 45 eV
Divertor recycling coefficient 0.995

resulting in a rather lower peak heat flux for the TITAN-II divertor. Furthermore, the
coolant for the TITAN-II divertor can be routed in the radial/toroidal direction, making
the divertor performance less sensitive to the exact location of the plasma. Lastly, a
single structural material (tungsten alloy) can be used both for the divertor armor and
the divertor-coolant channels, easing the divertor-target design and fabrication.

17.2. MATERIALS

17.2.1. Plasma-Facing Material

In order to reduce the erosion of the divertor armor by the plasma, a high atomic-
number (Z) material must be used for the surface of the divertor plate. This conclusion
is based on the estimates of sputtering rates of various candidate materials (described in
Section 5.5). The threshold energy for sputtering is sufficiently high for high-Z materials
that the erosion rate of the divertor target under the expected conditions for TITAN
designs (Table 17.1-1) is acceptable.
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The requirements for the plasma-facing material are identical to those deseribed for
TITAN-I in Section 11.2. Thus, the same alloy of tungsten and rhenium, W-26Re, as
was used for TITAN-I, has been chosea for the TITAN-II divertor armor. The properties
of this alloy are described in Section 11.2 and are summarized in Table 11.2.-1.

17.2.2. Divertor-Target Coolant

It is advantageous to use the same coolant for all con.ponents of the fusion power core
(FPC). Therefore, an aqueous-LiNO; solution {a' used in the blanket) is chosen as the
divertor-target coolant for TITAN-II. Pure water was also considered because of the eased
corrosion and radiolysis problems, but these concerns appear to have been accounted for
in the bianket-coolant analysis (Section 16.2). Also, there is a large uncertainty in the
thermal and physical properties of the salt solution (Section 16.2}, but the indications
are that the changes relative to pure water should improve the thermal performance
(e.g., by allowing operation at a lower pressure and increasing the critical heat flux).
The choice of an LiNOj solution as the TITAN-II divertor-target coolant, therefore,
allows an assessment of the potential of aqueous-salt solutions, but it is recognized that
certain issues cannot be fully resolved until more experimental data are available. The
concentration of the coolant is the same as for the blanket (6.4 at.% Li), but because of the
higher loadings on the divertor, different inlet and outlet conditions have to be used. In
particular, as described in Section 17.4, the higher pressure used for the divertor coolant
allows a higher outlet temperature. This penmits the heat deposited into the divertor-
target cooiant to be extracted via a heat exchanger with the blanket inlet coolant, and
avoids the need for a complete separate cooling circuit.

17.2.3. Substrate Material

Using a single structural material for the divertor target avoids the problems of boud-
ing dissimilar materials and stress concentrations which can occur at the interface of the
two materials (Section 11.5). Such a construction was not possible for TITAN-I becaunse
of MHD pressure-drop considerations, but has been chosen for TITAN-II in order to com-
pare the two approaches. Therefore, the coolant tubes for the diverior target are also
made from the W-26Re alloy which was selected for the divertor armor. The complex
geometry of the target plate does not allow tle structure to be fabricated from one piece,
so the sputtering-resistant armor plate is bonded to the coolant tubes, as described in
Section 17.3,
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17.3. TARGET FABRICATION

In the TITAN-II divertor, the divertor-target coolant is routed in the radial/toroidal
direction, in order to make divertor performance less sensitive to the exact location
of the plasma (Section 17.4). A schematic view of the TITAN-II divertor geometry
is presented in Figure 17.3-1 aud shows the coolant-flow paths and headers. 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 continue to touch. To avoid
severe difficulties in the fabrication of the tungsten-rhenium tubes with variable cross
sections, the reference design for the TITAN-II divertor plate uses constant-cross-section
tubes, with coolant tubes arranged to touch only at the apex of the target (the location
of minimum minor radius), with a slight gap hetween adjacent tubes at other points
(Figure 17.3-1). This choice is made because the thermal penalties associated with this
approach appear manageable (Section 17.5).

Various procedures which were considered for the fabrication of the divertor plate are
discussed in Section 17.3.1. As an alternate design, methods of manufacturing tubes of
variable cross section have been examined, and are described in Section 17.3.2

17.3.1. Reference Design

The reference fabrication procedure for the TITAN-II divertor plate follows fairly
closely that of TITAN-I (Section 11.4). The first step involves the production of a 3- to
4-mm-thick W-26Re plate using powder-metallurgy techniques. After allowances have
been made for thermal-expansion effects between the bending temperature and the oper-
ational temperature, the plate is bent to accord with the specified target shape. Grooves
for the coolant channels are then formed in the plate using a numerically controlled
milling procedure. This leaves a minimum plate thickness of 1 mm at the apex of the
coolant tuke, with a greater thickness between tubes. The W-26Re coolant tubes (which
are themselves manufactured using powder-metallurgy techniques) are then brazed into
the grooves, using a CuPd18 braze alloy {1] with an application temperature of ~ 1100°C.
The ends of the W-26Re tubes are interconnected by brazing them to poloidal headers
at the inlet and outlet (Figure 17.3-1).

Another approach to the fabrication of the armor is to use chemical-vapor deposition
(CVD) to deposit the armor onto the bank of coolant tubes. At conventinnal deposition
rates of between 1 to 3mm/h, this process would not take a long time. After completion
of the deposition, the resulting uneven surface is ground to yieid the necessary flat,
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smooth surface. Silicon carbide wheels with grain sizes of 100 to 120 um have proven
useful for most grinding applications [2].

17.3.2. Alternative Design

This subsection describes methods of manufacturing the divertor plate with variable-
cross-section coolant tubes to eliminate the gaps between the coolant tubes. Two man-
ufacturing processes have been identified to make such tubes: hydroforming and CVD.
After individual tubes are manufactured, they are brazed together using the CuPd18
braze alloy (Section 17.3.1) and then joined to the poloidal ring headers. The free-
standing structure of W-26Re tubes with headers constitutes the skeleton of the divertor
plate. The divertor armor is then attached to the bank of tubes using the CVD method
or by brazing (as discussed in Section 17.3.1).

17.3.2.1. Hydroforming

The high ductility of tungsten-rhenium alloys (Table 11.2-1) allows the fabrication of
pre-bent tubes with variable cross sections by hydroforining. Hydroforming is particularly
useful when tubes of variable cross section also need to be bent because it avoids the
problem of distortion of the cross section which frequently arises with bending.

As an example, the space shuttle main engine {SSME) is made of a number of variable-
diameter hexagonal tubes that resemble giant bows (~ 3-m high) for cooling purposes.
These tubes are manufactured using the hydroforming technique. First, a mold is made
of the final product in two halves. For the SSME, these molds have semi-hexagurnui
grooves in the shape of the bow. A circular tube (Inconel} is bent to fit m.:re or less into
the groove. The mold halves are closed and the tube is pressurized. Plastic deformation
of the tube would produce the veriable cross section and the overall bend with very close
tolerances. The nonuniform hexagonal bowed tubes are then welded together to form a
channel-walled Venturi tube for the SSME [3].

Hydroforming of tungsten-rhenium alloys at temperatures above 1000°C is partic-
ularly attractive because of the high ductility of these alloys (~ 70% at 1500°C). The
great advantage of using hydroforming is that the variable-cross-section tubes eliminate
the gaps between the tubes that may be caused by sharp bends.
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17.2.2.2, Chemical-vapor deposition of tungsten

Chemical-vapor deposition (CVD) is another process which can be used to manufac-
ture variable-cross-section tungsten-rhenium tubes. The CVD technique (Section 11.4)
involves the deposition of target material onto a hot substrate (400 to 1000°C). The
CVD of tungsten has been investigated more thoroughly than CVD of any other metal,
and is widely used in various industries for many important applications {4]. The most
frequently used CVT) process is the hydrogen reduciion of the halides WFg and WCl,.
An example of the overall hydrogen reduction of hexafluoride to tungsten is:

WFG(BI + 3H2(9) - W(.) +6HF, . (17.3-1)

The versatility of the CVD process and the control over the end-product characteris-
tics is reflected in the number of papers that have been published on chemical-reaction
parainet 2rs, kinetics, thermodynamics, pressure and temperature factors, substrate ef-
fects, deposit orientation, and industrial applications. In particular, numerous articles
on the CVD of tungsten and tungsten-rhenium alloys appear in the literature [5-9].
Free-standing structural components are routinely manufactured using CVD of tungsten
and tungsten-rhenium for high-temperature applications [10-20]. The tungsten alloy
is chemical-vapor deposited onto a mandrel which is later removed, either by chemical
etching or by melting. Mandrels of variable-cross-section coolant tubes would liave to be
manufactured for each tube individually.

The mechanical properties of tungsten-rhenium tubes produced by the CVD process
have been studied and compared with those produced by the powder-metallurgy tech-
nique since the late 1960s [13- 19]. Early samples of CVD tungsten showed a high degree
of columnar grains and voids in the direction of deposition. }t was shown that the low-
temperature mechanical properties of the earlv CVD tungsten samples were comparable
to those of tungsten produced by powder metallurgy [14]. However, creep-rupture tests
at 1650 and 2200°C clearly showed differences between the mechanical properties of the
early CVD samples and powder-metallurgy tungsten {13].

An extensive study of tungsten-rhenium deposition was later conducted by Holman
and Huegel [15- 17]. Their studies greatly elucidated the effects of temperature, pressure,
gas mixture, and total gas-flow rates on the composition, deposition rate, and grain
structure of the deposited tungsten-rhenium alloys. They developed a CVD technique
that produced fine-grained tungsten-rhenium alloys with no preferential grain-growth
direction and with densities of 98.5% to 99% of the theoretical density. These figures
are higher than those obtained in samples produced by powder metallurgy or plasma
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spraying [19]. The new deposition techniques include simple rubbing or brushing of
the deposit surface during deposition with a tungsten-carbide rod or a tungsten-wire
brush. Thirty-centimeter-long tubes of tungsten-rheninm alloys with various rhenium
contents (up to 28% rhenium) were chemical-vapor deposited onto mandrels with an
outer ciameter of 1 cm, with deposition rates of up to 1 mil/m (1.5 mm/h). Using Holman
and Hu-zel techniques, CVD tubing can be produced with mechanical properties equal
to those obtained in wrought or powder-metallurgy tungsten-rhenium alloys.

17.3.3. Discussion

Several fabrication methods have been identified for the TITAN-II divertor plates, and
the reference-fabrication procedure is based on brazing a bank of constant-cross-section
coolant tubes into the grooves milled on a powder-metallurgy-produced tungsten-rheninm
plate. A particularly promising alternative mpethod is the hydroforming process, which
allows “bowed” tungsten-rhenium tubes with variable cross sections to be produced,
followed by CVD of tungsten-rhenium armor to form the target plate. Although the
individual processes involved in the manufacturing of the divertor plates are feasible
and are used comniercially, the viability of the total manufacturing process needs to be
researched and be demonstrated. In particular, CVD furnaces large enough to hold the
TITAN-II divertor plate need to be developed.

17.4. TARGET DESIGN

The details of the shaping of the surface and the overall thermal analysis are described
in this section; a more extensive set of structural and thermal analyses using finite-element

techniques is reported in Section 17.5.

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 target design for TITAN-II proceeds in much
the same way as for TITAN-I {Section 11.4). This complex problem is handled by a
modified version of the code described in Section 11.4. The differences arise from the
use of an aqueous-salt solution as the coolant (elimminating the MHD effects), and using
the tungsten-rhenium alloy as the structural material for the divertor-plate coolant tubes
which allows for much higher temiperatures in the tube walls.

The geometsy of the TITAN-II divertor, representing the results of the iteration
between the thermal analysis and the shaping code, is shown in Figure 17.4-1. This
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geometry is very similar to that of TITAN-I with the following differences: (1) copper coiis
are used here rather than divertor IBCs; (2) the shape of the target is somewhat different
because the use of a nonconducting coolant removes the MHD constraints on locating
the target in regions of minimum magnetic field. Figure 17.4-2 shows the inclination
angle of the target to the magnetic field lines and the flux-expansion factor as a function
of distance along the target (measured from the apex of the target). A comparison
with the corresponding figures for TITAN-I shows that the trends are similar. However,
because the MHD constraints are removed, slightly lower inclination angles are possible
for TITAN-II, allowing the area of the target to increase and a rather lower peak heat
flux to be obtained.

For TITAN-1, the divertor-target coolant flows in the radial/toroidal direction, as
opposed to the poloidal direction which was mandated for TITAN-I in order to avoid
excessive MHD pressure drops. A disadvantage of the poloidal coolant routing (or, in
general, the direction along the majority magnetic field) is that the heating rate can
vary considetably from one tube to another. If the plasma should move slightly from
its expected position, a coolant tube could receive 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 length of the tube: A problem with the toroidal/radial
flow proposed for TITAN-II is that the length of the tubes is rather short, whicl can lead
to a large volumetric flow rate of the coolant and a small iniet-to-outlet temperature rise.
This problem, however, is avoided in TITAN-II design by using poloidal ring headers and
a multi-pass coolant flow, as Mlustrated in Figure 17.3-1.

Because of the double curvature of the divertor plate, the cross section of the coolant
tubes must vary along their lengths in order for the tubes to remain touching. Because of
severe difficulties in the fabrication of the variable-cross-section tungsten-rhenium tubes,
the reference divertor-plate design of TITAN-II uses constant-cross-section tubes, ar-
ranged to touch only at the apex of the target (the location of mininmum minor radins),
with a slight gap between adjacent tubes at other points (Figure 17.3-1). The effects of
these gaps on the thermal and stress analyses are discussed in detail in Section 17.5, but
the results of these more sophisticated analyses were incorporated into the overall design
which is described here.

The diameter of each coolant tube was chosen to be as large as possible (to mini-
mize the number of tubes and, hence, the likelilicod of failure at the ends of the tubes
where they are joined to the steel headers), taking into account pressure and thermal
stress considerations. This process led to a coolant-tube design with an outer dianeter
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Figure 17.4-1. Outboard (A) and inboard (B) graph) equatorial-plane views of the
divertor region for TITAN-IL
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of 10mm and a wall thickness of 1 mm. Subsequent stress analysis (Section 17.5) indi-
cated that with a 1-mim-thick W-26Re armor plate bonded to these tubes, the equivalent
thermal stress on the inboard part of the target approached the design limit of 600 MPa,
Therefore, iotal thickness of high-Z sputtering-resistant material is 2 mumn, the same as for
TITAN-], although some of this layer performs a structural function. The detailed stress
analysis, however, shows that the pressure stresses are well within the design limits, and a
substantial fraction of the tube wall would have to be eroded before any failure occurred.
As the erosion allowance was specified on the very conservative grounds of ignoring re-
deposition, whicl may be expected to be extensive, the TITAN-H design appears to be
acceptable.

To acconunodate the high heat loads on the divertor target, advantage is taken of the
high heat-transfer coefficients possible in the subcooled-flow-boiling regiine, as used in
the first-wall cooling. At any point along the coolant tube, the heat-transfer coefficient
is taken as the greater of the values predicted by the Dittus-Boelter (forced-convection)
correlation and the Thom correlation for subcooled flow boiling.

The Dittus-Boelter correlation is given by
Nu = 0,023 Re®® pr01 (17.4-1)

where Nu, Re, and Pr are, respectively, the Nusselt, Reynolds, and Prandtl numbers.
The Thom correlation for the tube-wall superheat, T, — Tya: , in subcooled flow boiling
is [21]

Tw — Toar = 22.85/q" e P/858 (17.4-2)

where ¢” is the heat flux into the coolant (MW/m?) and p is the coolant pressure
(MPa). These correlations can be used to determine the temperature of the inner wall
of the coolant tube (tube-coolant interface) and a 1-D thermal analysis, as described in
Section 11.4, is then used to evaluate the temperature distribution through the tube wall
and armor.

For any water-cuoled component, it is important that the heat flux into the coolant
is maintained below the critical heat flux (CHF) for the particular conditions. In the
absence of any CHF correlations specifically for high-temperature aqueous solutions, a
general correlation, derived for water, has been used to assess the cooling performance
of the TITAN-II divertor target. This correlation for the CHF, gfy -, was developed by
Jens and Lottes {22]. Conversion to more convenient units of MW /m? yields

" — G m 0.22 -
gcur = C (—1356) (ATw) ™, (17.4-3)
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where (3 is the mass velocity of the coolant (= pv) in kg/m?® s, the factor 1356 arises from
the conversion of units, and AT, is the subcooling in °C. Constants C' and m depend
on the pressure, p, through

C = 3.00-0.102p, (17.4-4)
p
— 4 0.04. 7.4
30 + (17.4-5)

To allow for uncertainties in the correlations and to include a safety margin in the
design, the allowable heat flux is generally assumed to be lower than the estimated CHF
limit by a factor ~ 1.4 for water-cooled systems. For the TITAN-II design, the same
factor has been used in the analysis, although the application of the water-derived CHF
correlation to the salt-solution coolant increases the uncertainty.

A further factar in cousidering CHFs is the conduction of heat from the surface of
the target into the coolant. In general, the lLeat flux tends to be concentrated from
the value on the surface to a smaller area of the tube inner wall (Section 17.5). 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 found by the finite-
element analysis (Section 17.5). Note that this concentration is only of impertance for
CHF considerations; for the lithiumn-cocled TITAN-I divertor, the only impact would be
to increase the temperature drops across the structure by a small amount.

Figure 17.4-3 shows the distribution of heat flux along the divertor targets for the
inboard and outboard locations shown in Figure 17.4-1. The distance along the target
is measured in the direction of the coolant flow (i.e., the center of the figure, where
the heat flux drops, is at the apex of the target) facing directly into the core plasma.
Figure 17.4-3 shows that the maximum total surface heat flux on the inboard target is
T.5MW/m? with 5.8 MW/m? of the heat Aux on the outboard target (compared with
corresponding levels of 9.5 and 6.0 MW /m? for TITAN-I). This reduction in the divertor-
plate surface heat flux for TITAN-1l was made possible by the increased [reedom in
shaping the target, allowing it to be located in areas of higher magnetic field than would
have been permitted for the liquid-metal-cooled TITAN-1. Figure 17.4-3 also shows an
estimate of the concentration in the heat flux (i.e., the difference between the total surface

heat flux and the inner-wall heat Aux).

Given the heat loadings on the divertor-plate cooling tubes, the coolant conditions
are determined by the requirements of obtaining an adequate safety factor on CHF, and
of allowing the heat deposited into the divertor-target-coolant loop to be removed by
a heat exchanger with the inlet coolant for the blanket, Additional constraints were
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that the coolant velocity should not exceed 20m/s and that its composition should be
the same as for the blanket (6.4at.% Li). These considerations led to the selection of
the coolant-outlet conditions of 345°C and 14 MPa. At this pressure, the hoiling point
of & 6.4% LiNOj; solution is 405°C (Section 16.2), yielding a subcooling at the outiet
conditions of 60°C and a CHF of 16.2MW/m?, as predicted by the Jens and Lottes
correlation (Equation 17.4-3). Figure 17.4-3 indicates that a safety factor in excess of
1.4 with respect to CHF is achieved at all points on the target; on the outboard target,
where the heat fluxes are lower, the minimum safety factor is about 1.8,

Figure 17.4-4 shows the coolant and structure temperatures as a function of distance
along the inboard and outboard divertor targets. The coolant-temperature rise along the
tube is about 7°C, while the saturation temperature remains virtually constant because
the pressure drop along the tube is small. The heat removed from the divertor plate is
deposited into the blanket-cooling circuit through a heat exchanger. In order to main-
tain a minimum temperature difference of 20°C in the heat exchanger between the inlet
divertor coolant and the inlet blanket coolant (298°C), the divertor-coolant inlet tem-
perature must be not less than 318°C. For a divertor-coolant exit temperature of 345°C
and temperature rise of about 7°C per pass, the TITAN-II divertor coolant passes four
times across the target. The temperature of the inner wall of the coolant tube is governed
by the local heat flux, and the abrupt change in slope in Figure 17.4-4 is caused by the
onset of subcooled flow boiling, which prevents the wall temperature from rising to a
level substantiaily above the saturation temperature.

The maximum temperature of the armnor is estimated to be ~ 660°C. This is some-
what lower than the result from the finite-element thermal analysis, described below in
Section 17.5, because of 2-D effects in the heat conduction and because the gaps between
the the tubes have been ignored in this calculation.

17.5. THERMAL AND STRUCTURAL ANALYSES

The overall geometry of the TITAN-II divertor is very similar to that for TITAN-L, but
there are two major differences: (1) the TITAN-1 divertor is manufactured from a single
material; (2) the coolant flow is in the radial/toroidal direction, rather than poloidal,
thus destroying the axisymmetry of the TITAN-I design (Section 11.5) and requiring a
somewhat different finite-element modeling. The finite-element analysis was performed
for the inboard section of the divertor target where the lieat loadings are the highest.
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17.5.1. Thermal Analysis

The surface heat flux on the inboard section of the TITAN-II divertor target (distance
measured from the apex in the toroidal direction) is shown in Figure 17.4-3. The surface
heat flux shows a broad peak of 7.5 MW/m?, covering about 8 cm of the inboard target.
Because the thickness of the divertor plates (0.2 cm) is much smaller than the distance
over which this heat flux changes appreciably, a detailed model such as that used for
TITAN-I should be quite accurate (Section 11.5).

The finite-element mode] used for the thermal analysis is shown in Figure 17.5-1. The
heat fiux is assumed to be uniform over the plasima-facing surface and the lines of symme-
try on the sides are assumed to be adiabatic. The heat-transfer coefficient at the interface
between the tube wall and ‘he coolant was set to be the greater of the two coefficients
calculated from subcooled-flow-boiling and laminar-flow correlations. In other words,
boiling is assumed to occur in regions of the tube where the subcooled-flov.~boiling cor-
relation predicts a higher heat-transfer coefficient than the forced-convection correlation.
For the TITAN-1I divertor, the Dittus-Boeller correlation (Equation 17.4-1) predicts a
heat-transfer coefficient of 57 kW /m?-K. For subcooled flow boiling, the heat-iransfer co-
efficient was calculated from Thom’s correlation [23] whicl, for 60°C of subcooling and
14 MPa of coolant pressure, is

q
- 1 17.5-1
60 + 4.54 /7 (175-1)
where g is the local heat flux (MW /m?) and h is the heat-transfer coefficient (MW /m? K).
This value for the heat-transfer coefficient has been normalized by the ratic of the sub-
cooling to the film temperature drop, so it can be used in a finite-element code which

assumes that the heat-transfer correlations are based on the fihn temperature drop.

Because the boiling heat-transfer correlation is based on the local heal flux which is
not known, an iterative solution method is required. The local heat fiux into the coolant
along the inside wall of the coolant tube is first estimated, assuming it peaks at the apex:
of the tube (the point nearest to the plasma) and drops to zero at an angle of about
60° to either side of the peak. From this estimated local heat-Alux distribution, the heat-
transfer coeflicient is calculated around the fube and input to the finite-element code.
The resultant heat fluxes from the finite-clement analysis are then used to update the
heat-transfer coefficients and the problem is recalculated. This process is repeated until
the desired accuracy is achieved. In practice, the local heat fluxes seemed to depend only
on the geometry, rather than on the heat-transfer coefficient, so the local flux changed
little after the initial run and convergence of this iterative process was rapid.
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Figure 17.5-1. The finite-element model used for thermal and structural analyses of
the TIT AN-II divertor plate.

The teraperature contours, for the coolant tubes touching each other, are shown in
Figure 17.5-2. The peak temperature is 762°C, located at the divertor-plate surface
midway between two neighboring tubes. A crucial aspect of the thermal analysis for the
TITAN-II divertor is that the maximum local heat flux into the coolant must be well
below the CHF limit of ~ 16 MW /m?. The maximum local heat flux is greater than the
surface heat flux of 7.5 MW /m? for two reasons:

1. The area available for transfer of heat into the coolant is less than the area facing
the plasma. 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 §MW/m?.

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

The distribution of the heat flux into the coolant {or at the inner wall of the ccolant
tube) is shown in Figure 17.5-3. One of the curves in this figure corresponds to the case
of the heat flux on the top surface entering the tube with a pure cosine distribution, as
would be expected for a thin-walled tube. This curve shows a peak heat flux of over
9MW/m?, which is well above the surface heat flux of 7.5 MW /m?. This increase in the
heat flux is a result of the decrease in the surface area caused by the difference between
the outer and inner radii of the tube. For the TITAN-II divertor plate, the finite-element
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calculations show that the enhancement in the heat flux at the point closest to the plasma
is evey more pronounced because the tube wall is effectively very thick at the plasma-
facing surface (second curve in Figure 17.5-3). For this case, the peak heat flux into the
coolant is 10.7 MW /m?, thus providing a safety margin of about 1.5 with respect to the
CHF (16.2MW/m?).

Because of the double curvature of the divertor target, there would be a gap between
the constant-cross-section coolant tubes everywhere except at the apex (the points of
minimum minor radius), At the points of the maximmm heat flux, located 2 to 6em
away from the apex in the radial/toroidal direction (Figure 17.4-3), there is a small gap
(0.41mn) between neighboring tubes, as can be seen in Figure 17.3-1. The presence of
this gap increases the maximum heat flux into the coolant to 10.9 MW /m? and the peak
structural temperature to 779°C, again providing a safety margin of about 1.5 with
respect to the CHF (16.2 MW /m?).

17.5.2. Stress Analysis

As with the thermal analysis, the boundary conditions and global deformations have
little effect on the pressure stresses in the divertor. Hence, the detailed finite-element
model used previously can also be used to calculate the primary stresses induced by the
14-MPa coolant pressure. The equivalent stress contours are shown in Figure 17.5-4. The
peak stress is 83 MPa. There is some bending in the tube wall, thus increasing the peak
primary stress above the expected value of 56 MPa (from o = 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 the TITAN.II divertor plate is in the radial/toroidal
direction, there is no poloidal axisyimmnetry in the structure, and the detailed model used
for the thermal analysis cannot be used for calculating the thermal stresses which depend
strongly on the imposed boundary conditions. Fortunately, the coolant tubes, themselves,
have little effect on the thermal stress distribution {as indicated by preliminary analyses)
so an axisynunetric model can be used o approximate the structural behavior of the
divertor plate as a unit. This allows accurate treatment of the boundary constraints
without a prohibitive loss of detail.

The finite-element model which is used to analyze the thermal siresses is shown
in Figure 17.5-5. Half of the U-shaped cross section is modeled by using symmetry
conditions to model] the other half. The model consists of 600 axisymmetric quadrilateral
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Figure 17.5-4. Equivalent pressure-stress contours from finite-element analysis of the
TITAN-II divertor plate for a coolant pressure of 14 MPa,

elements. The heat flux was distributed along the surface of the divertor according to
Figure 17.4-3 (also shown in Figure 17.5-6) and a constant heat-transfer coefiicient of
200kW/m? was assumed along the entire inner surface. The bulk temperature of the
coolant was assumed to be 345°C.

The maximum temperature is 615°C and occurs at point A on Figure 17.5-5. The
temperature drops across the divertor-plate structural material is 229°C, which is 36°C
lower than the calculated value from the local analysis (265 °C). Hence, the global model
will underestimate the in-plane stresses by roughly the same amount (15%). The out-
of-plane stresses, thougli, tend to dominate the equivalent stresses in this problem, and
they would be underestimated by less than 15% because these stresses depend on the
overall temperature distribution, rather than just the local distribution.

The peak equivalent stresses in the TITAN-II divertor plate occur on the plate surface
and are shown in Figure 17.5-6. 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 35,,, = 600 MPa for tungsten. Therefore,
the TITAN-II divertor plate can withstand the very high heat fluxes expected during the
normal operation.
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Figure 17.5-5. Finite-element model for determination of thermal stresses in the
TITAN-II divertor plate.
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Figure 17.5-8. Surface heat flux and peak-equivalent thermal-stress distributions on
the inboard section of the TITAN-II divertor. Pistance along the target
is measured in the radial/toroidal direciion from the apex.
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17.6. DIVERTOR-COIL ENGINEERING

The toroidal-field-coil design for TITAN-11, which consists of copper coils as opposed
to the IBCs of TITAN-1, prompted a new divertor magnetic design (reported fully in
Section 4.4). The final magnetic design, similar to that of TITAN-1, includes three di-
vertor modules, located 120° apart in the toroidal direction. An equatorial-plane cross
section of the divertor coils is shown in Figure 17.1-1. The magnetic field lines are di-
verted onto the divertor plate using one uulling and two flanking coils which localize the
nulling effect. No divertor-trim coils are needed for the TITAN-1I design. The use of
copper divertor coils reduces the joule losses in the TITAN-II divertor coils to 9.8 MW
which are much smaller than that of the TITAN-1 design (120 MW).

The TITAN-II divertor coils are normal-conducting copper coils cooled by pure water
with spinel insulator material. Because of the expected long life of the inorganic spinel
insulator (Section 10.2.3), the TITAN-II divertor coils are expected to perform at the
design level for the one-year lifetime of the divertor module. The nuclear heating in the
divertor coils is not excessive and can easily be removed by the cooling circuit.

Forces on the divertor coils are of four types: (1) outward radial forces on each
coil caused by the interaction of the coil current with the toroidal field, (2) centering
forces resulting from the radial variation of the toroidal field, (3) overturning moments
generated by the interaction between the vertical field and the coil current, and (4) out-
of-plane forces caused by the spatial variation of the magnetic field especially in the
divertor region. These electromagnetic forces also vary in fime during the cycles of the
oscillating-field current-drive {OFCD) system.

The forces exerted on the divertor coils are such that the maximum coil face pressure is
of the order of 1.8 MPa. This constitutes only about 3% of the end forces generated by the
blanket-coolant pressure (Section 16.4). Capturing the flanking coil against the end wall
within the blanket scarcely alters the loading patterns in the blanket and the blanket-load
paths can be easily strengthened to accommodalte this small increase. Figure 17.6-1 shows
the equatorial-plane view of the TITAN-II divertor module and the related structure. The
structural support for the nulling coil is also explicitly shown. The nulling coil does not
see any lateral forces.

The spine plate and shield block behind the nulling coil serve to maintain the shape
of this coil and resist its tendency to translate outwards. This spine plate and shield
block cover the entire divertor circumference but are restricted to the diverior-plate
width on the outboard section to allow for the divertor pumping ducts. As illustrated in
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Figure 17.6-1, some face tubes are needed in the divertor module in order to handle the
surface heat flux and also to fill in voids around the back of the divertor collector plates.

17.7. VACUUM SYSTEMS

The vacuum boundary in the TITAN-II design is behind the hot shield, as opposed
to the TITAN-I design in which the entire fusion power core (FPC) is located inside a
vacuum tank. Three vacuum-pumping ducts with large cross sections are connected to
the outboard side of the three divertor modules of TITAN-II. The high-vacuwn pumps
are connected to these ducts and are located under the water pool surrounding the
TITAN-I1 FPC to allow easy access for maintenance. This arrangement also minimizes
the shielding requirements because the water pool surrounding the TITAN-II FPC also
acts as a very good radiation shield. Detailed calculations for the pumping requirements
of the TITAN-II design have not been performed but they are not expected to be very
different from those of the TITAN-I design.

17.8. SUMMARY AND CONCLUSIONS

The design of the impurity-control system poses some of the most severe problems
of any component of a DT fusion reactor. For TITAN-1I design, the impurity-control
system is based on toroidal-field divertors in order to minimze the perturbation to the
global magnetic configuration, and to minimize the coil currents and stresses. Three such
divertors are used as a compromise between the conflicting desires to minimize the joule
losses in the divertor coils and maximize the total area of divertor plates.

To limit the heat flux on the divertor-target plate to a manageable level (10 MW /1n?),
the TITAN plasma is required to operate in a high-radiation regime, such that a total of
about 95% of the steady-state heating power is radiated in the core, edge, and divertor

“open” coufiguration, in which the divertor target is located close to the

plasmas. An
null point in the magnetic field, is used, rather than a “closed” configuration, which tends
to produce large peaking factors in the heat-flux distribution. These features, together
with careful shaping of the divertor-target surface, allow the maximum heat flux at the

inboard location to be limited to 7.5 MW/m?, with a peak cutboard value of 5.8 MW /m?.

To satisfy the requirement for a high-Z material for the plasma-facing surface of the
divertor target, a tungsten-rhenium alloy, W-26Re, is used. The high rhenium content
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provides the high ductility and high strength necessary for the severe loading conditions.
A single structural material is used for the divertor target to avoid the problems of
bonding dissimilar materials and of stress concentrations which occur at the interface of
the two materials. The coolant tubes are, therefore, also made from W-26Re alloy.

The coolant for the divertor system is an aqueous-LiNOj solution, as used in the
TITAN-II blanket. Advantage is taken of the predicted differences in the physical prop-
erties betweer this solution and pure water to obtain the high CHFs (~ 16 MW /m?)
necessary to provide an adequate safety margin against burnout. The divertor-plate
coolant flows in the toroidal/radial direction to equalize the power deposited on each
tube, although this causes gaps between adjacent tubes (if they are of constaut cross
section) because of the double curvature of the divertor plate. Fabrication of the divertor
target is based on brazing of the tungsten-alloy plate {which is produced by powder-
metallurgy techniques) to a bank of constant-cross-section coolant tubes, although alter-
native methods which allow tubes of variable cross section to be constructed have also
been considered.

Two-dimensional, finite-element thermal and structurai analyses were performed,
which indicated that the maximum equivalent thermal stress is about 500 MPa, within
the allowable level of 600 MPa for tungsten. The therma! analysis showed that geomietric
effects concentrate the heat flux from its value on the plate surface tc a higher value at
the tube-coolant interface, and that the effects of the gaps betwcen adjacent tubes in
elevating structural temperatures are acceptable.

In conclusion, at the present level of analysis, the toroidal-field divertor design for
TITAN-1I appears to represent a feasible design approach for the impurity-control and
particle-exhaust system for a high-power-density reversed-field-pinch (RFP) reactor. A
number of areas require further analysis and experimental investigation to confirm their
potential as described in this report. Demonstration of good RFP operation with a
toroidal-field divertor is clearly necessary, and operation with a highly radiative core
plasina is central to the divertor design and also requires further experimental work.

The physical and heat-transfer properties of LiNOj solutions need to be better under-
stood, although the present estimates suggest they should be favorable. The fabrication
procedure proposed for manufacturing the large divertor plate from tungsten-rhenium
alloy requires experimental verification, and the data base for the irradiated properties
of the tungsten alloy requires considerable expansion. Additional work on the design of
the support structure for the divertor modules and the divertor coils and the vacuum
system is also needed.
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18. TITAN-II TRITIUM SYSTEMS

18.1. INTRODUCTION

In this section, specific fritium-system design issues that relate to the use of the
aqueous-salt blanket coolant in TITAN-II are considered. A critical issue is the need
to recover and control tritium that is bred directly in the water coolant of the primary
heat-transport system. In particular, tritium recovery from water is required on a scale
larger than existing water-detritiation systems. However, there is considerable industrial
experience with recovery of hydrogen and its isotopes from water, and some relevant
process equipment is used on a larger scale in non-tritium applications.

The TITAN-II design considers higher tritium levels (50 Ci/kg) in the primary-coc .t
water relative to previous design studies (e.g., 1 Ci/kg in the “Blanket Comparison and
Selection Study,” BCSS [1]) in order to minimize the cost of water-processing equipment
requited for tritium recovery. Design features which make this possible are: (1) lower
pressure in the primary system resulting from an elevation of the fluid beiling point
caused by the addition of the Li salt, (2) possible use of double-walled steam generators,
(3) presence of the water pool which captures a large part of the tritiated-water leakage,
{4) routine use of welded joints, and (5) removal of tritiated water to safe storage during
major maintenance operations. Component leakage rates and air-drier technology are
based on CANDU systemns performance. The overall tritiuni-loss rate for the TITAN-II
design is estimated at 50 Ci/d.

The reference desiga for the blanket tritium-recovery system is based on a tritium
level of 50 Ci/kg in the primary water coolant. This system recovers 430g/d of tritium,
primarily through a five-stage vapor-phase catalytic-exchange (VPCE) system, which
transfers the tritiuin from the water to hydrogen gas, and then by cryogenic distillation
for isotope separation. The TITAN-1] fusion power core is submerged in the pool of water
to achieve a high level of safety. The water pool contains tritium from primary-conlant
system leakage, which is maintained at 0.37 Ci/kg by water distillation, with the enriched
tritiated water from the distillation columns mixed with the primary-coolant water for
final tritium recovery. The water-feed rate to the VPCE system is about 40600kg/h
at 50Ci/kg. The estimated installed cost of the TITAN-II tritium-recovery system is
130 M$% (1986}, not including huilding, air-cleanup, and indirect costs. Although the
water-feed rate is about 10 times larger than the Darlington Tritium-Removal Facility,
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the cost is only 3 to 4 times larger because of the economy of scale, fewer VPCE stages,
and the lower reflux ratio needed in the cryogenic columns by the light-water feed,

The other TITAN-II tritium-related systems and flow rates are also assessed. The fuel-
processing systems are similar to those of TITAN-1, which are described in Section 12.
Unique features inctude a redundant impurity-removal loop (rather than relying on large
tritium storage capacity) and a small feed to the isotope-separation system because of
the use of mixed DT fueling. Plasma-driven permeation is less important in TITAN-II
than in TITAN-I because the first wall is at a lower temperature and is made of ferritic
steel rather than vanadium (Section 18.2). Back diffusion of protium is significant but
acceptable. The air-detritiation system has a larger drier (but not recombiner) capacity
to recover most of the tritiated water leaking from primary-system components.

The analysis of the TITAN-II tritium systems is given in the subsequent sections. The
tritium flow rates are estimated in Section 18,3. The blauket tritiuin-recovery system,
the plasma-exhaust-purification system, and the room-air-cleanup system are discussed,
respectively, in Sections 18.4 through 18.6.

18.2. PERMEATION

18.2.1. First Wall

The first wall of the TITAN-II design is made of a ferritic steel alloy (9-C) in contrast
with vanadium-alloy first wall of TITAN-I. Ferritic alloys are more resistant to hydrogen
permeation than vanadium, so plasma-driven permeation should be less of a concern for
TITAN-IL

As described in Section 12, plasma-driven permeation is modeled by using the code
TRIFOS [2] to estimate the depth of triton implantation into the first wall, and the
DIFFUSE code [3] t» model the ensuing diffusion through the first wall. Values for the
activation energies and coefficients for diffusion and solubility of hydrogen in the 9-C alloy
(or HT-9) have not been reported. Consequently, the stainless-steel properties are used
since both stainless steel and 9-C have 12% chromium and, therefore, the stainless-steel
properties should approximate those of 9-C. The plasma flux and energies incident on
the first wall are similar to those of TITAN-I.

The first wall of TITAN-1I consists of hali-cylindrical channels separated from the
blanket lobes, with the cylinirical face towards the plasma. The direct area facing
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the plasma is 101.6 m?, although the cylindrical shape increases the effective area for
permeation. The first-wall channels are 30-mm wide and 1.5-mm thick at the beginning
of life. The channel- -all vemperature ranges from 638 to 345°C on the plasma side, 370 to
335°C on the coolant side, and varies by 32°C from coolant inlet to outlet. For DIFFUSE
calculations, a slab geometry with an eflective area is used, with average temperatires
of 530 and 240°C, respectively, for the plasma and coolant side.

Diatomic-recombination boundary conditions are used for both sides of the first wall.
The plasima-side calculations consider both a sputter-cleaned and dirty surface (recom-
bination sticking coefficient of 1 or 0.01, respectively). Ferritic surfaces in contact with
water coolant are known to form oxide layers which act as permeation barriers. A barrier
factor of 100 was used for HT-9 in water in the BCSS [i} and is adopted here, although
the effect of the lithium-nitrate solutior. on the oxide layer is uncertain.

The result is a permeation of tritium from the plasma into the coolant of 0.34 to 4g/d,
depending on the cleanliness of the plasina surface. Comparable amounts of deuteriumn
also permeate. The recombination coefficient is not well known and lower values than
assumed here would give higher permeation rates.

In an agueous-sali-cooled system, the hydrogen over-pressure in the coolant may be
significant, perhaps as much as several atmospheres. Such pressures raise the possibility
of hydrogen permeation through the first wall from the coolant into the plasma. To
estimate the size of hydrogen back-diffusion, DIFFUSE calculations are made assuming
a Sievert’s-law boundary condition on the coolant side of the first wall, and diatomic
recombination on the plasma side {sticking coefficient of unity). The back permeation is
found to be betweer 12 and 39g/d, respectively, for over-pressures of 1 to 10atm. 1If an
oxide layer at the steel-water interface is assumed with a barrier factor of 100, then back
permeation is reduced to tenths of a gram per day. Similar calculations assuming a dirty
plasma-side surface (sticking coefficient-of 0.01) resuli in comparable values.

18.2.2. Divertor

The TITAN-II divertor design is similar to that of TITAN-I. The divertor armor is
made of a tungsten-rhenium alloy (W-26Re) and is 1-mm thick with 7.4-m? surface area.
The armor is brazed onto W-26Re tubes with 10-mm outer diameter and 1-mm wall
thickness which are cooled with an aqueous-LiNQj solution. Data for hydrogen diffusion
are not available for the W-26Re alloy, sc corresponding properties of pure tungsteu are
used for ral-ulations.
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The particle flux and energies incident on the divertor plates are similar to those
for TITAN-I (Section 12). The TITAN-II divertor-plate temperature ranges from 675 to
870°C on the plate surface, peaks at 360°C on the coolant side of the tubes, and varies
by 40°C from coolant inlet to outlet. For DIFFUSE analysis, average temperatures of
730 and 340 °C are used, respectively, for the plasma side and coolant side of the divertor
plate. For these conditions, a plasma-driven permeation of 0.035 to 0.07 g/d is calculated,
depending on the cleanliness of the plasma-facing surface,

18.3. TRITIUM CONTROL

In this section, the tritium-release rates from the TITAN-II reactor are estimated as
a function of the tritium levels in the water coolant. Previous fusion-reactor studies have
used a tritium level of 1 to 10 C'i/kg in the primary coolant [1,4], but such a low level would
require a very large water-detritiation system for TITAN-IL In fact, there is considerable
utility operating experience with tritium levels above 1Ci/kg in water coolant. For
example, CANDU reactors are designed to accommodate up to 70 Ci/kg in the moderator
and 2.5Ci/kg in the primary circuit at equilibrium. In present CANDU reactors at
Pickering and Bruce, the heavy-water moderator (70°C and 0.1 MPa) contains 20 to
30Ci/kg tritium while the heavy-water primary coolant (300°C and 9MPa) contains
1.5 to 2Ci/kg [5]. With these tritium concentrations (and inveutories of about 4kg of
tritium in the water), the release rates from CANDU power stations have averaged 30 to
50 Ci/d-reactor over the past several years [5]. For fusion, a tritium level of 10 to 100 Ci/d
is generally considered acceptable [1]. Based on the CANDU experience, tritium levels
in the range of 10 to 100 Ci/kg were considered and a level of 50 Ci/kg was selected for
TITAN-II.

There are two generic pathways for tritium losses to the environment: water leakage
and permeation across heat exchangers and steam generators, and air losses from the
evaporation of water leaked from components. For TITAN-II with steel piping and aque-
ous solution at < 350°C, tritinm permeation across the coolant piping is unimportant.

18.3.1. Tritium Losses to Power Cycle

Tritium losses across heat exchangers include both permeation and leakage. Heavy-
water losses across the steam generators at Pickering (550 MWe) and Bruce {880 MWe)
were, re  ctively, 4 and 0.5kg/d, because of permeation and small leaks [5]. Large leaks
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are not included in these values, as they are rare and are quickly repaired. Reference [1]
(BCSS) reports a water-loss rate of 45kg/d for light-water-reactor steam generators,
10kg/d for CANDU reactors, and adopts 2d kg/d-GWe as a reference value. More re-
cent data also support a low CANDU steam-generator leakage. For example, 0.02% of
CANDU tubes were plugged or repaired (as of 1986) compared to the industry average
of 2% [6]. This small percentage was achieved through care in design, fabrication, and
operation, and is necessary because of the cost of lost D>O (e.g., 2 1.6-mm hole in 24,000
m? of steam-generator area will be unacceptable), For TITAN-II, similar care would be
necessary with the proposed tritium levels. If a water-loss rate of 1 to 10kg/d by leakage
and permeation is assumed, th:.: the tritium-loss rate through the steam generator is
1 to 10 (Ci/d)/(Ci/kg).

Alternately, the permeativn rate through the steam generator can be estimated di-
rectly. The permeating flux is proportional to the material permeability, area, inverse of
the wall thickness, and square-root of up-stream minus down-stream pressures. A value
of 2 x 107!% N-cm?/s-kPa®"% is reported in the literature for the permeability of the oxi-
dized Inconel {5], with some CANDU data indicating somewhat lower values. Based on a
heat-transfer area of 21,500 m? (Bruce uses 18,920 m? for 880 MWe), a tube thickness of
1.12mm (Bruce uses 1.12mm with 9-MPa primary and 4.3-MPa steam-side pressures),

a conservative primary H; pressure of 10 MPa, and a negligible steam-side hydrogen
pressure, the permeation rate for TITAN-II is about 3 (Ci/d)/(Ci/ke).

This permeation rate assumes that the T:H ratio in the gas phase is the same as that
in the water, There is some evidence that about 5%-10% of the tritium is initially formed
as HT gas [7]. This will eventually equilibrate with the HTO phase (about 16 appm T in
H at 50 Ci/kg) such that the T:H ratio in the hydrogen gas phase would be three times
less than that in the water phase. However, the rate of equilibration is normally slow at
room temperature. In the presence of radiolysis, 300°C water in contact with metals, an
H: over-pressure, and recombiners, the level of HT partial pressure is not clear. If the
HT partial pressure were much higher than the equilibrium levels, it could be used to aid
tritium extraction.

These tritium-loss rates could be reduced by three system-design options:

1. Use of an intermediate heat exchange (IHX) loop,
2. Use of double-walled steam-generator tubes,

3. Use of equal or higher pressurc on the steam side.



18-6 TITAN-IT TRITIUM SYSTEMS

An IHX provides a good barrier between the steam side and the primary circuit. The
intermediate loop could be maintained at a much lower tritivum level so that subsequent
losses into the steam generator contain a low tritium conlent. The lower tritium lev-
els would be maintained by an additional flow to the primnary-coolant tritium-recovery
system. A paticular advantage of the IHX is that it prevents the highly-tritiated pri-
mary water from reaching the steam circuit in the event of a major tube rupture. The
disadvantages are: a lower thermal efliciency because of the joss of peak steam tempera-
ture, the capital cost of an extra heat-transport loop, extra load on tritium-recovery and
room-air-detritiation systems because of the extra coolant loop, and increased leakage
and maintenance due to the extra equipment.

Double-walled steam generators have been considered for use in sodium-cooled fission
reactors and in some fusion studies (BCSS [1), MARS [8]). TITAN-II conld use this
concept to provide additional leak resistance (failure of one boundary need not propagate
into the second boundary) and permeation resistance (interior-surface coatings inhibit
transport). Estimates for MARS indicate a reduction in the tritium permeation of up to
8 factor of 10° is possible (8]. One experiment [9] reported no improvement aver single-
wall permeation rates, but it seems likely that a significant effect could be obtained
with other interior-surface preparations. The double-walled steam-generator approach
provides similar advantages as an IHX, but with less cost and complexity and reduced
degradation of peak steam temperature.

The third approach, equal or lower primary-system pressure is possible for TITAN-]1]
because the salt content of the primary circuit elevates the boiling point. Consequently,
the primary-system pressure can be reduced while maintaining a high temperature, re-
sulting in the elimination of the driving force for leakage. In the TITAN-II design, the
primary-coolant system is at 7MPa, about equal to that of the secondary side. Lower
pressure in the primary system will also reduce the water-leakage rate from other com-
ponents of the primary system and keep the leakage rates within the range of CANDU
experience (primary system at 9 MPa).

In summary, the tritium-loss rate across a good but conventional steam generator is
estimated to be about 1 to 10 (Ci/d}/{Ci/kg). With improvements such as equal primary
and secondary pressures, increased thickness of tubing, double-walled tubes, or other
concepts, it seems plausible that the leakage rates could be reduced an additional factor
of ten. It is assumed here that a tritium-loss rate of 0.2 (Ci/d)/(Ci/kg) by permeation
and leakage can be achieved.
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18.3.2. Component Tritium Losses

Water leakage from components leads to losses of tritiated-water vapor generally up
the stack. This loss is minimized by using leak-tight designs and components, segregating
major systems, and the use of air-drier technology. Again, because of the economics
of heavy water, CANDU reactors have developed leak-tight systems and efficient air
driers. TITAN-II has the further advantages of no mechanical pressure-tube end fittings
{eliminating a major water-loss pathway), and of the primary system being inmersed in
a waler pool (capturing a large part of the tritiated-water leakage).

Characteristics of tritiuin leakage and recovery from several CANDU reactors are
summarized in Table 18.3-I. Total tritium-escape rates (leakages) and loss rates are
reasonably well-known because the air-drier water is monitored and any lost heavy water
must be made up by external supplies. Uncertainty exists in leak rates from specific
components or systems, and the data are not necessarily reported in a directly accessible
form. Overall, however, the data indicate that operating power plants with tritium levels
in the range 1 to 30 Ci/kg have demonstrated overall water leakage rates of 40 to 400 kg/d,
loss rates of 5 to 16 kg/d, and air-recovery efficiencies of 75% to 96%.

Several possibilities exist for reducing water leakage from present CANDU levels. The
improvements are being incorporated into the newer fission reactors, and could certainly
be used in a fusion reactor. These include [5):

e Minimizing piping joints and components and using welds where possihle;

e Using live-loading and bellows seals on valves, taper-lock or equivalent fittings on
flanges, and similar leak-tight components;

e High maintenance priority for the fixing of leaks;

e Better room sealing.

For TITAN-IL tritium leakage during maintenance is minimized by removing the
tritiated water from the affected loop to a dump tank and replacing it with unpressur-
ized, low-tritium water. In general, the routine use of remote welding and maintenance
equipment as expected in fusion machines will encourage welded connections and on-line
repair of leaky components.

In order to estimate the tritium losses, the TITAN-II water-blanket systems are di-
vided into four major areas: the reactor vault, coolant-chemistry room, blanket tritium-
recovery room, and main reactor hall, as is shown in Figure 18.3-1. The 1nain steam



18-8 TITAN-II TRITIUM SYSTEMS

Table 18.3-1.
TRITIUM-RELEASE RATES FROM CANDU REACTORS

Escape Rate Recovery Loss Rate

Unit(s) Year (kg/d-reactor) (%) {kg/d-reactor)
Pickering A {1-4) 1972-86 170 94(a) 10t
Pickering A (3,4) 1985 360 96 i6
Pickering B (5-7) 1985 290 95 15
Pickering B (5-8) 1983-86 g2l 94() 4.8
Bruce A (1-4) 1985 175 93 12
Bruce B (5,6} 1985 - - 7
Cordoba 1984 36 85 5
Le Preau 1984 45 75 11
Le Preau 1885 98 89 11
Wolsung 1985 125 91 11

(a} Estimated values.

generator, the primary pumps, and the pool heat exchanger are located within the pool.
Other components such as the primary-circuit ion-exchange resins and filters, which are
gamma active, could also be placed in the pool.

A CANDU average of 200 kg/d leakage may be inferred from Table 18.3-1. The distri-
bution of water leakage between CANDU systems is not known precisely, but it appears
to be dominated by the hot primary-coolant system. Of this, a substantial amount is
believed to be caused by the pressure-tube end fittings which are mechanical joints that
are routinely accessed while on line. Taking 75% of the nominal CANDU leak rate to be
from the primary system, and taking credit for the lack of end fittings in TITAN-II but
recognizing that the primary loop is not easily accessible and the salt may affect leakage,
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Figure 18.3-1. Water and tritium pathways within the TITAN-II reactor building,
based on a 50Ci/kg primary-system concentration. The net loss to
the environment, allowing for the air-drier recovery efficiencies shown,
is 50 Ci/d.

the estimated primary-system leakage rate in TITAN-1I is 100kg/d. Note that as this
water leaks into the pool, the associated tritium is not released to the environment.

The remaining 25% of the nominal component water-leak rate occurs in other water-
processing systems: the coolant-chemistry system and blanket tritium-recovery systemn
in TITAN-1II. It is assumed that welded joints and other procedures noted earlier are
used, which reduce the leak rate by half to about 20kg/d. A small loss also occurs
from the pool, which is also sealed froin the reactor hall. Figure 18.3-1 illustrates the
general tritium levels and leakage pathways, based on a primary-coolant concentration
of 50 Ci/kg.

It is further assumed that the equipment within the chemistry and tritium-recovery
rooms is confined so that its environment can be efficiently dried at a 96% water-removal
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rate. This rate represents the upper end of proven CANDU performance and implies use
of room seals, segregation of leakage-prone equipment, and good drier capacity.

18.3.3. Tritium-Loss Rates

Based on the above permeation and leakage rates, the tritium-loss rates can be deter-
mined as a function of the tritium concentration in the primary coolant. In general, these
releases linearly increase with tritium concentration. Clearly, the lower the tritium levels
in the water, the lower the potential tritinm-release-rate levels are. However, this must be
balanced against the increasing cost of tritium extraction at low coolant concentration.
These costs are evaluated in Section 18.4 with a tritium level of 50 Ci/kg selected as the
TITAN-II design point.

From a maintenance viewpoint, the water temperature and tritium levels are of less
concern than the air-tritium levels. In CANDU reactors, the moederator presently contains
20 to 30Ci/kg without having a major impact on maintenance, and the design value is
70Ci/kg. Under these conditions, workers would use plastic suits, system flushing, and
automatic equipment to minimize the dose. In an accident where a worker was exposed to,
for example, 10% direct skin wetting by 100 Ci/kg water, the committed dose is 15 rem.
External dose from gamma-active corrosion products will also contribute and are much
larger than the tritium dose (in present CANDU circuits). Overall, it is not expected
that a tritium level of 50 Ci/kg will pose an unusual or unacceptable maintenance risk.

The TITAN-II reference design based on this trade-off has a tritium councentration
of 50 Ci/kg in the primary-coolant system and 0.4 Ci/kg in the pool. The corresponding
tritium-release rates to the environment are about 50 Ci/d total from the water-related
systems. Based on the estimates for TITAN-I (Section 12), the additional contribution
to the routine trilium releases from the remaining tritium systems, such as fuel cleanup
and storage, are small.

18.4. BLANKET TRITIUM-RECOVERY SYSTEM

18.4.1. Tritium-Recovery Options

Some options for hydrogen-isotope separation are summarized in Table 18.4-1, with
the hydrogen in the elemental or oxide (water) form. The effectiveness of the process is
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Table 18.4-1.

THEORETICAL SEPARATION FACTORS
FOR SOME ISOTOPE-ENRICHMENT PROCESSES [10]

Process HD/H, HT/H, DT/D; H;0/D;0 HTO/H,0 DTO/D,0 23BU/238y
Distillation 1.54) 1.8 1.2(@} 1.05( 1.06 1.01 1.00002
H,S exchange NA NA NA 1.07() - - NA
Gas diffusion 1.22 141 1.12 1.027 1.054 1.025 1.0043(®
Gas centrifuge  1.051 1.10 1.051 1.038 1.078 1.038 L.16(@
Laser - - - - 10,000 - -

{a) Processes in industrial use

() Tritium must be transferred into CF3;H molecule first.

roughly proportional to the separation factor, although there are other equally important
parameters.

Distillation is widely used for hydrogen isotopes: cryogenic distillation at 20 K with
elemental gas feed, and water distillation at 320K with water feed (depending on the
isotopes and concentrations). The bi-thermal hydrogen-sulfide (and the related ammenia)
exchange process is used in industry for heavy-water extraction from ordinary water,
This process would have good separation factors for tritiated water also, but would be
difficult to use since it involves toxic and flammable gases. The newer technologies of gas
centrifuge and laser enrichment offer particular advantages for uranium separation. Gas
centrifuge offers reasonable theoretical separation for water, but not sufficiently better to
justify replacing passive columns with high-speed rotating machinery. Laser separation
offers very high separation factors in the laser stage, but requires substantial chemical
processing as well as high-power lasers and optics. Laser separation has not proven better
than the H,S-exchange process for HO/HDO separation from natural water (at 150 ppm
HDO). However, laser enrichment is still under development and may be effective for
TITAN-II.
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In the TITAN-II study, water and hydrogen distillation are considered the fundamen-
tal isotope-separation processes. These processes represent conventional technologies,
have reasonable separation factors, and are mechanically fairly simple. Water distilla-
tion is used for pre-enrichment of the tritium, and cryogenic distillation is used for the
final separation. A practical system involves other processes needed to transfer the tri-
tium from the water into hydrogen gas. The options are vapor-phase catalytic exchange
(VPCE), liquid-phase catalytic exchange (LPCE}, direct electrolysis, or a combination
of catalytic exchange and electrolysis. Some energy for electrolysis could be recovered
Ly recombining the detritiated hydrogen with oxygen in a fuel cell. The water would be
separated from the salt by flashing,

For the TITAN-II reactor, the tritium-production rate is 430g/d. For an average
tritium level in the primary heat-transport circuit of 50 Ci/kg, the water-feed rate to
the tritium-~recovery system would be about 4000kg/h (200 kimol/h). For comparison, in
other water-cooled blanket concepts in which the water tritium levels were deliberately
kept lower than the levels considered here, inaintaining 1 Ci/kg in water would require
a 20-kmol/h water-detritiation system for 1-g/d tritium permeation into the water from
the first wall or breeder {1,11].

Table 18.4-11 summarizes some of the existing large hydrogen-separation facilities.
Relative to TITAN-I1 with 50 Ci/kg coolant-tritium levels, VPCE, electrolysis, water
distillation, and cryogenic distillation have been {or socon will be) demonstrated on a
1/10 scale with tritium; and electrolysis and H,S exchange have been used in industry
on a larger scale without tritium.

The eflect of coolant-tritium levels on tritium-system cost is determined by consider-
ing a range of process designs at primary-coolant levels between 10 to 100 Ci/kg. Repre-
sentative water-feed rates to the tritiumn-recovery system are given in Table 18.4-1I] as a
function of the primary-system tritium content.

The water feed to the salt separator (flasher} is about 2.5 times the tritium-system
feed assuming that 40% of the water is evaporated while going from the high-temperature,
high-pressure feed conditions to the 0.1-MPa and 100°C salt-free vapor., If the water-
feed salt concentration is at 40% of its solubility limit, then the product is at 70% and
precipitation should not occur. The pool is maintained at less than 0.5 Ci/kg in order
to keep its trittum inventory acceptable. The tritiated water from the air-detritiation
and other waste streams 15 estimated at about 6kg/h (and several Ci/kg) based on the
assumed leak and recovery rates. For comparison, these flow rates are much smaller
than the coolant flow in the primary circuit (about 10° kg/h) and its flow through the
chemistry-control system (10° kg/h).




18.4. BLANKET TRITIUM-RECOVERY SYSTEM 18-13

Table 18.4-1L.

PARAMETERS OF
VARIOUS LARGE WATER ISOTOPE-SEPARATION SYSTEMS

Feed Product Feed Rate Start-up

Site Fluid Fluid Process(®) (kmol/h) Date
Darlington (Canada) D,O T, VPCE/CD 18 1988
Grenoble (France) D,0O g VPCE/CD 1 1972
Chalk River (Canada) DO T, LPCE/CD 1 1988
Mound Lab (US) H»,0 T CECE/CD 0.06 1986
Chalk River (Canada) D.O T, DE 0.13 1985
Chalk River {Canada) D,O/HDO D,O Elec. cascade 3-30 1950
Aswan Dam (Egypt) H.O H. DE 1700 1984
Norsk Hydro (Norway) H,0 H, DE 180 1950
Bruce (Canada) H,O D,O H,S exchange 110,000 1975
Pickering (Canada) D,0O/BDO D,0O WD 1-6 1972
Bruce (Canada) H,O/HDO D,0 WD 20 1975
Nangal {India) H,/HD D, CD 223 1964
Los Alamos (US) DT T, CD 0.02 1985
Tokyo (Japan) H. H.0 FC 150 1984
TITAN at 50 Ci/kg H,O/HTO T, - 220 20xx

{a) VPCE: Vapor-phase catalytic exchange;
LPCE: Liquid-phase catalytic exchange;
CD:  Cryogenic distillation with H; or He refrigerant;
CECE: Combination of catalytic exchange and electrolysis;
DE:  Direct electrolysis;
WD: Water distillation;
FC:  Fuel cell.
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Table 18.4-I11.
REPRESENTATIVE WATER-DETRITIATION FEED RATES®)

From Blanket Circuit
Coolant T Level To Flasher To Recovery From Pool®™  From Air Cleanup

(Ci/kg) (kg/h) (kg/h) (kg/h) (kg/h)
100 5050 2020 930 6
70 7200 2880 650 6
50 10100 4040 460 6
30 16800 6730 280 6
10 50450 20180 90 6

{(a} Based on 460g/d of T recovered from blanket, with 90% detritiation per pass.
(b} Based on 0.5 Ci/kg in pool or 100kg/d leakage of primary coolant from blanket.

For the TITAN-II water-detritiation system, several process options were considered.
Light-water coolant is used in the final design, although heavy water was considered {12].
A heavy-water tritimin-recovery system has more eflicient phase transfer but less efficient
cryogenic distiflation, so it uses less steam but more electricity, and has more hydrogen
gas but contains less tritium. The overall tritium system costs are comparable, but the
cost of the heavy water itself makes light water the coolant of preference.

A simple model was developed containing correlations for water distillation, VPCE,
electrolysis, and cryogenic distillation [13]. The model was déveloped for and calibrated
against equipment at the Darlington or ITER scale (100 to 800kg/h water-feed rate), so
the extrapolation to TITAN-II conditions is approximate. The results of these scoping
calculations are given in Table 18.4-1V at various blanket-coolant tritium levels. The
costs are direct equipment costs and must be doubled to include installation.

The trade-off between tritium-recovery-system cost and tritium release as a function
of coolant-tritium level is shown in Figure 18.4-1. Tritium-release rates increase linearly
with blanket-coolant tritium levels, but the system costs decrease roughly as the inverse
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Table i8.4-IV.

SCOPING EVALUATION OF SEVERAL TRITIUM-RECOVERY-SYSTEM DESIGNS
{460g/d RECOVERY AND 90% DETRITIATION PER PASS)

18-15

Coolant Meximum Process T Process i Electrieal Therma!  Direct
T Level T Level Inventary  Inventory Power Power Cost
(Cifkg) Process!®) (Cifkg) (kg) (kmol) {(MWe)  (MWth) (MS$)
H,0 COOLANT:
10 WD G6VPCE CD(H:) 60 1.8 5680 31 240 230
10 10WD &BVPCE CD(He) 100 2.8 280 16 230 230
20 EVPCE CD(Hz) 20 1.4 2100 28 51 126
20 5VPCE CD(He) 20 1.4 1400 73 51 150
20 DE CD{He) 240 12.0 280 T 0 190
20 10WD BVPCE CD(He) 200 2.8 140 8 120 126
50 5VPCE CD(H:) 50 0.9 860 12 21 73
50 5VPCE CD (He) 50 0.9 580 32 : 8D
50 5WD GVPCE CD(He) 250 1.3 110 7 48 83
50 10WD G&VPCE CD{(Hc) 500 28 60 4 50 82
50 EWD GVPCE CD(Hz) 260 1.4 170 3 50 €0
50 DE CD(Hz) 600 12.0 170 3 a 86
70 LVPCE CD(Hz) 70 08 600 8.6 16 80
70 5WD 5VPCE CD(H;) 360 1.3 121 1.8 35 46
70 SWD 5VPCE CD(He} 350 1.3 81 5 36 51
100 SVPCE CD(Hz) 100 0.7 460 65 11 61
100 WD &VPCE CD(Hz) 500 1.3 o1 1.4 26 a8
D;0 COOLANT:
2e 5VPCE CD(Hz) 20 0.9 3800 51 38 118
50 5VPCE CD(H;) 50 o6 1500 22 16 70
70 BVPCE CD(Hz} 70 0.5 1100 16 11 57
100 EVPCE OCD(Ha} 100 0.4 820 12 8 49
aq(® BVPCE CD(H;) 34 0.04 140 2 1.4 20
(a) nWD: Water distillation with enrichment by factor of n;
mVPCE: m-stage vapor-phase catalytic exchange;
DE: Direct electrolysis;
CD: Cryogenic distiilation with H or He refrigerant.

(b) Darlington Tritium Recovery Facility at 26 g/d of tritium and 97% detritiation per pass.



18-16 TITAN-II TRITIUM SYSTEMS

150

100

(p/1D) 2yey aseajsy] wminijt

N
(=
|

o
o

Blanket Tritium System Equipment Cost (M$ 1987)

0 20 40 60 80 100

Blanket Coolant Tritium Level (Ci/kg)

Figure 18.4-1. Comparison of direct cost of the tritium-recovery system and tritimn-
release rate as a function of blanket-coolant tritium levels. Design points
are shown for the various tritium-system designs analyzed.
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Table 18.4-V.
TITAN-II BLANKET TRITIUM-SYSTEM DESIGN REQUIREMENTS

Blanket:
Volume 274 m?
Coolant H:0 at 50 Ci/kg
Lithium content 6.4at.% Li as aqueous-LiNQC; solution

(98.5g LiNOj per 100g H,0)

Conditions 330°C, 7TMPa
Tritium-extraction rate >430g/d of T
Tritium-extraction efficiency > 90% per pass

Pool:
Volume 22,640 1m°
Tritium inventory <lkg T

In-leakage from blanket coolant 16 kg/d at 50 Ci/kg
Tritiated Wrste Water:
Production rate 6ke/h at 10Ci/kg

of the tritium level. Beyond about 50 {i/kg, the additional cost savings become relatively
small while the tritium-release rates (and coolant-tritiuin inventory) continue to increase.
At 50Ci/kg, the estimated tritium-release rate is about 50Ci/d, which is within the
acceptable design range for fusion reactors (nominally 10 to 160 Ci/d), and is consistent
with present CANDU performance.

The TITAN-II reference design must recover 430g/d of tritium from 50-Ci/kg water.
The system conditions are surumarized in Table 18.4-V. Based on the scoping evalu ations
(Table 18.4-1V), the main options for tritium recovery are compared below.

VPCE versus LPCE versus electrolysis. The catalytic-exchange processes need
more hydrogen zas because of the less efficient HTO/HT transfer, but they have much
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smaller tritium inventories for the same peak process HTO concentration and are gen-
erally less expensive. The total power consumption is similar. A catalytic process is
preferred for the TITAN-II scale. The LPCE has some advantages because of mechan-
ical simplicity and lower temperature operation. However, VPCE is more efficient and
thus less expensive. Therefore, the vapor-phase catalytic-exchange process is chosen for

TITAN-1I,

Hydrogen versus helivin refrigerant. For TITAN-II, as with Darlington, the addi-
tional hydrogen gas for the refrigerant cycle should be less important (given the large
amount already present as process gas) than the cost and power saviugs (a factor of three
to five).

Water distillation. Distillation provides simple HTO enrichment, operating at 50 to
60°C and 13 to 17kPa using low-pressure steam. Equipment costs could potentially be
reduced by 10M$ by using water distillation. However, the cost of the large huilding
needed to house the towers (8 towers, each about 2.6m in diameter and 30 to 40-m
high, for 50-Ci/kg feed) and the high tritinm levels in water should be considered, which
appear to offset any cost savings. Distillation would be useful, however, for enriching the
pool and waste water because of the lower feed rate and tritium content.

18.4.2. Blanket Tritium-System Design
Based on the scoping analysis, a reference design was selected hased on:

o Water distillation for the detritiation and pre-enrichment of the low-tritium feed
from the pool and air-cleanup systents,

¢ Five-stage VPCE for transferring tritivm into the hydrogen gas phase from the
primary coolant and enriched water-distiilation output,

s Cryogenic distillation to separate the protium from the tritinm.

A block diagram of the tritium-recovery system is shown in Figure 18.4-2, giving the
overall mnass halance and the flow rates of the main forward and recy<'. streams within
the tritimn system. This design is larger than necessary and could remove 465g/d of
tritium (rather than 430g/d) at 50 Ci/kg.

Tritium levels in the pool are maintained at less than 0.5 Ci/kg by processing 465 kg/h
through a single water-distillation tower. The tower returns the water with 90% detri-
tialion, and forwards 5.4kg/h at 50Ci/kg for mixing with the blanket-coolant water
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Figure 18.4-2. Blanket tritium-extraction system for TITAN-II showing water and hy-
drogen flow rates and tritium level in the flows, based on extracting
465g/d of tritium at 50 Ci/kg.

for processing. This tower is about 2.6m in diameter and 30- to 40-m high, about the
size and duty of the heavy-water-upgrader distillation column at Darlington. The water-
distillation system includes the tower with packing, reboiler, overhead condenser, vacuum
system to provide a condenser pressure of 13kPa, pumps, surge tanks, piping, control,
and instrumentation. Accounting for tritium decay in the pool, the peak tritium levels
would actyally be 0.37 Ci/kg and would only be reached afier several years of operation.

A purification unit is required to keep gamma levels low in the blanket coolant and
to provide a clean feed stream to the tritium-recovery system. The purification unit
uses high-pressure, low-temperature technology widely used in CANDU reactors: a heat
exchanger, filters, and ion exchange (IX) columns to remove both cationic and anionic
impurities. A bleed stream of 144,000kg/h is withdrawn from the blanket-coolant loop
and cooled to 60°C to avoid thermal degradation of the IX resin. This flow rate re-



18-20 TITAN-II TRITIUM SYSTEMS

moves about 50% of the suspended impurities in the primary circuit each hour, typical of
CANDU design. The filter vessels will have integral lead shielding and replaceable cat-
tridge baskets. The IX columns contain a lithiated mixed-bed resin that will not remove
lithium or nitrate ions, The IX columns will be located in pits provided with concrete
shielding, and the resia will be slurried in and out of the columns.

The purified salt solution leaving the IX columns is reheated to 280°C in the heat
exchanger, and a fraction is diverted to a flash evaporator. The flashing of water from
8MPa and 280°C yields about 40% salt-free vapor at 0.1 MPa and 100°C which is sent
to the VPCE unit for tritium recovery. Liquid from the flash evaporator, concentrated
in litbium salt but below the solubility limit, combines with the detritiated water from
the VPCE and the main purification stream from the heat exchanger.

A five-stage VPCE unit provides a water-detritiation factor of 93% and reduces the
hydrogen flow to the cryogenic distillation, which is then four times the molar feed-
water rate. Each VPCE stage consists of an evaporator, superheater, catalyst bed, and
cuadenser. The catalyst operates at 200°C and slightly above atmospheric pressure.
There are no valves in this equipment; the Grenoble VPCE system has operated reliably
for many years.

The cryogenic-distillation unit receives mostly Hy/HT and separates the hydrogen
isotopes into 99+ % T'» product and an almost pure H; streamn. The cryogenic-distillation
unit is a cascade of packed distillation columns, reboilers, condensers, heat exchangers,
and catalytic equilibrators inside an insulated cold box. The feed gas from the VPCE
is dried and purified to remove contaminants {e.g., water vapor, nitrogen, and oxygen)
and then conipressed and cooled before entering the columns. Hydrogen refrigeration is
used because it cools efficiently through the latent heat of vaporization. This leads to
much reduced refrigeration power and smaller cryogenic cold boxes because of the smaller
heat-exchange surface area.

The largest cost component in the cryogenic-distillation unit is the first column which
separates the bulk H; from HT. With hydrogen refrigerant, the operating conditions of
this first column are 0.2 MPa and 23 K. A 40-stage stripping section is adequate to provide
a tritium-poor hydrogen-return stream at 10 Ci/kmol. The first column condenser heat
load, which essentially determines the refrigeration requirement, is about 360kW for
890-kmol /h feed. The tritium inventory is based on a scale-up of Darlington, accounting
for differences in flow rate and reflux ratios, with a 25% reduction for an optimum design
of the high-tritium cascade.
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Table 18.4-VI.

TITAN-II BLANKET TRITIUM-SYSTEM
CAPITAL COST AND TRITIUM INVENTORY
(BASED ON EXTRACTING 485g/d of T at 50 Ci/kg)

Process Unit Equipment Cost (M$ 1987) Tritium Inventory (g)
Purification 1.5 4.5
Flash evaporator 1.0 25.4
Water distillation 6.0 1.7
VPCE®) 41.0 125
Cryogenic distillation'® 20.0 550.0
TOTAL 69.5 594.1

{(a) Cost includes driers, feed and return tanks, gas compressors, five-stage VPCE
(catalytic beds, evaporators, superheaters, and condensers), low-tritium column-
expansion tank, vacuum pumps, piping, controls, analyzers, and instrumentation,

(b) Cost includes hydrogen-refrigeration unit.

The characteristics of the TITAN-II blanket tritium system are given in Tables 18.4-VI
and 18.4-VIL. The process-equipment cap.tal cost includes engineering but not site prepa-
ration, structures and foundations, site services, installation, comnissioning, freight,
taxes, or indirect costs such as corporate overheads.

The overall cost of TITAN-II tritium systems is estimated as 70 M$ (1987} for direct
cost of the process equipment. Although the feed throughput is about a factor of 10
larger than Darlington and the process is similar, the costs are only about 3 to 4 times
larger. This reduction reflects general economies of scale (the dominant equipment scales
as the 0.7 power), fewer VPCE stages for TITAN-II because of the lower detritiation
needs (5 rather than 8), and the lower reflux ratio (a factor of 3 to 3) in the first and
largest cryogenic-distillation coluinn by separating Ha/HT rather than D,/DT.

3 " '



Table 18.4-VII.

TITAN-IT TRITIUM SYSTEMS

TITAN-II BLANKET TRITIUM-RECOVERY SYSTEM
(BASED ON EXTRACTING 465g/d of T at 50 Ci/kg)

Maximum tritium concentration
Tritium-extraction rate

Tritium inventory as water

Tritinm inventory as gas

Blanket detritiation factor
Hydrogen-refrigeration power
Low-pressure steam to water distribution
Low-pressure steam to VPCE
High-pressure steam to VPCE
Hydrogen-gas inventory

Building volume

50 Ci/kg in water
465g/d of T

44g T

550g T

93% per pass

5.7 MWe

5.7MWth at 300kPa
1.2MWth at 600kPa
8.5 MWth at 2.5 MPa
1500 kg

36,000 m®

The installed cost for the TITAN-II tritium system is estimated as 140 M$ (1987),
based on doubling the direct cost of the equipment. The exact multiplier is not clear;
installation costs for similar types of equipment have been quoted as 10% to 400% of the
direct costs. A factor of two is roughly consistent with Darlington, if the building and
air-cleanup systems are treated separately.

There are several fectors which will reduce cosis. First, the actual system is about
8% oversized relative to the final TITAN-II requirements. Second, the TITAN-II base
vear for costing is 1986, Consequently, the reference TITAN-1I blanke’ tritium-system
cost is estimated to be 130 M$ (1986).

Other factors are not explicitly included since their individual contributions are less
than the overall accuracy of the cost estimate. First, T¥TAN-IIis a commertcial reactor so
there will be economies of production. Engineering costs (10% of Darlington, roughly 25%
of the process-equipment cast) can be shared over several reactors. Second, there will be
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a learning curve which can reduce costs by 15% to 30% over 10 installed systems. Third,
the VPCE equipment (boiler, superheater, catalyst, and condenser) can be combined
into factory-assembled columns for each stage. This would complicate maintenance, but
reduce water leakage and provide up to 30% savings per stage. Finally, the tritium-
recovery system will reduce the natural deuterium present in the primary circuit, which
will decrease the work load on the cryogenic columns and also provide some reactor
deuterium needs (about 200kg of deuterium is available, mostly in the pool). Another
blanket tritium-system concept could allow higher tritium levels in the pool, and circulate
the detritiated blanket-coolant water directly through the pool, This would eliminate the
water-distillation column presently used on the pool, but would require more stages on the
VPCE. This concept was not optimized, but with poel tritium levels of 1 to 1.2 Ci/kg
(rather than the present 0.4-Ci/kg concept} there is little overall effect on the direct
capital cost.

A substantial improvement in costs requires a new approach. Laser separation is
under investigation, but it is not yet clear that this is attractive for water detrit:2tion.
Radiolysis may be useful if a large amount of the tritium stays in the HT form, and if the
system can control the consequences of the associated O, production. One may imagine
advances in technologies such as lasers, permeation membranes, or magnetic systems that
take advantage of the large differences in mass, charge-to-mass ratios, nuclear moments,
and molecular vibrational levels between the different water molecules. These differences
have not been fully exploited in present hydrogen-separation systems.

18.5. PLASMA-EXHAUST-PURIFICATION SYSTEM

The plasma-exhaust-purification system is virtually identical to that of TITAN-I de-
scribed in Section 12. Back diffusion of protium from the coolant into the plasma may
occur if there is a snbstantial hydrogen over-pressure from the radiolysis. For an H.
pressure of 1 to 10 bar, the permeation rate is 0.1 to 10 g/d of hydrogen. Assuming 1g/d
of H permeation, a fuel-feed rate of 10kg/d of DT, and a flow to the fuel-isotope system
of 1% of the main fuel flow, the resulting protium concentration in the plasma is about
2.5at.%, which is acceptable. The present fuel-processing system is designed to handle
up to about 5% protium. If necessary, the fuel-isotope system could be increased in size
at small overall increase in cost, or the fuel-isotope system could be merged with the
blanket-isotope system.
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18.6. ROOM-AIR-CLEANUP SYSTEM

Air driers will be widely used in TITAN-II to recover HTO lost from component
leakage. Air from rooms containing leakage-prone equipment will be segregated using
CANDU-like confinement technology and ventilated through air driers. These driers are
not needed for HT conversion duty so they do not have heaters, recombiners, or coolers.
They are reliable and proven in CANDU service.

The overall bujlding volume containing exposed primary-coolant circuit and blan-
ket tritiun-system equipment is roughly 40,000 m>. In the TITAN-II reference design,
40Ci/h of HTO escapes from this equipment and is recovered or lost. For a room de-
contamination factor of 100, this implies air tritium levels of about 1 MPCa averaged
over the whole volumne. In practice, the tritium levels will fluctuate and be higher during
spills and maintenance. On the other hand, the most leakage-prone equipment will be
segregated into smaller volumes which can be dried more effectively. A detailed layout
has not been attempted, but if driers are used with several air changes per hour on aver-
age, then the cost for the installed drier system is estimated at 13 M$ for 200,000 n:® /h.
In addition, some capacity is needed for other rooms (e.g., the fuel-purification room).
In TITAN-IL, tritium is generally more in the water form and handled using the normal
driers, so the additional emergency air-cleanup system has a capacity of 15,000m®/h at
a cost of 2 M$.

18.7. SUMMARY

The TITAN-II tritium flow paths are shown in Figure 18.7-1. The tritium inventories
and tritium-systemss costs are given in Tables 18.7-I and 18.7-1I, respectively.

The final design of the TITAN-II tritium system is based on 50 Ci/kg in the blanket-
watet coolant, and 0.37 Ci/kg in the pool. The TITAN-II tritium-release rates are dom-
inated by those associated with leakage of HTO from the blanket-coolant systems and
are estimated to be 50 Ci/d. The maximum tritium concentration in the blanket tritium-
recovery system is also 50 Ci/kg since no enrichment is used in the present desigu. This
level of tritium is only modestly beyond present utility experience, presents no unusual
risks (i.e., accidental splashing is not fatal), and may be handled using standard precau-
tions such as protective suits.

The overall cost of the TITAN-II tritium system is 170 M$ (1986) installed. The costs
of the TITAN-II tritium system (Table 18.7-I1) are dominated by the blanket tritium-
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Figure 18.7-1. Overall tritium flow rates (g/d) and form in the TITAN-II reactor.
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recovecy system. Since tritium recovery in TITAN-II involves isotope separation of tri-
tium from low concentrations in water, it is expected to he more expensive than for
other fusion-blanket concepts. The present design approach is based on proven chem-
ical exchange and distillation concepts. Costs for other tritinin systeins are similar to
those for TITAN-I (note the larger air-drier capacity). Some costs are estimnted from
Reference [14].

The total tritium inventory in TITAN-II is 4 kg, roughly comparable to the inventory
in sone CANDU reactors at present. The largest inventory is in the primary circuit,
which requires a larger blanket processing systen:.

Table 18.7-1.
TITAN-II TRITIUM INVENTORIES

System T Inventory (g) Form
Primary heat-transport coolant 1420() HTO
Beryllium 10 T in metal
Piping and structure <1 T in metal
Plasma chamber and vacuum 5 DT
Fuel processing 20 DT
Blanket tritium recovery 44 HTO

550 HT

Shield < 10 HTO
Tritium storage 1000 Metal tritide
Pool 94018 HTO
TOTAL 4000

{e) Based on 274m? at 50 Ci/kg.
(b) Based on 22,640m® at 0.4 Ci/kg.
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A major reduction in the costs and tritium levels requires a new water-detritiation
approach. At present, laser separation is under investigation, but probably improve-
ments in the lasers and optical materials are required for this approach to be attractive.
Radiolysis might be helpful if a high yield of HT is obtained (not clear from present
experiments), and if the associated Oy production is acceptable,

Relative to the TITAN-I tritium system (Section 12), the TITAN-II tritium system
is more expensive, the total tritium inventory is larger, the overall tritium system is
physically larger, and the chronic tritium releases are larger. Howeecr, the TITAN-I1
tritium inventory is much less at risk for major release because of the lack of reactive
chemicals, the low temperatures and pressures of most of the tritiated water, and the
pool surrounding the fusion power core. Plasma-driven permeation is not a concern for
TITAN-IL, although the amount of protium back-diffusing to the plasma is significant.

Table 18.7-II.
TITAN-II TRITIUM-SYSTEM INSTALLED COSTS

System Installed Cost (M$ 1986)
Fuel processing 14
Blanket tritium recovery 130
Air detritiation 15
Fueling 4
Waste-water cleanup 2
Tritium storage 1
Tritiated-waste disposal 3
Primary-coolant-storage tanks 1

TOTAL 170
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19. TITAN-II SAFETY DESIGN AND
RADIOACTIVE-WASTE DISPOSAL

19.1. INTRODUCTION

Strong emphasis has been given to safety engineering in the TITAN study. Instead
of an add-on safety design and analysis task, the safety activity was incorporated into
the process of design selection and integration at the beginning of the study. The safety-
design objectives of the TITAN-II design are: (1) to satisfy all safety-design criteria as
specified by the U. S. Nuclear Regulatory Comunission on accidental releases, occupa-
tional doses, and routine effluents and (2) to aim for the best possible level of passive
safety assurance.

This section presents the safety design and evaluations of the TITAN-1I reactor. The
safety-design goals for the TITAN reactors are discussed in Section 19.2. To achieve a
high level of safety assurance, the TITAN-II fusion power core (FPC) is subinerged in a
pool of low-temperature, low-pressure water. Various safety scenarios and the impact of
the water pool are reviewed in Section 19.3. Detailed analyses of loss-of-flow and loss-
of-coolant accidents in the TITAN-II FPC are reported in Section 19.4. Plasma-related
accidents and plasma shutdown methods for TITAN-II are similar to those of TITAN-1
(Section 13.6) and thus are not repeated here. Section 19.5 describes the racioactive-
waste-disposal issues and ratings for the TITAN-II design. A summary of the TITAN-II
safety design and analysis is given in Section 19.6.

19.2. SAFETY-DESIGN GOALS

Two main objectives have guided the TITAN safety design: (1) to satisfy all safety-
design criteria as specified by the U, S. Nuclear Regulatory Comumission (U. S. - NRC)
on accidental releases, occupational doses, and routine efluents; and (2) to aim for the
best possible level of safety assurance.

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
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defining the radiological safely requirements foi fusion-reactor designs. The U. 8. - NRC
regulations covering fission reactors are described in the Code of Federal Regulations in

Sections:

¢ 10CFR20 - Standards for Protection Against Radiation [1],
» 10CFR50 — Domestic Licensing of Production and Utilization Facilities [2],
» 10CFR100 ~ Reactor Site Criteria [3],

¢ 10CFR61 - Licensing Requirements for Land Disposal of Radioactive Waste [1].

Details of the present industry guidelines for satisfying the regunlations and the corre-
sponding numerical dose limits are presented in Section 13.2 and are sunmmarized in
Tables 13.2-1 and 13.2.-IL.

Recently, four levels of safety assurance were proposed to facilitate the preliminary
evaluation of different designs [4,5]. While these levels are neither precisely defined
licensing criteria nor rules for formal safety evaluation, they do provide a relatively siniple
guide for designers who can use these definitions of different levels of safety to evaluate
their desigus or to improve on their safety features when appropriate. The f{ollowing
summarize the interpretation of these four levels of safety assurance as suggested by
Piet (4] (also see Reference [5]).

Level 1 - “Inherent safety.” Salety is assured by inherent mechanisms of release
limitation no matter what the accident sequence is. The radioactive inventories and
material properties in such a reactor preclude a violation of release limits regardless of
the reactor condition.

Level 2 - “Large-scale passive-safely assurance.” Safely is assured by passive mech-
anisms of release limitation as long as severe reconfiguration of large-scale geometry is
avoided, and escalation to fatality-producing reconfigurations from less severe initiating
events can plausibly be precluded by passive design features. In such a reactor, natu-
ral heat-transfer mechanisms suffice to keep temperatures below those needed, given the
radioactivity inventory 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.” Safety is assured by passive mech-
anisms of release limitation as long as severe violations of small-scale geometry, such as
a large break in a major coolant pipe, are avoided, and escalation to fatality-capable
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violations from less severe initiating events can plausibly be precluded by passive de-
sign features. In such a reactor, sufficiency of natural heat-transfer mechanisms to keep
temperatures low enough, given its radicactivity inventories and materials properties,
to avoid a violation of release limits can only be assured while the coolant boundary is
substantially intact.

Level 4 — “Active safety assurance.” There are credible initiating events that can only
be prevented from escalating to site-houndary-release linit violations or reconfigurations
by means of active satety systems. This is the conventional approach of add-on safety.

The public is adequately protected by all four levels of safety assurance. To under-
stand 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, a site-boundary whole-body dose limit of 25rem for accidental release for
fission reactors (10CFR100 {3]) has been adopted.

19.3. SAFETY-DESIGN FEATURES

The TITAN-I1 FPC is cooled by an aqueous lithium-salt solution and therefore the
cooling circuit is a pressurized-water system. Furthermore, the primary coolant contains
tritium at a high concentration of 50 Ci/kg. A passive safety system is thus required to
handle different accident scenarios, to control the potential release of high-pressure pri-
mary coolant which contains tritium, and to prevent the release of induced radioactivities
in the reactor structural materials even under the conditions of a loss-of-coolant-accident.

Different approaches for passively safe design of fission pressurized-water reactors
{(PWRs) were reviewed. It was concluded that the most passive approach is the Secure-P
{PIUS) design (6] developed in Sweden. The PIUS design approach is to enclose the
fission reactor vessel and the primary-loop system into a prestressed concrete vessel filled
with cold pressurized water. The hot coolant loop and the cold pool can communicate
through upper and lower density locks. One of the key safety features of the PIUS design
is the termination of the fission reaction by passively introducing the cold pool of boraied
water into the fission core through the density locks, when necessary.

Two points of contention for the PIUS design are the stability and reliability of
the density locks and the cost of the massive prestressed concrete vessel. These two
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requirements are unnecessary for a fusion reactor such as TITAN-IL, however the safety
advantages of a pool design can be fully utilized. Therefore, to achieve a high level of
safety assurance, the complete TITAN-II FPC, the pressurized primarv-coolant system,
and the steam generators are submerged in a2 pool of low-temperature, low-pressure
water as shown in Figure 19.3-1. The cold pool of water acts as a heat sink to dilute the
reactor thermal and decay afterheat energy and also eliminates the possibility of releasing
tritiated water vapor or other radioactive material to the environment.

The basic sources of thermal energy at reactor shutdown are from the plasma thermal
and magnetic energy, the thermal energy of the hot {oop, and the induced afterheat power
in the FPC structure. In the TITAN-II design, the FPC and the primary-loop circuit
are arranged such that during a loss-of-flow accident (LOFA), natural circulation will be
developed to remove the blanket afterheat to the secondary loop. In the case of a major
coolant-pipe break, the coolant i1 the hot loop will mix with the pool of water since the
complete primary loop is in the pool. With this mixing, the temperature of the pool will
only rise slightly because of the much larger volume of the water pool. The pool alse
acts as a heat sink for the decay afterheat in the structural material of the FPC. In fact,
even jf the heat transfer from the pool to the surrounding earth is ignored, it would take
niore than seven weeks for the temperature of the water pool to reach 100 °C, Therefore,

AFTERHEAT REMOVAL LOOP

4

POWER

AFTERHEAT CONVERSION

HEAT
EXCHANGERY

1
A

Figure 19.3-1. The TITAN-II “loop-in-poot” configuration.
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the potential release of tritium or other radionuclides in the primary-coolant loop to the

public is significantly reduced.

19.3.1. Safety Scenarios

Based on the “loop-in-pool” concept of the TITAN-II design, different scenarios for
handling normal and off-normal situations were evaluated and are discussed in the follow-
ing section. The size and operating conditions of the TITAN-II water pool are determined

by these analyses.

19.3.1.1. Normal operation

Under normal operation, the FPC is actively cooled by the primary-coolant loop
systemn. In the TITAN-II design, the primary-cooling circuit is not completely insulated
from the pool so that the pool can absorb the decay afterheat power in case of LOFA
in either the primary circuit or the steam generators. The level of decay afterheat in
the TITAN-II FPC is estimated at 3¢ MW after one full-power year (FPY) of operation
at 18 MW /m? of neutron wall loading. Therefore, during the normal operation, 34 MW
of thermal power is condncted through the steam generator vessel and primary-coolant
piping walls to the pool. This power is then removed by separate heat exchangers in the

pocl.

The pool temperature should be kept as low as possible to maintain an adeqguate
heat-sink capability in the pool in case of an accident., On the other hand, the pool
temperature should be reasonably high such that the size of the afterheat-removal heat
exchangers in the pool, which are capable of removing the steady power of 34 MW, can
be minimized. The exact pool temperature should be determined by detailed design. For
the TITAN-II reactor, a poo} temperature range of 60 to 70°C is found to be reasonable
based on detailed evaluation of the accident scenarios.

19.3.1.2. Loss of primary-coolant flow

In the accidental condition of the loss of flow in the primary-coolant circuit, plasma
operation should be terminated. The steam generators are located above the TITAN-11
FPC and the available static head in the primary-coolant loop is more than adequate to
establish natural circulation in the primary loop (a static head of one meter is needed
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for the removal of the afterheat). This afterheat power can then be removed from the
primary loop through the steam generators or will be absorbed by the water pool.

19.3.1.3. Loss of primary-coolant pressure

Any sizable leakage in the primary-coolant circuit will result in loss of pressure in
the primary-coolant circuit. In this cuse, the plasma operation should be terminated.
The primary coolant will be mixed with the coolant of the cold pool and the pool water
temperature will rise. The pool must also absorb the afterheat power from the FPC.
The thermal energy in the pool is then removed by the afierheat removal system in the
pool. Detailed analysis was performed to estimate the initial temperature rise in the pool
after mixing and to find out how fast the pool water temperature would rise should the

afterheat-removal system in the pool also fail.

This thermal analysis was performed by using the code TOPAZ [7]. The decay after-
heat power as a function of time was provided from neutronics calculations considering
key contributing isotopzz: *®Mn, *°Fe, **Mn, ®°Co, 'C, 3?Si, and '®*W. Spatial distri-
butions of the afterheat power from these isotopes were integrated through the entire
FPC. This integrated afterheat power as a function of time after shutdown is shown in
Figure 19.3-2. The afterheat-power-density distribution in the TITAN-II pool volume
itself was also included in the calculation. To simplify the thermal analvysis, a cylindrical
geometry was used instead of the complicated geometry of the TITAN-II reactor. The
water pool has a diameter of 36 m and a height of 31 m. The pool boundary consists
of a 0.25-cm-thick steel liner and a 50-cm-thick concrete wall, Thermal conduction to
the surrounding earth was considered. The surrounding earth was assumed to extend
100 m both in the radial direction and underneath the pool. Also, to simulate the effect
of natural circulation in the pool, a high value for the thermal conductivity of the water

in the pool was used.

Several calculations have been performed with different initial and boundary condi-
tions. Figure 19.3-3 shows the estimated temperature rise of the cold pool as a function
of time after the accident. These results indicate that the instantaneous mixing of the
hot primary loop with the cold pool will cause the pool temperature to rise only 2°C.
This small increase is mainly due to the much larger volume of water in the pool than
the volume in the primary loop, and the smaller specific heat capacity of the primary
loop containing 6.4 at. % of lithium. Cases 1 and 2 in Figure 19.3-3 correspond to two
different initial pool temperatures at 62 and 72°C. It is estimated that it would take,
respectively, more than 116 and 92 days for the water in the pool to reach 100°C. As
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Figure 19.3-2. The integrated afterheat power in TITAN-II FPC as a function of time
after shutdown.
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Figure 19.3-3. Estimated temperature of the TITAN-II water pool temperature as a
function of time after shutdown.
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a comparison, case 3 in Figure 19.3-3 shows that if the pool boundary is thermally in-
sulated, and with an initial pool temperature of 62°C, it would still take 49 days for
the pool water to reach 100°C. These analyses show that the TITAN-II pool is fully
adequate to handle the decay afterheat produced in the FPC even if the pool active
afterheat-removal system is not operational, allowing enough time for the recovery or

replacement of the afterheat-removal system.

19.3.1.4. Catastrophic failure of primary loop and pool containment

In the catastrophic situation of the failure of the primary loop and the pool contain-
ment, the worst accident would be the release of the tritium inventory of the primary
loop. At a tritium conceutration of 50 Ci/kg in the primary-coolant loop, the com-
plete release of the primary-loop water would amount to 1.37 kg of tritium, which would
be higher than the allowable release of ~ 200g [8] during severe Lhypothetical accidents
(10CFR100) [3]. The complete release of the tritium inventory, however, is a very un-
likely event because of the presence of the large pool of water. Also, it is assumed that
the induced radioactivities in the structure of the FPC would not be released. This latter
assumption is again based on the presence of the large pool of water which would absorb

the decay afterheat power.

19.3.1.5. Routine releases

For the TITAN-II design, routine tritium releases and handling of *4C waste are niore
of a concern than the releases under severe accidents. The potential tritium-leakage rate
from the TITAN-II reactor depends on a trade-off between the acceptable leve] of tritium
release and the costs of leakage control and the tritium-recovery system (Section 18). The
issues of routine handling of *C' waste are discussed in Section 19.5.

19.3.2. Pipe Break in the Pool

A potential accident for pressurized-water systems is a double-ended rupture of a
main coolant line. The escaping jet of the primary coolant (as steam), which may contain
radioactive material, will raise the pressure inside the primary containment building and
may result in the release of radioactivity to the environment. Another advantage of the
TITAN-II water pool surrounding the FPC is the potential to suppress the consequences
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of a double-ended rupture of the primary-coolant circuit by containing the escaping jet

of the primary coolant inside the water pool.

The question arises: If a design-basis accident (DBA) occurs, can the TITAN-II pool
prevent a “blow through” of the escaping jet of tritiated water to the surface of the pool?
Under a blow-through condition, the pressurized primary coolant can escape directly
through the pool of water into the containment building, leading to a high pressure rise
and escape of tritium. For our evaluation, tlie TITAN-II DBA is postulated to occur in
the hot leg at a location closest to the water surface in the pool. To prevent the escape
of the primary coolant, the minimum pool height above the location of the postulated
accident is then identified (Section 19.3.2.2).

19.3.2.1. Fission reactor experience

Energy suppression and fission-product transport in pressure-suppression pools of
boiling-water reactors were studied in the early 1370s [9]. A facility was constructed
in which steam could be discharged through single or multiple down-comers under the
surface of a water pool. In these experiments, the ratio of the maximum visible length of
the steam jet to the inside diameter of the steam tube (L/ D) was measured as a function
of steamn flow rate and water temperature. To examine the fission-product transport,

jodine was dissolved in the steam.

Pressure-suppression experiments were performed using steam mass-flow rates up to
2.95 x 108kg/h-m? into a degassed or air-saturated pool of water at temperatures up to
60°C. The maximum inner diameter of the steam tube was about 2 inches. The use of
ordinary process water (non-degassed) in the pool resulted in the production of numerous
gas (air) bubbles of small diameter (< 1mm) at a rate which appeared to depend on the
steam injection rate. These bubbles are highly undesirable siuce they trap volatile fission
gases (iodine) and transport them to the surface of the pool. Using a degassed pool of
water eliminated the production of air bubbles and the character and stze of the steam
jet could be observed readily. Furthermore, for subsonic steamn-flow conditions the L/D
ratio is larger in non-degassed than in degassed water (a longer jet of steani). On semilog
plots, the observed values of L/ D showed a linear relationship with the steam mass-flow
rate (G), with a sharp increase in the value of L/D above sonic flow conditions. The
empirical equations for L/D values [9], after conversion to SI units, are

L .
p = 0492InG —445 (19.3-1)
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for steamn mass-flow rates below 8.3510° kg/h-mi*, and

L .
D= 3.18 InG — 32.57 (18.3-2}

for steamn mass-flow rates above 8.3510° kg/h-m®. Note that the maximum measured
value of the L/D ratio was about 2 in the experiments which were carried out up to
a flow rate of 2.2510% kg/h-m? in degassed water at 60°C. At that maximum flow rate,
Equation 19.3-2 predicts a L/D ratio of 3.85, higher than the vhserved value of 2 in the

experiments.

19.3.2.2. Mintimum poel height

The TITAN-II poo! is designed to prevent blow throughs. To estimnate the flow rate
of stzcam from a coolant-pipe break in TITAN-II, simple empirical correlations for the
critical flow rate are used. The critical flow rate of a two-phase mixture is defined as
the flow rate at which a drop in the pressure of the discharge plenum for the pipe no
longer results in an increase in the flow rate through the pipe. The critical low depends
on the flow regime, 7.e., it is a futiction of the ratio of the length of the discharge pipe
to the diameter of the discharge. According to the DBA, the pipe break is to occur as
close to the poo} surface as possible. This means that the length of the discharge pipe
would be much larger than the break dizmeter. Therefore, the Fauske correlation [10] for
large ratios of discharge length to diameter (>> 12) is used which results in a maximum
steam flow rate of 3.2 x 107 kg/h-m? from the 7-MPa TITAN-1I coolant loop. Using the
sonic-flow steam-jet correlation {Equation 19.3-2), the maximum jet L/ ratio is found
to be about 12.3. Thus, for a double-ended rupture of a 0.5-m-diameter hot leg, at least
6 to Tm of cold (60°C), fully degassed water is needed above the break to prevent a
direct discharge of steam into the containment building.

It should be noted that in the experiments conducted by Stanford and Webster [9], the
jet was directed downward, i.e., towards the boitom of the tank. Therefore, apnlicability
of these correlations to a jet pointing towards the top of the tank (as in TITAN-II) may
be questioned. But the escaping steam, flowing at supersonic velocities, does nof form
bubbles that are collapsed under the hydrostatic pressure of the pool. Instead, steam
is absorbed at an almost perfect sink: the water-jet interface. Becaunse of the nature of
the dissipation of the steam jet, it can be argued that the direction of the jet will not
drastically affect the L/D ratio of the jet. Upward-pointed steam jets will probably be
clipped at the tip and steam bubbles can separate from the top of the jet cone and rise

before collapsing.
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Experiments are needed to clarify these issues, but preliminary investigations indicate
that a pool height of about 10 m above the primary-coolant pipes is sufficient to prevent

blow throughs.

19.4. LOSS-OF-FLOW & LOSS-OF-COOLANT ACCIDENTS

Two of the major accidents postulated for the FPC are the loss-of-flow accident
(LOFA) and the loss-of-coolant accident (LOCA). Demonstration of the level of safety
attainable by the power plant requires in-depth analyses of the response of the FPC to
these accidents. Thermal response of the first wall, blanket, and shield of the TITAN-IT
design to LOFA and LOCA are modeled using a finite-element heat-canduction code.
The results of these analyses helped guide the engineering design of the reactor so that
ihe maximum level of safety can be achieved. The principal concern of these analyses is to
predict the temperature history and per!r temperature of the torus assembly during the
accident. Several heat conductlion codes are available to model the thermal response of
the systen1 during LOCA and LOFA scenarios. Finite-element codes such as ANSYS [11],
TACO2D [12], and TOPAZ [7] have sufficient flexibility to handle the time-dependant,
nonlinear problem. For the safety analysis of the TITAN-1I design, TACO2D is used and
analytical checks have been performed, when possible, to verify the results.

19.4.1. Accident Models

An elevation view of TITAN-II is shown in Figure 19.4-1. A cutaway view of the first
wall, blanket, and shield is illustrated in Figure 19.4-2 which shows tlie repetitive nature
of the toroidal and radial cross sections. Therefore, a simple geometric model can be used
to represent the radial build of the blanket. The use of symmetry conditions reduces the
blanket to che configuration shown in Figure 19.4-3. The coarseness of this finite-element
inesh appears, at first, to be inconsistent with transient-problem znalysis. The problem
under study, however, is primarily one of heat capacity and heat flow between components
which is mainly governed by the radiation between surfaces and, therefore, is insensitive
to the size of the elements within the materials.

The spatial variation of the afterheat at shutdown and the timne-dependance of the

decay heat in the first wall are shown in Figure 19.4-4. The initial value of the decay
keat at shutdown is 12.7 W/cm?® and the heating rate in the berylliuin is zero.

Three accident scenarios have been studied for TITAN-II. The first case is a LOCA
without the pool to verify the necessity and/or impact of the low-pressure pool. The
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second case is a LOFA with the pool. The final case is = LOCA with the pool in which
the prhmary-coolant piping is assumed to have ruptured into the low-pressure pool. For
all three accident scenarios, the plasma is assuined to have shut down at the instant of the
accident initiation. Pump coast down and the time required for primary-loop evacuation
will likely negate the effect of a short plasma shutdown period. The effect of a finite
plasma shutdown time was not included.

The initial temperature fields are quite different for the above three accident scenarios.
Detailed analytical solution of the fluid flow during the transients was beyond the scope
of this analysis; however, a qualitative description of the fluid transients is presented and
appropriate boundary and initial conditions are used in the numerical analysis. In gen-
eral, all of the initial temperature fields are based ou1 the maximum coolant temperature
{i.e., the coolant exit temperature, 330°C).

19.4.2. LOCA without the Peol

This is the classic light-water-reactor LOCA, without any means of re-flood. One
of the cold legs in the primary loop suffers a guillotine break and the primary loop is
emptied after a short drain period. The break is below the level of the torus, therefore 10
coolant can be trapped inside the FPC. The effect of finite drain time and finite piasina
shutdown time are assuimed to cancel out. Thus, the initial temperature fo: the numerical
analysis is set at 330 °C. The only heat-removal mechanism is yadiation at 1he back of the
vacuum boundary, which is behind the shield. The heat is radiated to the surrounding
structure (ohmic-heating coils, coil supports, efc.) which are at ambient temperature,

Figure 19.4-5 shows tlie temperature histories of the first wall and front of the shield
as functions of time after shutdown. The peak temnperatures are reached after 3.3 hours,
quicker than for TITAN-I. The peak temperatures in the first wall and beryllium are
1780 and 1755 °C, respectively, 360 and 471 °C above the melting points for the ferritic
steel and beryilium. The necessity of the low-pressure pool is clearly evident from these
results.

19.4.3. LOFA with the Pool

This accident can occur, for example, during a loss of off-site power without diesel-
generator backup. As before, it is assumed that the heat removal provided by the finite
pump coast-down tune is sufficient to remove any heat generated by a finite plasma
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Figure 19.4-5. Thermal response of the TITAN-II FPC to a complete LOCA without
the pool as a function of time after the initiation of the accideut.

shutdown time. Pump coast-down timne is expected to be in excess of one minute. If the
plasma shutdown time approaches the pump coast-down time, then this assumption is
not valid. In order to model the worst-case accident, it is assumed that no heat removal is
provided by the steam generator, and that the pool heat-removal system has also failed.
Therefore, the initial temperature is conservatively set to the coolant outlet temperature,
330°C.

In this scenario, the decay afterheat in the FPC is removed by natural convection
of the pool water in contact with the vacuum shell, behind the shield. An average,
initial heat-transfer coefficient between the vacuum shell and the pool is estimated to
be 0.001 W/cm?-°C for a horizontal cylinder with a radius of 120cm. Although the
temperature of the water pool rises with time after this accident (Section 19.3.1.3), this
increase in pool temperature occurs over a time scale much longer than the torus heat-up
period. Thus, the natural circulation in the pool would not be affected during the torus
heat-up period.
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Natural convection of the primary coolant inside the blanket also removes the decay
afterheat which is then lost through the walls of the primary-coolant piping and steam
generators to the pool {Section 19.3.1.2). In fact, the normal inlet and outlet temper-
ature conditions of the TITAN-II blanket are sufficient to remove the decay afterheat.
The average heat-transfer coefficient for hieat removal inside the blauket is estiniated at
0.037 W/cm?-°C. The initial bulk temperature of the pressurized, primnary coolant is
330°C and the pool temperature is 60°C.

Figure 16.4-6 shows the temperature of the TITAN-II FPC as a function of time
after the initiation of the accident. For this accident scenario, very little temperature
excursion is observed, primarily because of the presence of natural convection within the
pool and the primary loop. The first-wall peak temperature of 348°C is reached after
355 seconds. The TITAN-II reactor appears to be capable of withzianding the loading
conditions of this accident scenario.
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Figure 19.4-6. Thermal response of the TITAN-II FPC to a LOFA with the pool as a
function of time after the initiation of the accident.
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19.4.4, LOCA with the Pool

This accident scenario is the most camplex. The accident is initiated with a guillotine
break in the primary cold leg, below the level of the torns. The consequences of this
accident have been broken into the following four basic phases.

Phase I: Initial primary-loop de-pressurization. At the onset of the accident,
a very rapid (~ 1s) de-pressurization of the primary loop eccurs until the primary-loop
pressure reaches the saturation pressure of the primary coolant. For the salt concentration
levels used in TITAN-II, the saturation pressure is 5.6 MPa at 330 °C!. The time requirec
for this initial de-pressurization from 7 MPa normal operating pressure to 5.6 MPa is very
short, on the order of one second, and many factors influence this initial de-pressurization
time. For modeling the thermal response of the TITAN-11 FPC, the de-pressurization
is assumed to be instantaneous. On the other hand, if force calculations were needed,
such as required for analyzing a pipe-whip, then a more precise time constant would be

necessary.

Phase II: Primary-loop blow down. Following the initial de-pressurization to sat-
uration conditions, a slower de-pressurization takes place until the primary loop and the
pool are at equal pressure. Choked flow at the pipe break determines the rate of de-
pressurization. As the pressure in the primary loop drops below the saturation pressure
of the primary coolant, flashing of the primary coolant occurs and the sndden volume
change forces the coolant out of the pipe break (blow-down phase). As with the initial
de-pressurization, there are many factors which limit the rate of blow down. Typical
design-basis accidents for PWRs will fully de-pressurize in 10 to 20 secouds, provided
that no emergency core-cooling system is engaged.

For accident analysis of the TITAN-I1 FPC, the pipe break is assumed to be at the
lowest point of the primary loop (i.e., the worst case accident) since any steam that
forms inside the primary piping is trapped because of the buoyancy force. At a pressure
of 5.6 MPa, the change in specific volume of the piimary coolant from liquid to steam
is 27 times. Thus, only about 4% of the primary fluid needs to be vaporized to fili
the entire primary loop with a steam bubble. At lower pressures tle relative change in
specific volume would be even greater. Therefore, it is conservatively assumed that at
the end of the blow-down phase, the entire primary loop wil! be filled with 330°C steam
{operating conditions).
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The blow-down phase is assumed to last 20 seconds. It is assumed that during this
phase, the heat transfer in the primary loop is liearly decreasing to zero to reflect that
the trapped steam does not have any heat capacity or natural circulation. The steam: does
provide a weak condustion path for heat flow fromn the steel to the beryllium rods. At the
end of the 20 seconds blow-down phase, thermal radiation between internal structures
takes place. Initially this radiation is quite small because the temperatures are low, Bat,
as the temperature of the FPC structure increases, the radiation path plays an important
role in the removal of the decay afterheat.

Phase III: Primary-loop re-flood. During the re-flood phase, heat is lost fromi the
primary loop (steam) to the surrounding pool and the steam trapped in the primary loop
begins to condense. This occurs af the break interface aud through the pipe walls. As the
steam condenses, its specific volume decreases and the primary-loop pressure decreases.
As the pressure drops, the pool water is forced into the primary loop until all of the steam
has condensed. The condensation rate depends on a great number of variables; for this
analysis, it is assumed that this phase would last 5 minuates. Virtually any condensation
rate can be designed into the system simply by adding insulation to the piping (decreased
rate of condensation), or by exposing more primary piping to the pool water (increased
rat= of condensation).

During the re-flood phase, the TITAN-IT reactor torus is conservatively assumerd to
be filled with steam until all of the primary loop is filied with pool water. However, it
is assumed that the steam temperature decreases linearly with tiine from 330 10 150°C,
whticil is the saturation temperature of pure water at 0.5 MPa. Siuce the TITAN-II reactor
torus is located at very nearly the lowest point in the primary loop, it will experience re-
flood conditions sooner than the remainder of the primary loop, an effect not accounted
fur here,

Phase IV: Natural circulation. The final phase of the design-basis accident is the
ounset of natural circuletion, The TITAN-II reactor is configured so that nateral circu-
lation of liquid water is effective in removing the initial decay afterheat with minimal
elevation of the steam generator above the reactor torus (Section 19.3.1.3). For this
analysis, ratural circulation is assumed to be fully developed upon the completion of the
primary-loop re-flood phase.

Many assumptions, miostly conservative, have been made for the above four-phase
accident scenario. One major assumption is that the steam generator has no influence
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on the accident scenario. In reality, the steam generator would cool to the temperature
of the condenser coolant (nominally 20°C) and would increase the rate of condensation
inside the primary loop. The location of the torus relative to the pipe break is also
important. 1 a realistic design, the torus should be at the lowest point in the primary
system. This reduces the amount of piping below the torus and also decreases the volume
of piping that needs to be re-flooded before pool water reaches the torus. Any pipe that
breaks above the torus will not trap steam inside the FPC, and the reactor torns will,
therefore, refil! immediately following the blow down.

Thermal response of the TITAN-II fusion power core to this accident scenario is shown
i Figure 19.4-". The peak temperature of the FPC is 732°C which is 688°C below the
melting point of the ferritic steel. The peak beryllium temperature is 481°C which is
802°C' below its melting point. Figure 19.4-7 shows thal. the initial temperature rise in
the first wall is linear in time at a rate of about 2.4°C/s. At the end of the re-flood
period (after 300s), the rate of temperature increase in the first wall is reduced to about
0.62°C/s. In this analysis, the blanket re-flood is modeled as a step change in the heat-
transfer coefficient to account for the natural convection in the primary loop. This step
change occurs 300 seconds after the initiation of the accident and accounts for the sudden
drop in the first-wall temperature.

The selection of a 300-s re-flood time is somewhat arbitrary since, by design, a wide
range of re-flood times can be chosen. Therefore, thermal response of the TITAN-II
FPC is also examined for a case that does not include re-flood, i.e., the steam bhubble
remains in the primary loop and only the radiation inside the blanket to the back of
thie vacuum boundary governs the heat transport. The result of this analysis is shown in
Figure 19.4-7. For this scenario, the first-wall temperature peaks at 1721 °C after 10,5005
(2.9 hours) which is 500°C above the melting point of the ferritic steel. The result of
the accident with no re-flood can be used as a design cur.e to predict the maximum
allowable re-flood time. For example, if the design goal is to limit the peak temperature
to two-thirds of the melting point (2/3 7T, = 1129K = 85¢°C), then re-flood must begin
no later than seven minutes after the accident initiation. If, on the other hand, the
design limit is the melting point of the steel, then the maximum time to re-flood is about
47 minutes.

19.4.5. Discussion

The necessity of the low-pressure pool is clearly evident from the results of the LOCA-
without-pool scenario. Peak temperatures well in excess of the ielting point of the
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Figure 19.4-7. The thermal response of the TITAN-II FPC to a LOCA with the low-
pressure pool as a function of time after the initiation of the accident
with a re-flood time of 300s (A) and with no re-flood (B).
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structure are predicted, thus leading to damage to the FPC and potential release of
radjoactivity. The consequences of a LOFA with pool are minimal, primarily because of
the natural circulation in the primasy loop and the large heat capacity of the pool. By
design, the primary loop will have a heat loss rate to the pool equal to the fuitial decay
afterheat, thereby ensuring adequate heat removal.

A LOCA with pool can have severe temperature excursions if the design of the primary
loop does not account for this type of accident. Specifically, the primary-coolant piping
must allow for fast condensation of the trapped steam so that re-flood will occur within
the desired time period. A re-flood time of approximately 10 minutes will prevent the
temperature of FPC structural material from exceeding two-thirds of its melting point,
most likely preventing any structural damage. The internal pressure of the blanket during
this accident is low (~ 0.35 MPa) and thermal-creep rupture should not pose a problem
if peak temperatures are below the two-thirds limit.

The LOCA-with-pool scenario is the worst credible accident envisioned. If the torus
is at the lowest point in the system, then a trapped steam bubble is impossible and
the LOCA cannot occur. This design criteria is chosen for TITAN-11; however, a smnall
length of primary pipe is necessary below the torus to help the development of natural
convection.

19.5. RADIOACTIVE-WASTE DISPOSAL

19.5.1. Radioactive-Waste-Disposal Issues

The classification of nuclear waste for disposal is given under the Code of Federal
Regulations, specifically 10CFR61 [1). Four waste classes have been defined: Class A
{segregated waste), Class B (stable waste), Class C (intruder waste), and geologic waste.
The first three classes of waste are eligible for near-surface burial, while the last class
needs deep geologic burial. Radionuclides with half-ives of less than five years will decay
by at least six orders of magnitude in 100 years after disposal. These radionuclides
can be reasonably managed to meet either Class-A or Class-B disposal requirements.
For long-lived radionuclides with half-lives greater than 100 years, however, it will be
difficult to meet either Class-A or Class-B disposal requirements solely by radioactive
decay to reduce the activity level. To qualify as Class-C or better nuclear waste, the
nuclear components in a fusion reactor should minimize the quantity of their alloying
aud/or impurity elements that would produce long-lived radionuclides.
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The limiting-specific activities for near-surface (Class A, B, and €} disposal of nu-
clear waste were aiso specified in 10CFR61 regulations for the following radionuclides:
59Nj, ®#Nb, **Tc, 21, %81, ¥Cs, and alpha-emitting transuranic nuclides with half-
lives greater than five years. These limiting-specific activities were given primarily for
radionuclides relevant to present-day applications such as fission-based nuclear reactors.,
Many radionuclides with half-lives greater than five years, such as *?Ar (half-life 33v),
108m Ag (127y), and '®Re (2 x 105y), may be produced by fusion reactors in the ele-
ments constituting the structural alloy, the divertor collecting plates, and impurities in
the structural alloys. However, the limiting-specific activities for near-surface disposal of
nuclear waste containing these nuclides are not available in 10CFR61.

Evaluations of limiting-specific activities for fusion-relevant riuclides were ntade based
on 10CFR61 values. A complete work was recently performed by Fetter [14] providing
Imiting-specific activities for near-surface disposal of all radionuclides with atomic num-
bers less than 84. These evaluations, consistent in methodology with the 10CFR61
regulations, were used in the waste-disposa] analysis of the TITAN reactors.

19.5.2. Radioactive-Waste-Disposal Ratings of TITAN-II Reactor

The neutron spectra at the first wall, blanket breeder zone, shield, and toroidal-field
{TF) coil components of the TITAN-II design are given in Table 19.5-1. In general, a
factor of 30 reduction in both total- and fast-neutron fluxes is provided by the TITAN-1I
blanket and shield.

The neutron fluxes calculated for the reference TITAN-II reactor were used as the
input to the activation calculation code, REAC (15]. Table 19.5-I sutumarizes the max-
iimum allowable concentraiion levels of niobium, molybdenum, silver, terbium, iridium,
and tungsten in various TITAN-II reactor components to qualify for Class-C! near-surface-
burial waste. Note that the elements given here are primarily those elements identified
in Section 13,7 as the most undesirable, appearing as either alloying elements or impu-
rities in the structural alloys. As shown in Table 19.5-11, the allowable concentration
levels for Nb, Mo, Ag, Tb, and Ir impurities are, respectively, 0.6, 2.6, 0.33, 0.2, and
0.05appm in the reduced-activation ferritic-steel structural alloy of the TITAN-11 FPC.
These levels are, in general, factors of 2 to 10 lower than the allowable concentration of
the same elements in the TITAN-[ FPC components. This is mainly caused by the softer
neutron spectruin in TITAN-11 (because of the presence of betier neutron-moderation
materials, beryllium and water) which results in a higher neutron-capture reaction rate
in the TITAN-11 FPC components.
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Table 19.5-1.
NEUTRON SPECTRUM IN THE TITAN-II FPC

Neutron Flux Flux-Reduction Fast-Neutron
Clomponent!®! (n/em?) Factor'® Fraction!®)
First wall & Be zone 5.3 »x 10%* - 59%
Breeder zone 8.0 x 104 7.9 54%
Hot shield 3.8 x 1014 1.9 61%
TF coils 1.8 x 104 2.3 57%

(a) Flux values at tlie side of component facing the plasma.
(b) Defined as the ratio of flux in the front of the component to that in the back.

{c) For E, > 0.1 MeV.

The first-wall, blanket, and shield components of the TITAN-1I reactor are all inte-
grated in a one-piece lobe design and are all replaced every year. Therefore, one may
estimate the allowable concentration levels of the impurity elements by averaging over all
components in the lobe. The maximum allowable impurity concentration in the “aver-
aged” TITAN-II FPC are shown in Table 19.5-I1 and are more easily met than the more
restricted levels in the first wall and the blanket Be zone. Comparing the maximum al-
lowable concentration to the expected nominal impurity level (Table 19.5-11), it appears
that the concentration limits for all these impurity elements, except niobium and ter-
bium, are readily achievable when the average-limiting concentration levels are imposed.
Careful impurity control processes are necessary for Nb and Tb when the structural alloy
is fabricated.

The reduced-activation, ferritic steel 9-C used as structural material for the TITAN-II
reactor contains tungsten as one of the important alloying elements replacing molybde-
num which is an undesirable element for Class-C waste disposal. However, the tungsten
content should also be controlled because of the production of a second-step reaction-
daughter radionuclide, %™ Re (with a half.life of 200,000 years). The allowable concentra-
tion levels of tungsten in the TITAN-II FPC components are also shown in Table 19.5-11.
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The “averaged” allowable concentration level of tungsten is 11.0%, more than two or-
ders of magnitude larger vhan the present tungsten level in the reduced-activation ferritic

steels (0.89%).

The waste-disposal ratings of the TITAN-1I FPC with ifominal level of impurities and
0.89% of tungsten in the presently available reduced-activation ferritic steels {present
case), and for controlled impurity levels (controlled case) are presented in Table 19.5-111.
These waste-disposal ratings were estimated for the irradiated blanket-lobe assembly av-
eraged after 1 FPY at 18 MW/ni® of neutron wall loading. It can be seen that with

Table 19.5-1I1.

MAXIMUM CONCENTRATION LEVELS OF KEY IMPURITIES
IN TITAN-II REACTOR COMPONENTS
TO QUALIFY AS CLASS-C WASTE®

Major Nuclide Maximum Concentration in Component®) Nominal

Element  (Activity Limit) FW & Be Zone Breeder Zone  Shield Average  Levell®)

Nb ®NDL (0.2Ci/m3®) 0.6 1.7 7.7 2.4 0.1%
Mo T (0.2 Ci/m?) 2.6 53 588 22 1.0%
%aNb (0.2Ci/m?)
Ag 1W08m AL (3Ci/m?) 0.33 0.83 4.2 1.3 1
Tb 15%Th {4 Ci/m?) 0.2 1.0 2.4 0.85 5
Ir 192mIe (2Ci,ymd) 0.05 0.09 0.2 0.13 5
w 1¥6mpe (9 Ci/m®) 1.9% 9.1% 116.0%  11.0% 0.9%

{a) Based on operation at 18 MW /m? of neutron wall loading for 1 FPY.
Note that a conservative lifetime fluence value of 15 MW y/m? is used for the
TITAN-1I reference design (0.8 FPY at 18 MW /m?).

{b) All concentrations in appm expect those noted in atomic percenlage.

(¢) From Reference [16].
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Table 19.5-I11.

WASTE-DISPOSAL RATINGS FOR
THE “AVERAGED" TITAN-1I BLANKET®

Present Case Controlled Clase

Nominal Level® Class-C Controlled Level Class-C'

Element (appm)® Rating {(appm)™® Rating
Nb 0.1% 8.33 1 0.42
Mo 1.0% 0.27 T 0.30
Ag 1 0.054 0.07 0.054
Tb 5 1.06 0.1t 0.10

Ir 5 0.0077 0.001 0.00%7
W 0.9%® 0.081 0.9% 0.081
TOTAL 9.78 0.96

.2) Based on operation at 18 MW/m? of neutren wall loading for 1 FPY.
Note that a conservative lifetime fluence value of 15 MW y/m? is used for
the TITAN-II reference design (0.8 FPY at 18MW/m?).

{b) All concentrations in appm expect those noted in aiomic percentage.

(c) From Reference [16".

(d) Controlled levels lower than impurity levels in ferritic steel.

(e) Preseni tungsten content in the reduced-activation ferritic steel.
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nominal impurity levels (present case), a Class-C waste-disposal rating of 9.78 is esti-
mated for the TITAN-1I FPC, with main contributing elements Nb (85%), Th (11.0%),
and Mo (2.8%). These elements should be cantrolled to levels below those presently avail-
able in the structural alloy. In the controlled case of Table 19.5-111, we have presented
a possible case for the impurity control: Nb (from 20 to lappm), and Tb (from 0.9 to
0.1appm). The resulting waste-disposal rating is about 1.0 for this controlled case,

Assuming t!:at the structural alloy meets all required levels of impurity and alloying el
ements a: sitown it the controlled case in Table 19.5-111, estimates are made the TITAN-II
reactor n:aterials and related waste quantities for Class-C disposal. The divertor-shield
coverage is taken as 13% in the TITAN-II design, identical to the TITAN-1 design. The
results are presented in Table 19.5-1V. The annual replacement mass of TITAN-1I FPT
is estimated at about 71 tonne/FPY (9.1 m®), ussuming that the entire blanket lobe and
the divertor shield are replaced every FPY. Note that a cunservative lifetime fluence of
1I5MW y/m? is used for the TITAN-II reference design (0.8 FPY at 1§ MW/m?). In ad-
dition, Table 19,5-1V is for a modified design with a 0.03-m shield and a 0.17.1n blanket,
breeder zone, rather than the 0.1-m shield and Q.1-m blanket breeder zone of the refer-
ence desigr. The reduced shicld thickness in this design decreases the annual replacement
mass by about 50 tonne/FPY and also satisfies the siructural-design aspects of the blan-
ket lobe. The penalty for this modified design is a 1.5% reduction in the blanket energy
multiplication.

The lifetime (30 FPY) components in the TITAN-II design are the TF, ohmic-heating
(OH), and equilibrium-field (EF) coils, 2nd the shield for the EF coils. The averaged
annual replacement mass from the disposal of these lifetime components is also given in
Table 19.5-1V and is estimated to be about 25tonne/FPY (3.1 m®). Thus, the averaged
annual replacement mass of the entire TITAN-1I reactor, both 1-FPY and lifetime com-
ponents, is about 96 tonne/FPY, or about 12% of the total mass of the TITAN-II FPC
and 1s similar Lo that of the TITAT-I design.

In addition to the Class-C waste dispasal materials and quantities discussed above,
the TITAN-II divertor plates are fabricated with W-26Re alloy as in the TITAN-I de-
sign (Section 13.7). The annual replacement mass of this non-Class-C! waste is about
0.35 tonne/FPY, about 0.4% of the total annual replacement mass. Because of the nitrate
salt dissolved in the aqueous-solution coolant, the TITAN-1 reactor is also producing **C
from 4V {1,p) reactions. The annual production rate of 1*C is about 5.2 x 10* Cii. Using
the present 10CFRS61 regulations, where the allowable concentration of *4C for (Jass-C
disposal is 8 Ci/m?® and if %! remains in the aqueous-solution coolant, the coolant should
be replaced at a rate of 7 x 10° toune/FPY (6.0 x 10° m®). The replacement mass of the



19-28

TITAN-1I SAFETY DESIGN AND RADIOACTIVE-WASTE DISPOSAL

Table 19.5-1V.

SUMMARY OF TITAN-1I REACTOR MATERIALS AND RELATED
WASTE QUANTITIES FOR CLASS-C WASTE DISPOSAL'®

Annual
Lifetime Volume Weight Replacement Mass
Component Material (FPY)®  (m®)  (tonne) (tonne/FPY)
First wall Ferritic steel (9-C) 1 0.26 2.0 2.0
Be zone Ferritic steel (9-C) 1 2.5 19.7 19.7
Breeder zone Ferritic steel (3-C') 1 2.0 15.3 15.3
_Shield Ferritic steel (9-C) 1 3.9 30.5 30.5
TF coils Modified steel 0.54 4.8 0.08
Copper 3.8 34.0 1.13
Spinel 0.54 2.2 0.08
TOTAL 30 4.9 41.0 1.39
OH coils Modified steel 5.4 49, 1.63
Clopper 38.2 342, 11.4
Spinel 5.4 23. 0.77
TOTAL 30 49.0 414, 13.8
EF-coils shield Modified steel 30 5.6 50, 1.7
Divertor shield Ferritic steel 1 0.48 3.78 3.78
TOTAL CLASS-C WASTE (lifetine) 334. 2643. 88.1

(a) Based on operation at 18 MW /m? of neutron wall loading for 1 FPY.

Note that a conservative lifetime fluence value of 15MW y/m? is used for
.he TITAN-H reference design (0.8 FPY at 18 MW /m?).
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coolant can be reduced to about 80tonne/FPY, if Fetter's evaluation [14] is used as the
limiting value (700Ci/m3). Because of the large quantities of aqueous solution to be
disposed of annually and uncertainties in the transport of the %C' isotope in the primary
loop, extraction of the 19C activity from the coolant and disposal of the concentrated
quantity as pon-Class-C waste should be consideted.

19.6. SUMMARY AND CONCLUSIONS

Strong emphasis has been given to safety engineering in the TITAN study. Instead of
an add-on safety design and analysis task, the safety activity was incorporated into the
process of design selection and integration at the beginning of the study. This approach
was projected to enhance the potential of attaining the design goals of design simplicity,
passive safety, high availability, and low cost of electricity.

The safety-design objectives of the TITAN-I design are: (1) to satisfy all safety-
design criteria as specified by the U. S, Nuclear Regulatory Commission on accidental
releases, occupational doses, and routine effluents; and (2) to aim for the best possible

level of safeiy assurance.

The key safety feature of the TITAN-II design is the low-pressure, low-temperature
watrt pool that surrounds the FPC and the entire primary-coolant system. Detailed
safety analyses have been performed which show that the TITAN-II pool can contain the
thermal and afterheat energy of the FPC and will remain at a low enough temperature
so that tritium or other radioactive material in the primary-coeclant system will not be
released. Therefore, the public safety is assured 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 be rated as a level-2 of safety assurance design [5,4]. The potential
safety concerns are the control of routine tritiun: releases ane the handling of 14C waste,

Plasma-accident scenarios need to be further evaluated as the physics behavior of
RFPs becomes better understood. Preliminary results indicate that passive safety fea-
tures can be incorporated into the desigh so that the accidental release of plasma and
magnetic energies ran he distributed without leading to major releases of radioactivity.
Activities in this area need to be continued, especially for high-power-density devices. It
should be pointed out that for the TITAN-II design, plasma-related accidents are of con-
cern from the consideration of investment protection and would have minimum inipact
on public safety. This characteristic is again, a resuli of the presence of the large pool of
water that allows the passive protection of the public.
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20. TITAN-II MAINTENANCE PROCEDURES

20.1. INTRODUCTION

The TITAN reactors are compact, high-power-density designs. The small physical
size of these reactors permits each design to be made of only a few pieces, allowing a
single-piece maintenance approach [1,2]. Single-piece maintenance refers to a procedure
in which all of components that must be changed during the scheduled maintenance are
replaced as a single unit, although the actual maintenance procedure may involve the
movement, storage, and reinstallation of some other reactor components. In TITAN
designs, the entire reactor torus is replaced as a single unit during scheduled mainte-
nance. Furthermore, because of the small physical size and mass of the TITAN-II FPC,
the maintenance procedures can be carried out through vertical lifts, allowing a much
smaller reactor vault. The advantage of using fully toroidal units with vertical lifts for
maintenance has been verified in some fusion experiments [3].

The single-piece maintenance procedure is expected to result in the shortest period of
downtime during the scheduled maintenance period because: (1) the number of connects
and disconnects needed to replace the components will be minimized and (2) the instal-
lation time is much shorter because the replaced components are pretested and aligned
as a single unit before committient to service. Furtherinore, recovery from unscheduled
events will be more standard and rapid because complete components are replaced and
the reactor is brought back on line. The repair work will then be performed outside the
reactor vault.

A single-piece maintenance of the entire reactor torus (including the first wall, blanket,
and divertor modules) will have the additional benefits of: (1) no adverse effects resulting
rom the interaction of new materials operating in parallel to radiation-damaged material;
{2) complete and extensive testing of the entire torus assembly can be performed before
commitment to service, which is expected to result in increased reliability; and (3) it will
be possible to continually modify the torus assembly as may be indicated by the reactor
performance and technological developments and to fully exploit the learning curves.

In this section, the layout of the main power-plant buildings (Section 20.2) and the
proposed maintenance procedures for the TITAN-II reactor {Section 20,3} are presented.
A comparison of the TITAN-II single-piece maintenance procedure with a modular ap-
proach is difficult because: (1) the TITAN-II fusion power core (FPC) is designed so that
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the advantages of a single-piece approach are fully utilized and a different design should
have been produced to compare and quantify the benefits of single-piece maintenance
procedures, (2) little data is available on times that would be required for each step
during the maintenance procedure, and (3) data are needed on “mean time-to-failure”
and “mean time-to-repair” of various components in order to quantify the impact of the
maintenance procedure on the overall plant availability. Therefore, only those steps that
are likely to be different between single-piece and modular approaches have been iden-
tified. Pretesting of the reactor torus to full operating condition is one of {he potential
advantages of the TITAN-I and TITAN-II single-piece approach. Pretesting of TITAN
reactors is discussed in Section 14.4 and, thus, is not reported here.

20.2. TITAN-II PLANT LAYOUT

The elevation view of the TITAN-II design is shown in Figures 20.2-1 and 20.2-2, All
of the TITAN-II maintenance procedures are performed with vertical lifts. As a result,
the reactor vault and reactor building are smaller. The vertical lift of various components
is performed by a moveable bridge crane. The heaviest components are the reactor torus
weighing about 180 tonnes and the moveable upper OH-coil set (120tonnes). Vertical lift
of these components is easily manageable by existing cranes (conventional bridge cranes
have a lift limit of about 500 tonnes and special-order cranes are available with lift limits
exceeding 1600 tonnes).

The lifetime of the TITAN-Ii reactor torus (including the first wall, blanket, shield,
and divertor moadules) is estimated to be in the range of 15 to 1I8MWy/m?, and the
more conservative value of 15 MW y/m? will require the change-out of the rezctor torus
{(including the toroidal-field coils) on a yearly basis for operation at 18 MW /m? of neutron
wall loading with 76% availability. The toroidal-field coils would be reused at a later date.

The TITAN-II reactor is a “loop-in-pool” design which is cooled with an aqueous
solution of a dissolved lithium salt, LINO3. The major feature of the TITAN-II reactor
is that the entire primary loop is located the bottom of a low-temperature, atmospheric-
pressure, pure-water pool (Figure 20.2-1). Detailed safety analyses have been petformed
(Section 19) which show that the TITAN-11 pool can contain the afterheat energy of the
FPC and will remain at a low enough temperature such that tritium or other radioactive
material in the primary-coolant system will not be released.

The first wall and blanket of the TITAN-II design consist of stamped side plates
made of the low-activation, high-strength ferritic steel alloy, 9-C [4]. These plates, called
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Figure 20.2-1. Elevation view of the TITAN-II reactor building through the reactor
centerline showing the FPC, water pool, and maintenance crane.
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Figure 20.2-2. Poloidal cross section of the TITAN-1I fusion power core illustrating the
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“J-plates” because of their cross section, are assembled into blanket lobes as shown in
Figure 20.2-3. Inside each of the lobes are 9-C-clad beryllium rods which occupy the
first 20cm behind the first wall. The blanket lobes are stacked side-by-side to form a
blanket module. The shield is used as a clamip to restrain the lobes from any movement.
A cross section and an isometric view of a blanket module are shown, respectivelys in
Figures 20.2-4 and 20.2-5. Twelve blanket modules and three divertor sections are assein-
bled into a single reactor torus in preparation for installation into the reactor chamber.

The vacuum boundary for the FPC, located outside the toroidal-field (TF) coils, acts
as a boundary between the pool and the hot torus. The TF coils occupy the space between
the back of the shield and the vacuum shell (Figure 20.2-4), Vacuum-duct penetrations
through the vacuum shell are located in the regions near the divertors. Isolation valves, as
illustrated in Figure 20.2-6, are required at all of the underwater connections (hydraulic,
electrical, and vacuum). The vacuum-tank concept of TITAN-I was not used here because
it would provide excessive thermal insulation between the pool and the FPC and the pool
could not act as a heat sink for the decay heat during off-nornal events.
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Figure 20.2-3. The TITAN-II blanket lobe, J-plate design.
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Figure 20.2-4. Cross section of a TITAN-1I blanket mndule.
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Figure 20.2-8. Illustzation of a proposed isolation valve for the TITAN-II vacuum
ducts.

20.3. MAINTENANCE PROCEDURES

A key assumption for the TITAN maintenance program, as in other fusion reactor
studies, is that a high degree of automation is available. In the TITAN-II design, 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. Together with the
single-piece maintenance scheme, which reduces the number of joints to a minimum, this
approach is expected to result in a dramatic reduction in the required time to pericrm
the maintenance operations and to increase the overall reliability. The powered joints for
the coolant circuits are located on the hot and cold legs of the aqueous-solution supplies
as is shown in Figure 20.2-2. Additional connect and disconnect powered joints are also
provided for the upper OH-coil-set electrical and cooling circuits. Examiples of powered
joints [2] are shown in Section 14.3.
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One of the unique aspects of the TITAN-1I maintenance procedures is the presence
of the large water pool surrounding the FPC. Three maintenance options are available:

1. Perform all cequired maintenance under water without draining the pool. This
option maintains the pool as a safety barrier until the torus assembly is removed
from the pool. Also, the pool drain time does not affect the scheduling of the
maintenance.

2. Drain the entire pool prior to maintenance operations. A benefit is that double
valves to prevent water infiltration into the vacuum and electrical systems are not
required. Pool drain time and cost for pool-water storage need to be considered.

3. The third approach, a hybrid of the above two approaches, provides an interme-
diate cylinder around the FPC. In this -ase, only the central portion of the pool
would be pumped out prior to maintenance. This approach also does not require
double valves to prevent water infiliration into the vacuum and electrical systems,
Compared to second approach, the pumping time is reduced and water storage
requirements are smaller. However, this approach requires additional structure.

Because of the perceived safety advantages and simplicity, the TITAN study adopted
maintenance method number one: to perform the maintenance procedures under water.
Fourteen principal tasks must be accomplished for the annuzal, scheduled maintenance of
the TITAN-II fusion power core. These steps are listed in Table 20.3-1. Tasks that will
require a longer time to complete in a modular design are also identified in Table 20.3-1
{assuming the same configuration for the modular design as that of TITAN-II). Arother
potential benefit of the single-piece maintenance approach is that th > recovery from any
unscheduled event will be standard and similar to the procedures of Table 20.3-1 for the
scheduled maintenance. It should be noted that the economic impact of a disabled FPC
is dominated by the downtime of the plant and not by the capital cost of a new FPC.

Vertical lifts have been chosen for the component movements during maintenance.
Vertical lifts allow a more compact reactor building, consistent with the TITAN-II de-
sign goal. In addition, if one to provide horizontal access near the bottom of the pool,
the design of the pool surrounding the FPC would be very complicated and the integrity
of the pool would be questionable. Vertical lifts of the components are performed by
a moveable bridge crane as shown in Figure 20.2-1. Lift limits for conventional bridge
cranes is around 500 tonnes, with special-order crane capacities in excess of 1000 tonnes.
The most massive comnponents lifted during TITAN-II maintenance are the reactor torus
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Table 20.3-1.

PRINCIPAL TASKS
1'URING THE TITAN-II MAINTENANCE PROCEDURE

1. Orderly shutdown of the plasma and discharge of the magnets;
2. Continue cooling the FPC at a reduced level until the decay heat is sufficiently
low to allow natural couvection cooling in the atinosphere;

3. During the cool-down period:

a. Continue vacuum pumping until sufficient tritium is removed from the FPC,

b. Valve-off all systems which will be disconnected during maintenance
(i.e., vacuum and electrical systems) and, depending on the maintenance
method, drain the water pool above the FPC,

¢. Disconnect electrical and caclant supplies from the upper OH-coil set,

d. Break vacuum;

Drain primary coolant from FPC;

Lift OH-coil set and store in the lay-down area;

Disconnect primary-coolant supplies at ring headers;!®

Lift the reactor torus and move to the hot cell;{®)

Inspect FPC area;

L ® N e g

Install the new, pretested torus assembly;!?)
10. Connect primary-coolant supplies, TF-coil electrical supplies, and
re-weld all vacuum ducts;(@
11. Replace the upper OH-coil set and connect electrical and coolant supplies;
12. Hot test the FPC;®)
13. Pump-down the systemy;

14. Initiate plasma operations.

{a) The time required to complete these tasks is likely to be longer for a modular
system than for a single-piece system, assuming similar configuration.
(b) The new torus assembly is pretested and aligned before committment to service,

Only minimum hot testing would be required.
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(180tonnes) and the upper OH-coil set {OH coils 2 through 4) and its support struc-
ture (120 tonnes), which are easily manageable by the conventional cranes. The OH
coils are reinstalled following the installation of the new torus assembly. Once the new
torus is lowered into position, vertically oriented remote connects attach the torus to the
ststionary primary-coolant supplies.

A simple comparison of modular and single-piece maintenance approaches can be
made using Table 20.3-1 by assuming a mocular design for TITAN-1I with the same
dimensions and wall loading but with toroidal segmentation which separates the reactor
torus into three or more units for maintenance purposes. Examination of the maintenance
steps listed in Table 20.3-1 indicates that 5 of the 14 tasks (6, 7, 9, 10, and 12) would kikely
be more time consuming for a modular reactor. Some of the differences are associated
with those steps that involve interfaces between modules and lifting of individual modules.
Since the lifting of individual modules is done in series rather than in parallel, the total
number of module transfers requires more time even though the lighter, modular unit
may be transported somewhat faster than the complete reactor torus.

One of the crucial steps in Table 20.3-1 is the installation of the new reactor torus at
the bottom of the TITAN-II pool (step 9}. A modular design will require additional time
in order to align the maodules into a full torus (depending on the required degree of pre-
cision). Another important difference between the modular and single-piece approaches
is the degree of pretesting that can be performed outside of the reactor vault. A com-
prehensive set of pretests are envisioned for the TITAN reactors (Section 14.4). For a
modular design, those pretests that require a fully assembled torus should be performed
after the installation of the modules into the reactor vault as a complete torus, which
will increase the maintenance period and the downtime.

Similar to the maintenance procedures for the TITAN-I design, a self-consistent com-
parison of the TITAN-II single-piece maintenance procedure with a modular approach is
difficult because very little information is available on the time needed to perform each of
the maintenance tasks listed in Table 20.3-1. Furthermore, the TITAN-1I FPC is designed
such that the advantages of a single-piece approach are fully exploited and a different
modular-type design should have been produced for a self-cousistent comparison.

The comparison between the single-piece and modular maintenance procedures is
even more difficult for unscheduled events because such a comparison would require an
extensive data base on the mean time-to-failure and the mean time-to-repair of verious
components of the reactor. Recovery from a major event will be shorter with the single-
piece maintenance approach. 1t is possible that for minor events, the mean time-to-repair
for a modular approach will be shorter. However, for a modular approach, recovery from
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unscheduled events requires additional equipment, each designed to handle and repair
certain failure modes. In a single-piece approach, recovery from unscheduled events will
be, in principle, standard and similar to a scheduled maintenance procedure. One should
also note that the sector-to-sector interfaces in a modular design add to the number of
possible fault areas, hence, possibly reducing overall reliability.

26.4. SUMMARY

The TITAN reactors are compact, high-power-density desighs. The small physical
size of these reactors permits each design to be made of only a few pieces, allowing a
single-piece maintenance approach. Also, because of the small physical size and mass
of the TITAN-II FPC, the maintenance procedures can be carried out through vertical
lifts, allowing a much smaller reactor vault.

The major tasks required for annual maintenance of the TITAN-II FPC liave been
identified. Single-piece maintenance of the reactor torus (including the first wall, blanket,
shield, TF coils, apd divertor modules) appears feasible and must be performed yearly.
Following the removal of the old torus, a new, fully pretested assembly is installed.

Potential advantages of single-piece maintena-ice procedures are identified:

1. Shortest period of downtime 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,
ete. would be corrected by using rapid and inexpensive hands-on repair procedures
prior to committing the FPC nuclear service;

3. Ne adverse effects resulting from the interaction of new materials operating in
parallel to radiation-exposed materials;

4. Ability to modify continually the FPC as may be indicated or desired by reactor
performance and techinological developments; and

5. Recovery from unscheduled events would be more standard and rapid. The entire
reactor torus is replaced and the reactor is brought back on line with the repair
work being performed, afterwards, outside the reactor vault.
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A high level of pretesting ensures that the new torus will behave as designed, and
will have a higher reliability than individual medules that have not been tested together
as a single operating unit under reactor-like conditions. It appears that the single-piece
maintenance approach, together with a detailed pretesting program, can substantially
improve the availability of the TITAN-II reactor.
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1.1.

1.2,

1.3.

2.1.

2.2

B.1. TABLE OF TITAN-II REACTOR PARAMETERS

APPENDIX B

CHARACTERISTIC MACHINE DIMENSIONS

Reactor Envelope (1-1)

1.1.1. Height

1.1.2. Outside diameter
1.1.3. Circumference
1.1.4. Volume

Plasma Chamber

1.2.1. Major toroidal radius, Ry
1.2.2. Plasma mincr radius, rp,
1.2.3. First wall rninor radius, rzw
1.2.4. Plasma volume, V;,

1.2.5. Plasma chamber volume
1.2.6. First wall surface area (1~2
1.2.7. Number of sectors (1-2)

Reactor Pool (1%

1.3.1. Average height
1.3.2. Outside diameter
1.3.3. Wall thickness
1.3.4. Circumference
1.3.6. Volume

PLASMA PARAMETERS

Fuel Cycle

Plasma Dimensions

2.2.1. Mnujor radius, Ry
2.2.2. Minor redius, r,
2.2.3. Plasma cross section

552 m
1247 m
39,18 m

674.16 m®

3.60 m
0.80 m
0.86 m
2791 m®
33.53 m®
163.26 m?

3 m
I8 m

119 m
29,600 m®

DT/Li

380 m
0.60 m
circular
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2.3. Electron Density, n, ?-1)
2.3.1. Average electron density $3x10% m
2.3.2. Central electron density 1.4 x 10 m™—3

2.4. lon Density, n; (3-1)

2.4.1. Average ion density 8.9 x 103 m3
2.4.2. Central ion density 1.3 x 103 m—®
2.5. Average Alpha-Particle Density, n, (3-3) 4.5 x 161° m—2

2.6. lon Temperature, T} (2-1)
2.6.1. Average ion temperature 10 keV
2.6.2. Central ion temperature 16 keV

2.T. Electron Temperature, T, (-1

2.7.1. Average electron temperature 10 keV
2.7.2. Central electron temperature 18 keV
2.8. Average Alpha-Particle Energy, E, #—2} 68 keV
2.9. Effective Plasma Ion Charge, Z.gy (3% 1.690
2.10. Global Energy-Confinement Time, rg {2-4} 0.22 s
2.11. Effective Global Thermal Diffusivity, xg = (3/16)r3/1g —¥ 0.31 m?/s
2.12. Electron Energy-Confinement Time, g, 3% 0.28 s
2.13. Particle Confinement Time at Burn, 7,
2.13.1. Without recycling (35 1.10 s
2.13.2. With recycling (3-9)
2.13.2.1. Fuel ions (average) 368 s
2.13.2.2. Helium 1562 s
2.14. Lawson Parameter, n;7g (-4 1.92 x 10%° &/m®
2.16. Plasma Toroidal Current, I, (3-7) 17.8 MA

2.16. Average Toroidal Current Density, j3 =7 16.7 MA/m?
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2.17.

2.18.

2.19.

2.20,

2.21.

222.

2.23.

2.24.

2.25.

2.26.

2.27.

TABLE OF TITTAN-II REACTOR PARAMETERS

Torcidal Field, By, (3-1)

2.17.1. Average

2.17.2. At plaama edge

2.17.3. At plasma axis

2.17.4. Peak field on the coil (*~#)

Poloidal Field, B (3-1}
2.18.1. Average
2.18.2. At plasma edge

Vertical Field,

2.10.1. At plasma axis
2.19.2, Decay index, n
2.19.3. Stray field at startup

Poloidal Beta, 8 = 2uop/B3(rp)
Toroidsl Beta 8 = 2ugp/ < By >?
Engineering Beta (3-9)

Reversal Parameter, F (3-7){2-10)
2.23.1. Mean value at burn
2.23.2. During OFCD oscillet.on

Pinch Parameter, & (3-7h(2-10)
2.24.1. Mean value at burn
2.24.2. During OFCD oacillation

Safety Factor, ¢ = »By/RBs

2.25.1. On axis

2.25.2. At plasma edge

2.25.3. Radlius of reversal surface (g = 0)

Streaming Parameter, ju/n
2.26.1. During startup (maximum value)
2.26.2. At burn

Electron Streaming Parameter, £ = vp/ven
2.27.1. During startup (maximwmn value)
2.27.2. At bumn

300 T
038 T
1185 T

51T

6821 T
593 T

156 T
0.40
230 T
0.22
0.52

1.75

-0.1
-0.03 to ~0.17

1.66
1.50to 1.62

011
-0.01
0.65 m

6.6 x 10~ A-m
1.8x 1074 A-m

2.0 x 10~3
1.9 x 10~®
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D

2.28,

2.29.

2.30.

2.31.

2.32.

3.1.

3.2

3.3.

34,

Radiation Fraction (%

2.28.1. Core plasma

2.28.2, Scrape-off layer

2.28.3. Divertor plasma

2.28.4, To!al radiation fraction

2.28.5. Radiation fraction to first wall, frap
2.28.6. Radiation fraction to divertor plate

Current Drive (2-11)

2.20.1. Method

2.29.2, Frequency, f

2.29.3. Toroidal-flux swing, 5¢/¢o
2.29.4. © variation

2.29.5, F variation

2.29.6. Input power (toroidal/poloidal circuits)

2.20.6.1. Real (supplied) power 3-11)
2.29.6.2. Reactive power
2.29.7. Power-supply dissipation (3—12)
2.20.8, Current-drive power (a-11)
2.20.9. Efficiency, I3/ Pop (3-13)
Plasma Heating Method
Plasma Ohmic Dissipation

Plasma Energy Gain, Qp = P;/Pq (-1

POWER OUTPUT

Plasma Fusion Power, P

3.1.1. Neutron power, P,

3.1.2. Alpha-particle power, P,
Blanket Energy Multiplication, M
Nuclear Power (M P, + Fy)

Ohmic Heating Power, P, (3-1)

APPENDIX B

0.70
0.23
0.04
0.97
0.95
0.02

OFCD
25 Hs
0.035
160 to 1.62
—0.03 te —0.17

38.23/4.61 MW
1285.71/248.16 MVA
16.34 MW
54.864 MW
0.33 A/W

Ohmie
285 MW

80.2

2289.8 MW
1831.3 MW
458.5 MW
1.36
2049.1 MW

2856 MW
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TABLE OF TITAN-II REACTOR PARAMETERS

3.5. Power to First Wali

3.6.

3.7.

3.8.

3.9.

3.5.1.
3.5.2.

3.5.3.
354,
3.5.5.

Surface heating, frap(Pa + Pn)
Nuclear heating

3.5.2.1. Structure

3.5.2.2. Coolant

OFCD heating (eddy currents) (-2
Coolent-pumping power (3-%

Total thermal power, Prw

Power to Multiplier Zone

3.8.1.

3.6.2.
3.4.3.
3.4.8.

Nuclear hes ting

3.6.1.1. Structure

3.6.1.2. Crolant

3.6.1.2. Geryllium

OFCD heating (eddy curtents) (3-2)
Coolant-pumping power (3-3)

Total thermal power, Puz

Power to Breeder/Reflector Zone

3.7.1.

3.7.2.
3.7.%.
3.7.6.

3.8.1.

3.8.2.
3.8.3.
3.84.

Nuclear heating

3.7.1.1. Structure

3.7.1.2. Coolant

OFCD heating (eddy curzents) (-2
Coolant-pumping power (¢~

Total thermal power, Ppz

‘Power to Hot Shield

Nuclear heating

3.8.1.1. Structure

3.8.1.2. Coolant

OFCD heating (eddy currents) (-2
Coolant-pumping power (3~3)

Total thermal power, Pgrs

Power to Divertor Plate

3.9.1.
3.9.2,

3.9.3.
3.94.

Surface heating, {1 — frap)(Pa + Pa)
Nuclear heating

3.9.2.1. Structure

3.9.2.2. Coolant

Coolant-pumping power (8-~3)

Total thermsl power, Ppp

462.7 MW

36.8 MW
268.4 MW
nil
126 MW
770.2 MW

214.5 MW
660.9 MW
819.9 MW
0.1
282 MW
1763.6 MW

27.9 MW
281.2 MW
0.1
5.1 MW
314.3 MW

1489 MW
8.3 MW
nl
2.6 MW

169.8 MW

243 MW

2.8 MW
1.2 MW
0.6 MwW
28.8 MW

B-5
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3.10. Total Reactor Thermal Power, P,
3.10.1. First wall thermal power
3.10.2. Multiplier-zone thermal power
3.10.3. Breeding-zone thermal power
3.10.4. Hot shield thermal power
3.10.5. Divertor plate thermal power
3.10.8. Total

3.11. Thermal-Cycle Efficiencies, mn
3.12. Gross Electric Fower, Prr
3.13. Recirculating Power
3.13.1. TF joule losses
3.13.2. Divertor joule losses
3.13.3. OFCD system {3-4)
3.13.4. Coolant-pumping power
3.13.5. Auxiliary power (3-8
3.13.6. Total
3.14. Recirculating-Power Fraction, e
3.15. Engineering Q (= 1/¢)
3.16. Net Electric Power
3.17. Net Plant Efficiency, np, = mn(1 — €)

3.18. Mass Pawer Density, MPD (3-9)

3.19. Plasma Power Density, P;/V},

APPENDIX B

776.2 MW
1753.6 MW
3143 MW
159.8 MW
28.8 MW
3026.7T MW

0.350

1060.3 MWe
16.0 MWe
9.8 MWe
54.6 MWe
48.9 MWe
30,0 MWe

159.3 MWe

0,150

6.650

900.0 MWe
0.30

806 kWe/tonne

83 MW/m?



B.1

4.1,

4.2,

TABLE OF TITAN-II REACTOR PARAMETERS B-7

REACTOR COOLANT SYSTEM

Fizst Wall System (-2 Semi-circular channels separated from blanket lobes
single-pass, poloidal coolant flow

4.1.1. Coolant Aqueous LiNOj Solntion (Az; = 6.4%)

4.1.2. Structural material Ferritic Steel (8-C)

4.1.3. Channel outer diamecter (4~1) 30.0 mm

4.1.4. Channel inner diameter (4-2) 27.0 mm

4.1.5. Erosion allowance 0.25 mm

4.1.6. Number of channels 840

4.1.7. Structure volume fraction 0.17

4,1.8. Coolant volume fraction 0.62

4.1.9. Void volume fraction 0.21

4.1.10. Structure volumetric heating 202 MW/m®

4.1.11. Coolant volumetric heating 270 MW/m®

4.1.12, Outlet temperature 603 K

4.1.13. Inlet temperature 571 K

4.1.14. Outlet pressure 7 MPa

4.,1.15, Inlet pressure (4~ 8 MPa

4.1.16. Pressure drop 0.5 MPa

4.1.17. Maximum primary stress 98 MPa

4.1.18. Maximum secondary stress 363 MPa

4.1.18. Maximum wall temperature 776 K

4.1.20. Coolant flow rate (total) 1150 kg/s

4.1.21. Coolant flow velacity 22.6 m/s

4.1.22. Reynolds number, Re 1.49 x 10°

4.1.23. Nusselt number, Nu 2360

4,1.24. Prandtl number, Pr 16.5

4.1.25. Critical hee! flux 8.3 MW/m?

4,1.26. Subcooling at exit 18,6 °C

Multiplier-Zone Systern {41} First zone of the blanket lobes
siugle-pass, poloidal coolant flow

4.2.1. Coolant Aqueous LiNOg Solution (AL: = 6.4%)

4.2.2. Structural material Ferritic Steel (9-C)

4.2.3. Multiplier Material Beryllium

4.2.4. Lobe width 30.0 mm

4.2.5. Zone radial dimension 200.0 mm

4.2.8. Lobe wall thickness 1.4 mm

4.2.7. Number of Lobes 840

4.2.8. Structure volume fraction (4-3 0.12

4.2.9. Coolant volume fraction (4-2) 0.29

4.2.10. Multiplier volume fraction (4—2) 0.59
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4.3.

4.2.11. Structure volumetric heating (*~%
4.2.12. Coolant volumetric heating (4%
4.2.13. Beryllium volumetric heating (4-%)
4.2.14. Outlet temperature

4.2.15. Inlet temperature

4.2.16. Outlet pressure

4.2.17. Inlet pressure (4~2)

4.2.18. Pressure drop 4-%

4.2.19. Maximum beryllium temperaturs
4.2.20. Coolant flow rate (total)

4.2.21. Coolant flow velocity (=%

4.2.22. Reynolds number, Re (*—%)
4.2.23. Nusselt numbet, Nu (-4

Breeder/Refelector-Zone System (4-1)

4.3.1. Coolant

4.3.2. Structural material

4.3.3. Lobe width

4.3.4. Zone radial dimension
4.3.5. Lobe wall thickness

4.3.6. Number of Lobes

4.3.7. Struciuie volume fraction
4.3.8. Coolant volume fraction
4.3.9. Structure volumetric heating
4.3.10. Coolant volumetric heating
4.3.11. Qutlet temperature

4.3.12. Inlet temperature

4.3.13. Qutlet pressure

4.3.14. Inlet pressure $~?)

4.3.15. Coolant flow rate (total)
4.3.15. Presaure drop

4.3.16. Maximum wall temperature
4.3.18. Coolant flow velocity
4.3.19. Reynolds number, Re
4.3.20. Nusselt number, Nu

APPENDIX B

180 MW/m®
140 MW/m?®
240 MW/m®
603 K
571 K
7 MPa
8 MPa
1 MPa
846 K
2.6 x 10% ke/s
14 m/s
2.7 % 10°
601

Second zone of the blanket lobes
single-pass, pcloidal coolant flow
Aqueous LiNOj Solution (AL = 8.4%)

Ferritic Steel (8-C)
30.0 mm
160.0 mm
1.4 mm
B840
0.09
0.91
40 MW /m®
40 MW/m?
603 K
571 K
7 MPa
8 MPa
4660 kg/s
5.0 x 10~* MPa
621 K
1.0 m/s
1.5 x 10°
378
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4.4. Hot Shield System (-1

44.1.
4.4.2.
4.4.3,
4.4.4.

4.4.5.
4.4.6.
44.7.

4.43.

4.4.8.

4.4.10.
4.4.11.
4.4.12.
4.4.13.

4.4.14.

4.4.15.
4.4.16.

4.4.17.

44.18.

Coolant

Structural material
Radial thickness

Channel inner diameter
4.4.4.1. 1st row

44.4.2. 2nd row
Structure volume fraction
Coolant volume fraction
Structure volumetric heating
4.4.7.1. 1st row

4.4.7.2. 2nd row
Coolant volumetric heating
4.4.8.1. 1st row

4.48.2. 2nd row

Qutlet temperature

Inlet temperature

Qutlet pressure

Inlet pressure (4-3)
Pressure drop

4.4.13.1. 1at row
4.4.13.2. 2nd row
Maximum wall temperature
4.4.14.1. 1st row

4.4.14.2. 2nd row
Coolant flow rate (total)
Caclant flow velocity
4.4.16.1. 1st row

4.4.16.2. 2nd row
Reynolds number, Re
4.4.17.1. 1st row

4.4.17.2. 2nd row

Nusselt number, Nu
4.4.18.1. 1st row
4.4.18.2. 2nd row

100 mm

12.7 mm
19.0 mm
0.90
0.10

22 MW/m?®
9 MW/m?

10 MW/m®
5 MW/m?
603 K
571 K
7 MPa
8 MPa

2.2. 1077 MPa
47% 10~% MPa

482 K
700 K

2440 kg/s

8.6 m/s
3.7 m/s

3.3 x 108
2.8 x 10°

708
619

B-9

Two-piece shield, welded to from blanket container
with two rows of coolant channels
single-pass, poloidal coolant flow
Aqueous LiNOs Solution (Ap = 8.4%)
Ferritic Steel (8-C)
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The armor is brazed to
a bank of circular tubes with
multiple-pass, radial/toroidal coolant flow

4.5, Divertor Plate System (4-5)

4.5.1. Coolant Aqueous LiNOy Solution (Ag; = 6.4%)
4.5.2. Structural material

4.5.2.1, Armor W-26Re

4.5.2.2. Coolant tube W-26Re
4.5.3. Coolant-tube outer diamster 10.0 mm
4.5.4. Coolant-tube inner diameter 8.0 mm
4.5.5. Armor thickness 1.0 mm
4.5.6. Outlet temperature 618 K
4,5.7. Inlet temperature 591 K
4.5.8. Outlet pressure 14 MPa
4.5.9. Inlet pressure 4—® 16 MPa
4.5.10. Maximum primary stress 33 MPa
4.5.11. Maximum secondary stress 505 MPa
4.5.12. Maximum wall temperature 10652 K
4.5.13. Coolent flow rate (total) 433 kg/s
4.5.14. Maximum coolant flow velocity (+=7) 20 m/s

4.6. Coolant-Circulator Type
4.6.1. First wall, blanket, hot shield
4.8.2. Divertor Plate

Single-stage centrifugal pump
Double-stages centrifugal pump

4.7. Power Input to Each Girculator (#-%

4.7.1. First wall, blanket, hot shield 43.4 MWe
4.7.2. Divertor Plate 0.6 MWe
4.8. Thermal-Energy Storage not required
4.9. Peak Temperature During a Loss-of-Flow Accident (LOFA) (4~
4.9.1. First wall 621 K
4.9.2. Beryllium zone 617 K
4.9.3. Hot shield 613 K
4.10. Peak Temperature During & Loss-of-Coolant Accident (LOCA) (+-19
4,10.1. First wall 1005 K

4.10.2. Beryllium sone 754 K
4.10.3. Hot shield 603 K



B.1.

5.1.

6.1

6.2,

8.3.

6.4.

6.5.

6.6.

8.7.

7.1

8.1.

TABLE OF TITAN-II REACTOR PARAMETERS

INTERMEDIATE COOLANT SYSTEM (5-1)

Secondary Coolant

STEAM GENERATION SYSTEM
Steamn Qutlet Temperature

Steam Outlet Pressure

Total Steam Flow Rate

Feedwater Inlet Temperature

Number of Steam Generators per sector
Gross Thermal-Power Efficiency

Gross Electric Cutput

SHIELD COOLANT SYSTEM (7-1)

EFC-Shield ™3

REACTOR ATUXILIARY SYSTEM

Vacuum Pumping System
8.1.1. Vacuum and plasma chamber pressure
8.1.1.1. Base plasma chamber pressure
8.1.1.2. Divertor duct pressure (8-
8.1.2. Temperature of neuiral gas
8.1.3. Plasma chamber volume
8.1.4. Vacuum chamber volume (®-2)
8.1.5. Particle throughput (6-3)
8.1.5.1. DT
8.1.5.2. Helium
8.1.6. Conductance of the divertor duct
8.1.6.1. For DT
8.1.6.2. For He
8.1.7. Type of pumps &
8.1.8. Number of vacuum pumps (8-4):(8-8)
8.1.9. Helium pumping speed (per pump) (6-¢)

—-4)

B-11

none

681 K
7.2 MPa
1486 kg/s

514 K

0.360

105¢.3 MWe

None

10-% mtorr

20 — 100 mtorr
700 K
33.6 m®
110, m®

8.7 x 103! g~}
8.2 x 10%0 ¢-1

215 md/s

224 m*/s
Turbo-molecular
16

20 m?/s
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8.2. Magnet Cooling System

8.3.

8.4.

9.1.

8.2.1.

8.2.2.

8.2.3.

8.24.

Toroidal-field coils (87}

8.2.1.1. Coolant

8.2.1.2. Cooling load

Divertor-field coils -7

8.2.2.1, Coolant

8.2.2.2, Cooling load

Ohmic-heating coils (87

8.2.3.1. Coolant

8.2.3.2. Peak Cooling load during startup

B.2.3.3. Cooling load during normal operation

Equilibrium-field coils 4-%
8.2.4.1. Coolant
8.2.4.2. Cooling Joad (8-9)

Plasma-Fueling System (8-10)

8.3.1.
8.3.2.
8.3.3.
8.3.4.
8.3.5.
8.3.6.

Type

Fuel composition
Fueling rates
Pellet diameter

Pellet speed
Pellet injection frequency

Tritium-Processing and Recovery System

8.4.1.
8.4.2.
8.4.3.
8.4.4.
8.4.5.
8.4.6.

Type

Total tritium inventory (8
Tritium handling rate
Water processing rate
Primary-coolant tritium concentration
Blanket detritiation factor

-11)

REACTOR COMPONENTS

First wall, Blanket, and Shield ¢-1)

9.1.1.
9.1.2.
8.1.3.
8.14.
8.1.5.
8.1.8.
9.1.7.

9.1.9.

Structural material

Breeding materia] (#-3)

Neutron multiplier material

Tritium breeding ratio (TBR) (°~%
Number of modules (°—4)

Weight of modules

Largest single component (®—¢

8.1.7.1. Weight

9.1.7.2. Dimensions (diameter xheight)
Lifetime (®=%)

APPENDIX B

Water
19.6 MW

Water
14.1 MW

Water
200 to MW
27T MW

Liquid helium

DT pellet
50% D, 60% T
0.035 g/s
3.4 mm
2.1 km/s
6.26 s

Vapor-phase catalytic exchange
4.00 kg
0.46 kg/d
9.64 x 10* kg/d
50 Ci/kg
0.93 per poss

Ferritic Steel (8-C)
Aqueous LiNOy Solution (AL = 6.4%)
Beryllium
1.22
1
180 tonnes

180 tonnes
100x 23 m

iy
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9.2. Divertor
9.2.1. Type Toroidal-fleld divertors
9.2.2. Number of divertors 3
9.2.3. Neutralizer plete
0.2.3.1 Armor W-26Re
8.2.3.2 Coolant tube W-26Re
9.2.3.3 Coolant Aqueous LiNOy Solution (Agq = 6.4%)
9.2.4. Weight of each divertor 10 tonnes
9.2.5. Dimensions (diameterxheight) 33 m
9.2.6. Lifetime (°-%) 1y
9.3. Magnets
9.3.1. Ohmic-heating coils (F=2):(8-7)
9.3.1.1. Type Normal
9.3.1.2. Number 13
9.3.1.3. Conductor Copper
9.3.1.4. Structure Steel
9.3.1.6. Insulator Spinel (MgAlaO4)
9.3.1.6. Coolant Water
9.3.1.7. Operating temperature 20 - 80 °C
9.3.1.8. Maximum stress in coil 33 MPa
9.3.1.9. Mean coil radius 2425668 m
9.3.2. Equilibrium-field coils (®-%
9.3.2.1. Type Superconducting
9.3.2.2. Number 2
9.3.2.3. Conductor Nb-Ti
9.3.2.4. Structure Steel
9.3.2.5. Stabilizer Copper
9.3.2.6. Coolant Liquid helium
9.3.2.7. Operating temperature 4 K
9,3.2.8. Mean stress in coil (#-8)
9.3.2.9. Mean coil radius 5.94 m
9.3.3. Toroidal-field coils (°-5)
9.3.3.1. Type Normal
9.3.3.2. Number 30
8.3.3.3. Conductor Copper
9.3.3.4. Structure Steel
9.3.3.5. Insulator Spinel (MgAl204)
9.3.3.6. Coolant Water
9.3.3.7. Operating temperature 20 - 80°C
9.3.3.8. Mean stress in coil (®-9)
9.3.3.9. Mean coil radius 1.12 m
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8.4,

9.5.

9.3.4.

9.3.5.

2.3.6.

9.3.7.

9.3.8.

Divertor-field coils

9.3.4.1. Type

9.3.4.2. Nuwmber

9.3.4.3. Conductor

9.3.4.4, Structure

9.3.4.5. Insulator

8.3.4.6. Coolant

9.3.4.7. Operating temperature
9.3.4.8. Mean stress in coil (*~®)
9.3.4.9. Mean coil radius
Maximum force transmitted
to building (9-10)

Maximum toroidal field
9.3.6.1. At plasma axis
9.3.6.2. At plasma edge
9.3.6.3. At TF coil

Total stored energy (®-11)
9.3.7.1. Poloidal field
9.3.7.2. Toroidal field
Largest single component (°~
9.3.3.1. Weight

13)

9.3.8.2. Dimensions (diameterxheight)

Energy Transfer and Storage

Plasma Heating

9.5.1.
9.8.2.
9.6.3.
9.5.4.
9.5.5.
9.5.8.
9.5.7.
9.5.8.
9.5.9.
9.5.10.

Type

Frequency

Power to plasma (#-18)
Transmission method

Power reflected from plasma
Power loss in transmission
Powet loss in amplifiers

Power loss in power supplies (°~
System input power (°-14)
Heating time (®-15)

14)

APPENDIX B

Normal
9
Copper
Steel
Spinel (MsAl:Oq)
Water
20-80 °C

08 m

11.85 T
038 T
038 T

3.6 GJ
0.7 GJ

260 tonnes
59 x080 m

None

Ohmic

35 MW

5 MW
500 MW
11 s
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10. ELECTRICAL-POWER REQUIREMENTS
10.1. Cold-Plasma Startup Power from Grid (10-1)

10.2. Auxiliary Power Requirements {Normal Operation)
10.2.1. Electrical energy storage
10.2.2, Toroidal-field coils
10.2.3. Divertor-fleld coils
10.2.4, OFCD (10-3)
10.2.5, First wall, blanket, and shield coolant circulators
10.2.6. Diverior plate coolant circulators
10.2.7. Other auxiliery systems (10-2)
10.2.8. Total

11. BUILDINGS

11.1, Reactor Pool (11-1)

11.1.1, Characteristic dimensions
11.1.1.1. Outside diameter
11.1.1.2. Height

11.1.2, Enclosed volume

11.1.3. Minimum wall thickness

11.1.4. Internal pressure

11.1.5. Containment atmosphere

11.2. Turbine Building (11-3)

11.2.1. Characteristic dimensjons
11.2.1.1. Length
11.2.1.2. Width
11.2.1.3. Height

11.2.2. Total enclosed volume

11.3. Reactor Service Buiding
11.3.1. Characteristic dimensions {31~8)

500 MW

None

16.0 MW
9.8 MW
548 MW
48.4 MW
0.5 MW
30.0 MW

169.3 MW

38 m
IBm
20600 m®
1m
1 atm
Air

88 m
40 m
32 m
2.64 x 10* m®

B-15
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12.

12.1.

12.2.

12.3.

12.4.

REACTOR MAINTENANCE

First Wall, Blanket, Shield, and Divertor
12.1.1. Lifetime
12.1.2. Weight

OH and EF Magnet
12.2.1. Lifetime (12-1)
12.2.2. Weight

Radicactive Material Storage for Life of Plant (13-1)
12.3.1. Total Class C (12-2)

12.3.1.1. Weight

12.3.1.2. Volume
12.3.2. Total non-Class C (12-8}

12.3.2.1. Weight

12.3.2.2. Volume

Overall Plant Availability

APPENDIX B

ly
180 tonnes

10y
332 tonnes

2642 tonnes
328 m?

11 tonnes
1 m?

0.76
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FOOTNOTES TO TABLE B.1

1-1) The reactor envelope is defined by the cylinder enclosed by the upper and lower EF coils.

1-2) The first wall is corrugated, therefore, the total plaama-facing area is -g (2~ Rr) 2x(rrw +d/2),
where d is the outer diameter of the first-wall channels.

1-3) Sectors are used only for factory manufacturing and shipment to the site. Each sector consists of
four blanket modules. These sectors, together with divertor modules, are assembled on-site into
a single torus and tested to full operational condition prior to installation into the resctor vuulit.

1-4) The TITAN-II fusion power core is submerged in a pool of water (1atm) to achieve a high level
of safety assurance.

2-1) During the startup, plasma profiles are assumed to be
a(r)fne = (L—rfrg)*"
T(r}/T. = (1-7/r)*
ulr)po = (L=r/mp)° .

During the steady-state burn, TITAN-II operates with a highly radiative plasma (through in-
jection of xenon impurities). The plasma profiles at burn are computed in Section 5.3. and

are:
nfr)/n, = 1.00 — 0.86(r/rp)>**
1.00 ~ 3.28(r/rx)**  for 0.00< rfr, <0.25
TEr)/T, = 1.12 - 0.71(r/rp) for 0.25 < rfr, < 0.82
0.568 — 0.65(r/rp)14%? for 083 <r/irp <1
u(r)/ose. = 1.00 — 0.44(7/75)° — 0.56(r/7p)° .

2-2) Averaged value over both fast and thermal components.

2-3) The TITAN-II design operates with a highly radiative plasma by deliberately doping the plasma
with xenon impurities.

2-4) Assuming a bets-limited confinement time of the form rg = ¢, J3r3f ().

2-5) Assumed to be 1, =~ 47g,.

2-6) Based on self-consistent core-plasma, edge-plasma, and neutral-particle transpart calculations.
2-7) Represents the mean value during the OFCD cycle (see item 2.29).

2-8} Including the poloidal field. The field produced by the coil is 0.4 T.

29} The engineering beta is defined as the ratio of the average plasma pressure to the maximum field
strength on the taroidal-field coils.
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2-10) The reversal parameter is held constant during the startup (by adjusting the toroidal-field strength),
and the values of the pinch parameter are from equilibrium calculations.

2-11) Results of detailed calculations assuming full-coverage TF coils (Section 7). The results of Sec-
tion 7 are scaled to include the effects of discreteness of the TF coils and the currents in the
divertor coils which should be also oscillated to keep the separatrix in its position. For this case,
the total supplied real power is 54.6 MW, including 28.55 MW delivered to the plasma (26.8 MW
by the toroidal-field circuit and 1.76 MW by the poloidal-field circuit), 4.3 MW to oscillate the di-
vertor coils, 15.34 MW dissipation in the power supplies and bussing, and 3.60, 2.66, and 0.19 MW
joule heating in TF coils, in poloidal-field coils, and in the first wall and blanket by eddy currents.
The power to TF and divertor coils represent the AC component of the currents in these coils.

2-12) Assuming a power supply efficiency, @ = 100.

2-13) A “wall-plug” efficiency including power-supply losses and the power to the divertor coils (see
footnote 2-10)

2-14) All of the current-drive power deposited in the plasma appears as ohmic heating power.

3-1) All of the current-drive power deposited in the plasma appears as chmic henting power.
3-2) Heating by eddy currents induced in the first wall and blanket by OFCD cycles.

3-3) Assuming an efficiency of 90% for coolant-circulation pumps.

3-4) Including the losses in the divertor coils (see footnote 2-16).

3-5) Allocated for housekeeping and auxiliary functions.

3-6) Mass power density is defined as the ratio of the net electric output to the mass of the FPC which
includes the first wall, blanket, shield, divertor modules, coils, and related structure.

4-1) The first wall and blanket of the TITAN-II are integrated in the form of blanket lobes. The first
20cm of the blanket lobe behind the first wall region (the multiplier sone) include 7 beryllium
rods (diameter of 26 mm] clad in ferritic steel 9-C (ciadding thickness of 0.25 mm). The last 16cm
of the blanket lobe is the breeder/reflector zone. 70 blanket lobes are staggered side by side to
form u blanket module. Four blanket modules mre sssembled together into a sector. Each sector is
supported by a two-piece shield that form a blanket container. TITAN-II reactor torus has three
sectors, separated by three divertor modules. The ®ii enrichment level in the coolant is 12%.

4-2) Inlet pressure of the first-wall, blanket, and shield coolant circuit. The pressure at the inlet of
each component is reduced to the design level by orifices in order to use one pump aystem for all
components.

4-3) Averaged cver the entire system.
4—4} Values for the first multiplier cell,

The TITAN-II divertor plate is made of an armor which is brazed to a bank of circular, constant-
cross-section tubes. Manifolds and headers are not included.

45
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4-8) Inlet pressure of the divertor-plate coolant circuit is set by the maximum pressure drops in
divertor-coolant tubes. The pressure at the inlet of some of the divertor-coolant tubes are lower
than 15 MPa and orifices are used to reduce the pressure to the desired value at the inlet of these
tubes.

4-7) The maximum coolant flow velocity, imposed as a constraint on the thermal-hydraulic design of
the divertor plate. The coolant-flow velocity in most of tubes are lower than this value.

4-8) The efficiency of circulating pumps is assumed to be 80%.

4-9) In the presence of the low-pressure pool. Peak temperatures are reached 355 seconds after the
initiation of the cccident.

4-10) In the presence of the low-pressure pool. Peak temperatures are reached 300 seconds after the
initiation of the accident (a re-flood time of 300s is assumed).

5-1) Because the pressure in the steam generator (7.2MPa) is larger than the primary coolant pres-
sure (7.0 MPa), an intermediate heat exchanger deemed unnecessary. The divertor plate power,
however, sre deposited in the primary coolant circuit through a heat exchanger.

7-1) Prower is recovered from the hot shield (see item 4.3.)
T-2) The EF shield is cooled by the pool water.

8-1} The pressure in the vacuum duct varies in the poloidal direction.
8-2} Not including the vacuum ducts.

8-3) Based on neutral transport zalculations (Section 5.6). Particle throughput is enriched by about a
factor 3 in He (with respe ¢ to DT throughput) and also by a factor of about 3 in D (with respect
to T).

3-4) The turbo-molecular pumps are backed by 12 scroll pumps with pumping speed of 600 m®/he,
operating between 50 mtorr and atmospheric pressure.

8-5) Based on the required total pumping speed of 260 m®/s, only 13 pumps are needed. The additional
3 pumps are in reserve,

8-+ Assuming out-gassing rate of 10~ to 10~1?torr-1/s, the required pumping speed to maintain the
base pressure in the plasma chamber is in the range 3 to 35m®/s, much lower than the roquired
pumping speed of 260m3/s for removal of the He ash.

8-7) Includes both steady state and OFCD contributions.

8-8) A pair of normal-conducting, EF trim coils are used during startup and OFCD cycles. Cocling
loads for these coils are included in item 8.2.3.

8-8) The EF coils are based on present day technology with Nb-Ti conductor. Detailed design for
these coils, therefore, was not performed.
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8-10)

8-11)

9-1)

9-2)
9—3)
9-4)

9-5)
9-6)
9-7)

9-8)

9-9)

9-10)
8-11)

9-12)
9-13)
9-14)
9-15)

16-1)
10-2)

APPENDIX B

The neutral-transport calculation of plasma exhaust shows some enrichment in D in the exhaust
(Section 5). The efect of this enrichment is not included in this item. Also, plasma-driven
permeation of D and T ions through the first wall is ignored.

Including tritium in sterage (1kg) and in the low-pressure poal (0.94kg).

The first-wall and blanket of the TITAN-II are integrated in the form of blanket lobes. The first
20cm of the blanket lobe behind the first wall region (the multiplier zone) include 7 beryllium
rods {diameter of 26 min) clad in ferritic steel 9-C (cladding thickness of 0.25 mm). The last 10em
of the blanket lobe is the breeder/reflector gone. 70 blanket lobes are staggered side by side to
form a blanket module. Four blanket modules are assembled together into s sector. Each sector is
supported by a two-piece shield that form a blanket container. TITAN-II reactor torus has three
sectors, separated by three divertor modules. The ®Li enrichment level in the coolant is 12%.

With a 5Li enrichment level of 12% in the coolant.
Based on 1-D peutrenics calculations of the final design.

The reactor torus is assembled on-site from 3 pre-fabricated sectors interlinked by the 3 divertor.
The reactor torus is insialled and removed as one single piece.

Based on a lifetime of 15 MW-y/m?.
Also act as the driver coils for the OFCD sysiem.

Includes a pair of normal-conducting, EF trim coils which are used during startup and OFCD
cycles.

The EF coils are based on present day technology with Nb-Ti conductor. Detailed design for
these coils, therefore, was not performed.

The TF and divertor coils are based on present day technology with water-cooled copper condue-
tor. Detailed design for these coils, therefore, was not performed.

Primarily caused by the weight of the FPC.

Including th: plasma stored energy. The poloidal magnetic energies stored in the system are
0.3GJ internal to the plasma and 3.2 GJ externsal in the plasma, noting that the plasma current
aad the EFC current are flowing in opposite directions. The toroidal magnetic stored energy
internal to the plasma is 0.4 GJ aad exiernal to the plasma is 0.02 GJ.

The largest component is the EF coil, including the EFC shield.
Maximum value during startup.
Assuming an efficiency of 99% for power supplies.

Time from cald startup to ignition.

Maximum va’ 12 during star‘up.

Including the losses in the divertor coils (see footnote 2-10).
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10-3) Includes the refrigeration systems, vacuum systems, tritinm-extraction systems, feed-water pumps,
heat-rejection systems, and other miscellaneous reactor auxiliary systems.

11-1) The TITAN-II fusion power core is submerged in a pool of water {1atm) to achieve a high level
of safety assurance.

11-2) Turbine-building dimensions were scaled from those of the MARS reactor design (B. G. Logan
¢t al., Lawzence Livermore National Labomtory report, UCRL~53480, 1984).

11-3) Not calculated.

12-1) Assuming 30 full-power-year operation with 76% availability.
12-2) Including first wall, blanket, shield, end magnets.
12-3) The divestor target plates, if they have to be disuased of separately.
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B.2. SYSTEMS CODE PARAMETERS OF TITAN-II

1 TITAN Reversed-Field Pinch Reactor caiculations . (ver. 9.q9)
110000110 01/12/88

plasma parameters

plasma aspect rvatio, A 6.500
plasma minor radius (m) 0.600
plasma toroidal major radius (a) 3.900
plasma volume (n°3) 27.714
plasmpa/first-vall radius ratio, x 0.909
plasma current (MA) 17.797
toroidal current dengity (MA/m*2) 15.736
plasma ion temperature (keV) 10.000
plasma electron temperature (keV) 9.500
plasma fus. prod. temperature (keV) 65.000
plasma impurity temperature {keV) 10.000
Lavson parameter * t2 (1.0222 s keV"2/m°3) 1.917
Lavson parameter (1.0220 s/w’3) 1.917
plasma (total) ion density {1.0e20/m"3) 8.912
plasma electron density (1.0e20/x=°3) 9.309

ion (D,T,Hel,He4,Xe) density fractions:
0.4B4B4  0.48484 0.00000 0.03000 0.00033

effective plasms charge, Zeff 1.690
energy confinement time (s) 0.215
alpha ion particle copfinement time (steady state) (s) 0.857
thermal diffusivicy (2" 2/3) 0,314
dt fusion pover density (MW/m*3) 82.623
fusion pover, Pf (MW) 2289.807
alpha pover (MV) 458.482
bremsstrahlung pover (HV) 131.824
poloidal beta {incl. fus. prods. and imps., Zeff>1,0) 0.220
poloidal beta (only fuel ions and electrons, 2eff=1.0) 0.200
pinch parameter, theta 1.556
reversal paraseter, |F| 0.100
streaming parameter (1.0e-14 A m) 1.766
streaming function {1.0e-3) 1.858
plasma ohmic dissipation during burn (MV) 28.462
plasma loop voltage (V) 1.599

gdt, gohm, ghr « 1.403 2.924 1.172
OFCD plasma Poynting pover {tor/pol} {(MVW) 3947.656 246.545
OPCD FV dissipated pover (tor/pol) (MV) 0.000 0.011
OFCD blanket dissipated pover (tor/pol) (HMW) 0.011 0.191
OFCD coil dissipated pover (OHC/TFC/PEFC/SEFC) (MV)

n.171 18804 0.000 2,482
OFCD total digsipated pover (tor/pol) (MV) 18.815 2.855
OFCD terminal real(lcst) powver (OBC/TFC/PEFC/SEFC) (HU)

1.147 32.930 0.000 3.45
OFCD pover-supply dissipated pover, pcdps (MW) 9.929
OFCD total disgipated pover, pcdd (MV) 46.436
OFCD terminal reactive pover (ORC/TFC/PEFC/SEFC) (MV)

101.674  744.569 0.000 146.706

OFCD total reactive pover, pedr (MV) 992.949
OFCD powver-gupply q-value, Q(PS) 100.000
OFCD circuit q-value, Q(C) 21.383
OFCD q-value, Q{CD) 1.632

OFCD efficiency figure of merit (A/W) 0.383
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i poloidal field quantities
OR-coil thickness (m) 0.373
average minor radius of coil {m) 1.365
OH coil center offset 0.439
vertical field (T) 1.560
sagnetic field level at the coil (T) 2.608
wagnetic field level at the plasma surface (T) 5.932
OH ccil back-biag powar tatio, fgridp=(IOH+/I0H.)"2 1.000
OH coil factor for resistive flux dissipated in startup 0.109
OH coil factor 0.391
OH-coil current swing (KA) 42.685
OH- coil current (MA) 21.342
OH- coil current density (MA/m°2) 9.233
coil stress (MPa) 73.850
OH+ coil current (MA) 21.342
0B+ coil current density (MA/m~2) 9.233
OH ccil pover supply requirement (MVA) 387.482
wmass of OH coil set (tonne) 413.473
ohmic dissipation during back-bias (MW) 107.153
volumetric heating during back-blas (HW/m'3) 1.892
EF coil current (MA) 18.621
EP coil current density (MA/n"2) 20.554
EF coil pover supply reguirement (MVA) 312.278
sass of EF coil szet {ionne) 246.668
mnagnetic energy stored in coil (M) 4128.053
ohmic dissipation during burn (HV) 0.000
volumetric heating during burn (MW/m"3) 0.000
plasma startup risetise (s) 8.000
Ref,zef,delef (m) = 5.9363e+00 2.3622¢+00 6.7303e-01
0 toroidal field quantities
TF-coil thickness (m) 0.046
average minor radius of coil (m) 1.105
mass of coil (tonne) 40.832
initial toroidal bhias field (T) 3.406
reversed-torcidal field during the burn (T) 0.381
magnetic energy stored in the coil (MJ) 434.2327
TP-coil current (MA} 7.436
TF coil cuorrent density (MA/m"2) 2.233
ohwuic diazsipation during buen (KV) 13.625
volumetric heating during burn (MW/m*"3) 2.436
0 impurity control
first-vall surface ares (="3) 101.617
total diverter plate surface area (m"2) R= 3 6.965
first-vall/dfvertor surface heat flux (MW/m"2) 4,552 3.495
radiation fraction, frad 0.950
scrape-off thickness (=) 0.060
DF-coil current (MA) 0.596
DF coil current density (MA/m"2) 35.700
nass of coil (tonne) 1.960

chmic dissipation during buin (HW) 11.979
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1 engineering sumsary
thersmal conversion efficiency 0.350
auxiliary site pover fraction of Pg, faux 0.060
primary loop pumping pover fraction of Pg, fpmp 0.010
engineering q-value, QE 7.198
recirculating pover fraction, epsel/QE 0.139
net plant efficiency 0.301
chmic q-value, Qt 41.453
plassa g-value, Qp 80.452
total thermal pover, Pth (XV) 2986.301
fusion pover, Pf (MV) 22B9.807
tritium burnup (kg/day) ‘ 0.352
fractional burnup 0.057
tritium thru-put (no recycle) (kg/day) 6.192
blanket L¥ 6L1 enrichment 0.300
14.06-MeV neutron load, Iwv (NW/m"2) 18.022
14.06-KeV neutron energy multiplication in blanket, M 1.380
2.45-MeV neutron load (MU/m°2) 0.000
2.45-MeV neutron energy multiplication in blanket, M 0.000
first-vall radius (m) 0.660
Fu/SU/blanket/gap/reflector/gap/shield thickness (m) 0.412
shield/coil gap thickness (m) 0.010
TPecoil thickness (m) 0.046
TP-c0il/0OB-coil gap thickness (m) 0.050
OB-ceil thickness (m) 0.373
minor radiug of zystem (m) 1.552
blanket volume (m°3) 19.744
reflector volume (m”3) 14.203
shield volume (m°3) 13.067
BP-coil shield volume (m*3) 47.726
TP-coil volume (m"3) 5.595
0H-coil volume (m"1) 56.640
EP-coil volume (m"3) 33.790
DP-coil volume (m°3) 0.269
nass of FW/SU/blanket (tonne) 21.265
nass of reflector (tonne) 14.750
mass of OHC shield {tonne) 91.140
rass of EFC shield (tonne) 286,356
nass of TF coil set (tonne) 40.832
noss of OB coil set (tonne) 413,473
mass of EP coil setr (tonne) 246.668
nass of DP coil set (tonne) 1.960
total coil-set mass (tonne) 702.934
FPC (PUrSU/B/R/S/C) mass (tonne) - 1116.855
aags pover density, HPD (kVe/tonne) 805.835
systea pover density (MVt/m"3) 16.114
aass utilization (tonne/Mit) . 0.374
nass of FPC structure (tonne) 466.208
blanket pover density (MVW/m"3) 54,280

magnetic energy recovery tise (s) 1.531
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B.3. COST SUMMARY OF TITAN-II REACTOR

fusion rescter wcenesic svalustlion (vag, 4.9}

L] /3108
2¢C. 0. Acceunt title sillien deliars (1985)
18, 2. = lamd & privilege acquisition 4.%00
16, 2. teiycation of huildimgs, utilitiea, highways, stc. .50
2. land 3 lamd riqghta S.80e
1. 1. 1. qe
i, 1. 2. watecZcont imp
a1, 1. 3. tyannpertstion sccass 1off alte)
11, 1. site laprevemante & faciliciers 15.208
. 2. . banlc bwilding atructures
1. 3. 32,
1. 2,03,
. 2. 4. azchitesctursl
an, 1. TSagtRT INildlag 1337.253
a1, 3. 1. basic building structuces 48.448
. 3. 2. building servicas 2.698
a1, 3. 3. architscteral 1.%22
F2 . tuchine Dailding 45.148
*
1. 4. 1. intaky structytes
21. 4. 2. disc e structuges
1. 4, 3, unpressurzi intuks s dischares comduits
. 4. 4. zecizculating structures
a1, 4. 8. ceeling tever systame
1. 4. caeling system structures y. 747
1. %. 1. basic buildiay structures 10.826
1. 8. 1. building sazvices 6.7115
1. 5. 3. acchitectural 0.809
al. s. pover supply 4 emaryy stocage buildiag 22.1%
1. 6. 3. ceacter siliarice buildingtiacl. switchgsar bay) 4.395
1. €. 1. [ ] ilding T2.7489
. . 1. kaildineg 11.83%
21, 6. 4. m beilding €179
. 6. 5. diefe]l generater building 2.764
21. 6. 6. sdainistration building .47
W. 6. 7. service building 2.93%
L. 6. 8, crysgenlics building 1.227
1. 5. 9, migcallonssns stryctures & buildisg weck 1.481
n. s. alscollan wuildiags 103,117
. 7. ventilation stack 1,440
n.me. spare ts allasvaacs
13.99. COBLARGORCY allevance

1. stcuctures & site facilitles 310.301
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22. 1. 1. ). breeding materialtincl. tritium bresding) 0.338

1. 1. 1. 1. first wall & structural matecisl 1.963

27, 1. 1. 3. 6.50¢

2. 1. 1. 4. wall soditisrsicoatings, limwecs, limsiters, etc.)

2. 1. L. 5. tsflactet 3.589

22. 1. 1. &. otNer

23. 1. 1. ressu/plankst/ratlactor 14.232
2. 1. 2. 1. primacy 2,191

2. 1. 2. 2. sacendary 6.051

22. 1. 2. vhield 0.044
7. L. 3. 1. toroldsl fiald coils 1.518

2. 1. 3. 1. . ohwic-heatiag coile 16.236

22. 1. 3, 3. equilibrium field coile 43,219

2. 1. 3, 4. divecter field coils 8.192

22. 1. 8. 3. sthar coiln

2. 1. 3. 93,234
2. 1. 4. 1.

2. 1. 4. 2. 6.000

11, AL ).

3. 1. 4. 4. t hsating systeas

1. 1. 4. supplemsatal hesting nystama

12. 1. 5. 1. ceacter structwre

23. 3. 5. 2. egquipment suppert structure

22. 1. 8. primary structurs & suppect 11.710%
22. t. 4. 1.

23. t. 6. 3.

2. 1. 6. 3. vacuumiincl. pumpss/cosp./pipe)

22. 1. 6. 4. ter vacuumlincl. puspsscomp./pips)

22. 1. 6. 9. reacter vacmus systesilov grade)

22, 3. 6. &. teactsr vhcwwn wall 18.10%

1. 1. 6. roncter vicuil systess{unless integral ajlsevhere] 10.109
13, 1. 7. 1. 9,950

2. 1. 7. 1. 5.691

22. 3. 7. 1. (] 2

22. 1. 7. 8. 9.999

7. 1. 7. 8. 1.348

27. 1. 7. &. cuctent drive pover supplies 19_650

23. 1. 7. 7. contesl syete

2. 1. 7.8, centrel energy storage

21. 1. T. 9. sther imcl. Susbaxa

11. 1, 7. poust Aupply, switching % enwrgy stovaga 71.927
22. 1. 8. ispucity contrel 6.198
2. 1. 9. 1. vacuum tank

22. k. %Y. 2. direct coavertar modules

1. 1. 8. 3. theranl ]

2. 1. 9. 4. PO c tiening equipment

31. 1. 9. dicact anergy caavatsion systes

3. 1.18. eocch breskdewn systen 2.3142

3. 1. reacter squipmant 228,641
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.

2.
az.
2.
az.
12.
.
3i.
1.
2.
22.
22.

32.
aa.
22.
22.
12.
az.
22.
22.
2.
2.

az.
az.
2.
1.
2.
aa.
1.
22.
2.
1.
22.
22.
1.
22.
2.

PRk hensw

pusps § Aoter diives(modular & rommodular)
piping
huat exchangurs

tanks(dunp.make-up,clesn-up,trit. hot storage)

cluan=up syatem

thersal imavwiation, piping & equipment
tritium extymction

pressurines

pusps & mcter driv
phping
ket sxchanyers

(msdular & nommsdular)

intermadiste cuslant systss
punps & metscr drives(modular & samnmeduler)
piping

heat sxchaagqecs

1]
thorae]l imswiatien, pipimg & squipmest
tritium entractisa
pressutiner
ather
azy covlant nystem
t tramsfer & transport systeas

tofcriqgetation
#loiug
fluid clcculation driviany systea
tanks
suciticatien
maqaet cosliag system
tefrigatatien
piping
fluid clrculation driving systea

ak 4 & structusc coollng system
tefrigaration
piping
fluid circulstion driving system
tanks
purification
supplenental heating systes cooling system
refriqgetation
piping
fluid cizculatica drivins system
tanks
purificatlen
PVEC aupply cuel

auzillacy ceoling systems

a-up,clean-up,teit, hat etacagye)
-¢p System

wp,clean-up,trit. hot storags)

83.653

0.080
83.655

2.697

100.009
102.707
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2. 4.
2. 4.

2. 5.
22. %,
22. 8.
azr. s.
22. 8.
1. 9.
22. .
22. S.

22. 6.
2. 6.
22. §-
22. &.
22. 6.
a2. §.
1. 4.
2. 6.
21. 4,

2. 7.
. 7.
2. 1.

2. 7.

22.98.
22.99.

22.

L. ligeid vasts pracessiag L sguipment
2. GABSOYE VAL L Off-gam PrOCSSRIRG SYFted
a. t
1. Cuol imjsctiem syst
2. fuei Procedsimg systems
3. Cuel stoxadqs
4. atnespheric tritium recovary
5. " r tritium recovary systems
6. blamket tritium recoviry systems
1. other
Euel handliog &« storage systams
1. 1. blamket § coil saipatesnance sguipmest
1. 2. com ty rotated into wervice to pllow maint.
1. 7. ot equipaeat
1. aalstemn
2. special heating systass(start-up.trace, etec.)
3. ceelant receiving, ttorage & make~up system
4. a8 wystams
5. buipdi cuup SYstess
othap Cedctor plant equipment
1. reacter iuc oguip.ibuzrn centrel, diagmestics, etc.
2. radistion nemitering systeams
J. iselated indiceting & tecerding gauges, eotc.
imstrysentation L coatrollictc)
spare parts allewsace
c
rescter plast squipment

APPENDIX B

4.811
i8.001
11.43¢

3.000

1.11%
119_ 549

176.326

.2

31.561

461,762
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3. 1. 1. turbins-generators & accesserias

3. 1. 2. toundati

a’. 1. 3. standby oxciters

3. 3. & lubricat system

23. 1. 3. gad d¥stonE

3. 3. 6. rahesters

1. 1. 7. shieldiag

3. 1. 8. T wsather-prool housimg

1. 1.

3. 2. nsin stegm (oc other fluid] system

23. 3. 1. wvater istake commom facilitiasz

23. 3. 2. citculating water systems

3. 3. %, toeling touwsrs

13. 3. «. other systema vhich vejsct hest to the stmosphsrs
23. 3. heat rejection systams

23. 4. 1.

33. 4. 2.

23. 4. 3. qaa removal

23. 8. &, turbine by- yatans(eaxcl. piping}
13. 4. coademsing sys 1

1. 5. L. TagensTators L rscuporators

23. 5. 2. pusps

23. 5. 3, tanks

3. 5. fasd henting systsm

3. 6. 1, twrbine auzillaries

23. §. 2, i{liarias cooling systemfexcl. plping}
3. §. 3, up trsat. aystawm{yacl. piping!}

2. 6. 4. chamical trest. & condensars purification systems
23. &. 5. caatral lsbricacion yervice systemi{excl. pigiag)
3. 6. othet turbine piant aquipmeat

3. 7. imsteumentation & contral(itcl equipment
23.98. space parts allowance

3.9, contingency aliowancs

FEN turhise plant sguipment

41.18)
€.75%

36.1377

18,356

10.624

Sé.630
10.65¢
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4. 1. 1. gensratsr circuita
5. 1. 2. statiam service
4. 1. 12.11¢
24. 2. 1. ntatiom vice & startup transformece
4. 2. 2. lew wolt unit substation & lightihg trensformer
4. 1. 3. « Bbattary aystes
. 2. 4. merators
4. 2. 5, atora
i4. 2, 6. ats
s, 2. uipnent 20.008
24. 3. 1. main comtrel board for eleciric aysten
4. 3. 2. auxiliacy pever & signal beards
4. 3. swltchhbeacds (iacl. heat trsciag) 7.600
4. 4. 1. qen. statien groumding sys. & cathodic protection
24, 4. proteactive equipmeat . 1.848
24. 8. 1. cencréte cable tumnels, tramches i efvelopas
24. 3. 1. * tea¥s & duppert
24. 5. ). wit
4. 5. 4. sther structurea
4. 5. electrical mtructures & wiring contaissrs 21.340
4. 6. 1. generater citcuits wiriag
24. 6. 2. atien service power wiriag
4. 6. ). ntrel wiring
24. 6. 4.
24. 6. 5.
2. 6. pausr & coatrel wiriag 43.7%6
:1. 7. 1. teacter building liqhting
€. T. 2. ¥
4. 7. 3. raacter aunili Suilding lighting
24. 2. 4. radisscel aste buiidiag ligheing
2e. 7. 8. fuel etar huilding lighting
. 1. 6. miscellzasens huildings lighting
P P D vard lighting
2¢. T, alsctrical lighting L1.09%

space pacts allewanca
cantingency ail ACH

24. slectzic plaat squipment 113.303
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1s. 1. 1. crames, helats, momscails, & cemveysrs
1%, 1, 2. railway
as. 1. 3. rasdwvay squipment
2%, 1. 4, wataccrale
5. 1, 5. vahicle maimtensace agquipment
29, 1. Lranspertation b lifting sguipaent
9. 2. 1. T sir systems(excl. pipiny)
28. 1. 1. MALOE Ayatemdtexncl. piping}
5. 1. ). auniliary heating beilers{excl. pipiag)
5. 2. air & water service systems
35. 3. 1. 1ecal cessudications systemsd
5. 3. 2. signal systems
5. 3. communications equipsant
8. 4.1, salety equipnent
5. ¢. 2. shep, labscatery, & test squipment
9. 4. 3. eftice aguipmeut & tuxnishings
as. 4. 4. change cesa squipmesnt
25. 4. 5. tal momitoring squipment
23. 4. ¢, ilitien
/. L. s & fiztures
25.94.
23.9%. centingeacy allawancs
5. miycelianeeus plant equipment
1
%, 1. reacter ceslant
6. 2. imtermsdiate cooclant
26. 3. turbise cycle working fluids
26. 4. other ssterisla
26 5. Ar reacter-buildiag cover gas
16.98. spars parts sllowance
36.99. comtingency sllowamce
a%. apecial anterisls

11.140

16.630

4.148

1.618

1§.%01

0.337
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47.79%

17.23%
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aillion dollars (19296}

13488.250
118.828
138.42¢
138.028

69.413
130.828
226.358

223%9.2)2

constamt
1542.31

2236.64
1408.12
5.94

B-32
Los Alamos Fusiom teacter ecememic evaluation (ver. 4.3)
. 01/13/08
acc. ze. account title
. Tand & land rights 5.000
21. structurea & site ELacilities 310.201
22. reacter plamt squipsent 665.7462
32. 1. 1. r/su/blanket/teflector 14.332
22. 1. 3. shield 28. 044
22. 1. 3. nagnets $3.224
32. 1. 4. supplenentsl heating systems q.00¢
2. 1. 8, primarcy strwctura & support 11.788
2. 1. 6. feactar vECUNE systams(unless integral slsevhars) 10.10%
22, 1. 7. pavss aupply, switchiag L enarqy storage 71.927
22, 1. 8, i rity contrel 6.1
2. 1. 9. digesect fqy ceavernion systam 0.00¢
12, 1.16. scrh breakdown systes 2.141
2. 1. reactor squipuent 218,641
23. turbine plant squipment 223.46%6
4. slectric plant egquipasnt 113.%63
5. migcellaneous plaut squipment 47.794
26. apecial materisls 17.23¢
8. direct cost (met imcl. spare: and contingency)
. construction sOrvices & equipment
. hous office engineesring & services
3. field office emginescing & services
. owner’s cost
€%, proejact contingeucy
. intersst durias cesstruction {(IDC}
. totul coat
thermal powsr (MWER) = 2986.30 umit diracet coat ($/%XWa) [90]=
qross slectric pousc (MWa) = 1043.21 unit bate cost ($/kWe) 194|m
net elsctric power (MWe) - 900.40 unit total cast ($/kWe} 199 )=
1/recirculating paswer fractios QL= 7.1 capital teturn imill/kWah) -
plant availabllity facter - 9.73% OcN{2.00%) (mill/kWeh) (40-47,51]m
constructions & yr: <COnstant then—curzeat W/8/0 Teplacs. imill/kweh) {5b)m
FCRm e.0400 0.1340 d allowamce

£18Cm 0.1124
£LPC™ ¢.9000

0.2444

COR (mill/RWap}

L]
si1ll/kWek) {02]=
-

17.96

then-cucrent
1542.351

1236.64
3409.39

§9.138
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CE-EN-E-E-FE-F-EFYEEE-N PN R YRR L4 KRN RN N F KN F LJE K

cost date bade (ver. 4.3)

acceuat title ULCEINEE) » 3.340 x UCIIBNR)

laud & privilege scquisition
relocation #2 buildioes, utilitlies, highwars, stec.
land & land rights
geuacali yetd imptevarents

1
ajte Luprevementy & facilitiaa
basic bulldisg structures
building vatvices
coatalnmant atructuten

1ding structutes
services
srchitactural
turbins buildisg
intakes structures
dischargs structures
rined imtake & dlschacga candults
ating structuces
rst
rectares
B¢ structures
building ssrvicess
architectural
power supply & emerqy stozage building
reactar surillaries dulldingiiucl. switchgear bay)
wet cell buildiag
twal stovage buildiag -
coatrol building
diesel gemscator building
sdninistratiom building
service building
crysqunics Suildisy
widsellanesws siructutes & bulldipg work
siscellanssus buildliege
flatiox stack
tpate parta alliowsmce
contimgency allowpacs
strenturas & site facilities

date:0ls12/708

unit coat{1930} as. af anits cofs.

3.338ee83
3, 7180402
0.

$/acre
$/acta

10
18

19
13.18
15,14+
13,14,
13,14,+

13,1418
1 + 13,14,+
1.000e+08 1)

1.0000¢00

2.13,14
13,14
13,14
13

’
5.38%e40%
€.0000405

13,14
13,14
13,14
13,14
13.14
L1.0000¢ 13,14
1.800e400 13,14
1.400ee6® 13,14
1.0008¢08 11,14

Py o o e

T.0500¢04
4.7000408
1.400me08
§.100e508
1.8000404

9. 1.000e

1.8230406 9 i 13.14

b. fraction ~-1. 1,131,114
¢, fraction -[.48 ® 2,103,154
9.

1.0000408


http://13.lt

1.

B-34

GCOO AU NHDBOBRS UMV NE OGO LW M- ON HWMNFOVAWUNFEONNORWVS WS

breeding materialiincl. tritius breeding}
ficat wall & structural matarial
attomwnters, reflactoty, & nultipliers
wall sodifiezalcoatings, liners, limiters, etc.)
caflactor
athsr

rN/3W/blanket s/ruflector
primary
sscondary

shield
toreidal tield colls
chmic-heating coils
aquilibrium fisld coils
divertor field coils
other coils

tf heatiag
laser
ethor heatiagq sydtent

supplemsntal heatisg systems
reactar structure

ipment suppert structure

primacry structure 3 suppert
rlasns chabbet vecsustincl. pumsps/comp./pipe)
magnet dewar vacuwmiincl. pumspss/comp./pipe)
suppl. heatiag vacusallacl. pumps/comp./pige)
direct ceavertor vacvuniimcl. pusps/coap./pipe)
coacter vacuum aystea{low grade)
teacter vacewh wall

Teactesr va syatsnsiunless integrzl elsavhers)
sr-cell war aupplien
OX-colil pewer supplien
Tr-celil pewer supplies
Dr-ceil pover supplles
other powsr supplies
curreat drit) power supplias
contral system
cORtral enerqy storeqe

cl. b ars

1y, switching & ensrgy storage

dirsct cemvertor medules
tharnal panels
pouer cenditisning aguipment
direct ehergy convatsion system
ecch Bcoakdown nystenm
reacter aguipmeat

2.927e402
1.70%+01
1.138se02

1.8558402
.
o,
1.0550402
1.567s+01
a.
6.350Ne4¢01
6.500e401
1.3008402
€.5000401

1.5008408
[ ]

2.365e401
1.8850001
1.70¢ 1001
3.79%e401
1.000e406
1.709e+01
0.
8.
o,

0.
6.600040%

1.509406

$/m)

$/unit
$/kVA
$/hVA
$/RVA
$/WVA

$/RVAE

$/m°2

APPENDIX B

2.26%0481 13,118
2.1260404 10
1.9) +04 18
1.800e+08
1475084 ¢

4.135s+93 18

2.4670408 10

1.9400+8) 10
&

1.6000+88 .
. 16,17
1.000e+00

12.14

1

1.06230+00 8
1.404s008
3.12304+8% 10
1.47%e+48% 10
1.3610¢004

1.5000+00
€.9630+66 10

L.00004+08
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COOVAUNNDOUSNWLNBUNMSNPFES RAWNLNMOOWRJPRANAWNFOYR IRV AWM FOWR U RV

pumps & moter drives(modular &« nemmedular)
Diting
aeat sxchangerx
s~up,clasn-up,trit. hot Btocagel
P syatem
insulation, piping & squipment
tritfum extraction
prensarizar
othar
primary coolant systes
pusps L wotor drivestmodulac & nonmodular)

pipiag
hsat sxchangers
tanks{du make-up,clesn=up,trit. hot storage)

clean—-up syatsm
thermul insulation, piping & sguipment
tritivm extraction
pressuciser
other
internediate coolant syatea
puaps & motor drivestmodular & nonmsdular)
piping
haat sxchangars
mkewup,clesan-up,.trit. het stocage)
yatam
therm imaulation, plping & equipmeat
tzitium eztraction
pressuriser
sther
srcandary coolant system
maim heat tramsfer & transport systams
refrigeration
pipiag
Cluid circelatien drivisg system
tanks
puritication
asgast coeling systes
tefrigoration
plping
fluid circxlation driving systen
tanks
purification
shield i structuta cacling system
refrigeration
plipiag
fluid circulation dtiving systes
tamks
puritication:
supplenental heating systam cooling systes
tetriqeration
plyping
fluid circulation driving systam
tanks
purification
poves supply cooling 4¥atenm
ether ceeling systeas (ECCH)
sugliliacy ceellimg systems

B-35

0.
.

Q. 1.
2.078e+04 $/MMEh 2.006a48) L0
0. 1.088ev00

9. 1.0a0e200
0. 1.000e480
0. 1.0008400
9. 1.000e400
Q. 1.09
Q. 1.000¢
9. 1.04
g. k.00
0. 1.08
a. 1.8G8a408
0. 1.0000400
5.220640% $/Mwth 1.9068-04 10
] 1.0900408

83

1:3050401 $/unit

a. :.lo.-o‘l

L]
e. 1.880a400
7.4%8e¢07 $ 1.900a400
4. 1.0808+09
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2. 4.
2. 4.
32. 6.
32. 4.
2. %,
22. 8.
2. 5.
22. 8.
22. 8.
22. 9.

22. 5.
22. 6.
22, 6.
2. 6.
a2. &,
2. 6.
2. &.
22, 6.
2. 6.
2. 6.
2. 7.
22. 7.
22. 7.

2i.90.
22.98.
22. 4.

B-36
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prece
aquip! t
at & disposal

radienctive vaste tra
fusl imjection aysts
fuel processing aystema

fuel storage

atmaspheric tritium recovary
water tritinm gecovary aystems
blamket tritius Escovery systams

dlimg & storage systems
ot § coil asintenancs squipment
compoRwats rotated into secfvice to mllow malnt,
othet maiatenance squipment
naistensnce sduipment
special heating systems{start-up,traca, stc.)
caoslaat recaiving, storags & aaks-up systasd
qap systems
building vacuul systess
other reacter plaat equipaent
[ tor iI&Cc sguip.iburn control, diagmestics, atc,
cadistiom moajitering systens
ieelsted imdicating & gfecording gauges, etc.
imstrumentatiem & cestraliinc)
spate parts sliowamca
contingency silowaacs
rsacter plant squipaent

1.2904403

3.70%e+06

3.70%0+404 $-unit

3.70%e+06 §

1.4040+04 $/3°3/hr
$/w

$/7nith
$

1.520e-02
LN

a.
1.0948+04 $/Much
0.
0.

0.

2.341ee0T7 3

0. fraction
b. fraction
0.

APPENDIX B

13,14
10

2.721e+82 10
1.000408 10
1.9398402 10

13,14

13,14
2,13,14
2,13,14
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CO0dAGOoYOadGd0000IO0OVOONOOPT IO

eratoLs & AcCcessories

standby eacitecs
lubriceting systam
gus systems

rakeagers

shiolsing
weathes-prost Rousiag

saim #tusl ¢luid) systen

vater intake © a facilities

circuleting watsr systeas

cosiiny tavers

other systems which rsject heat to the atwosphers
hast rejectien srutess

systes

448 rewsvel system
turbine by-pass systemsiezcl. piping)
coadenstiay systame
TegeRarators & recupocrators
punga
tanka
feed heating syaten
Ltuzhbine auzilisries
asxiliarios cecling systeas{exzcl. piping)
nake=up czest. systemisxncl. pipiap)
chesical traat. & cendemvats prtificstion aystemn
contzal lubricaties sacvice aystemteccl. piping}
other tuzbiae plamt wipment
instrunentstion & costrol(isct sguipmeat

-

lurllll plant aguipment

g.
§-319a+04

$.
2.751e404
..
o.

&,
1.610e+01

4.482440%
2.830444%
.
9.
e.

B-37

$/unie

s/nuth

$runit [ 11.-».!

1.000e+08

1.0000e¢00
1.8000000
1.008e020

$/unit 9.31%¢02
3

$runit
l.lll.ﬁ!l

$/unit

$/79nit

cractisa

fraction

l.l".’.’

2,13,14

1.3, 0

2,13,14

2.13.14
3.13,14
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[ X-N-¥-F-N N- X NN L NE-N-E-N--R-W-F-N-R-N-K ¥ -F- E-B-X-3 N N K-X ¥ N K X I

sgater circuits

statien secrvice
switchgsar
statien service & staviup transformecs
lew voltags umit substatiom & Llighting transformer
hattary systea

t
svice equipment
msim centrel beard for slectric systss
auziliacy pever ¢ siqmal boarde
switchheards {imcl, heat tracing}

tunmels, treuches & envelopes
cable trays & supporet
conduit
ather structutes

slectzical structures & virimg containers
qenecater circuits viring

secvice povwer wiriang

power & coatrel wicimy

resctor bulilding lighting

tutbine building lighting

soacter awxiliaries buildimg lighting
» Duilding ligbtiag
lding lighting
buildings lighting

yacrd lightiag
electricel lighting
apAFs parts nllewsacsh
centingency all

elactric plant equi

..
0.6000+8) $/uail

q.
1.420e404 $/unit

0.
5.400a401 §/unit
0.

1.1100406 §

0.

4.

Q.

a.
1.5600407 §

1.24404¢07 §

I:Zﬂ.nooi k)

o fraction
.. fraction

APPENDIX B

2.1, 14

13,1€

1,13,14
13,14
]

13,14,

13,14,¢
2,13,14
2,13,2s

Tl

I “
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5. 1. 1. ¢ + holsts, momerails, & cenveysrs 9.

25. 1. 2. 0 y 9.

29. 1. 1. @ ay squipment ..

9. 1. 4. € wactercralt 9.

3. 1. 5. 8 vshicle msiatsmancs sguipnent ..

2. L. 0. 8 tranppertation ¢ lifiiRs equipment 1.560e407 § 13,14
2%, 2. 1. 8 aiy syscems{ancl. piping; q.

3. 2. 2. 0 vater systems{excl. piping) q.

8. 3, 3. ¢ sugilingy heatimy besilecs{eacl, piping) ..

13. 2. 0. 0 4le & warsr service syats 1.2383e¢87 ¢ 11,14
%.3.1.0 lecal cemmunications sy .

3. 3. 2. 0 siqaal srstems ¢.

5. 3. 0. ¢ cesmuaicat uipment $.2300006 § 15,14
15. 4. 1. ¢ safaty eogm t -

2%. 4. 3. @ shep, laberatery, &t Lasl eguipment 9.

23. 4. 1. ¢ affice aquipment & furmishiungs .

3. 4. 4. 0 change raom squipmsat ¢. 1.000¢400

9. 4. 3. ¢ envirsnstatsl momitoriny equipmeat g. 1.000a000

3. 4. 6. 8 dining facilities 4.

25. 4. 0. & furnishings & fixtures 1.20060406 § 3 2
15.98. 0. 8 mpacs parts allowance 0. fractian -1 2.13,14
25.9%. 5. 0 ceatingaacy sllcwsnce g. fractioa -1 2,13,14
13, 8. 0. 9 pumiscellaassua plant equipmenmt g. 1

26. 1. 5. 8 reacter ceslamt 2.9270402 $/kg 4 15,18
28, 2. b 8 exmediate coslant 8. 1

2¢. 3. turbiae cycle werkimg fluids 0. Y

26. &. 1.500e40% % 1 13,14
6. . 1

18.98 0. fraction =1

2¢.99. 0. fraction -{

*
1¢. 6. 8. & spactial matsrisils .. 1.000e408
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9 direct test (m#t imncl. spires and contimgency) 9.
§ cemstructien services & equipmeat 1.4808=01 Craction 4,10
[ ] syetems engimescing ) :
[} .
9 Tance q.
] irommeatal enginescing Q.
0 homse yineering £ sacvices 1.0004-01 fractiom 4,18
] constrnctisn mamsgement q.
[} 0.
[} 0.

) 1.800e-01L fractiom 1,18
] preisct adaimiciration 9.
[] staff traiaimy & plant startup 0.
[] iaveateries & sSpaces .
8§ owneg'’s cost 5.0008-02 fraction 4.10
0 procens camtipgancy 0. Zraction 4.10
¢ project cantis <y 1.0008-01 fractiom 4,19
0 intersst dur comastruction (IDC) 1.1240-01 fractioe 4,10
0 escaistion duriag construction {EDC) 0. fraction 4,10
0 tatal coat 9.
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