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ABSTRACT 

The TITAN Reversed-Field-Pinch (RFP) fusion-reactor study is a multi-institutional 
research effort to determine the technical feasibility and key developmental issues for 
an RFP fusion reactor operating at high power density, and to determine the poten­
tial economic (cost of electricity), operational (maintenance and availability), 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). The fusion power core includes the plasma chamber, first wall, blanket, shield, 
magnets, and related structure. 

Two different detailed designs, TITAN-I and TITAN-II, have been produced to demon­
strate the possibility of multiple engineering-design approaches to high-MPD factors. 
TITAN-I is a self-cooled lithium design with a vanadium-alloy structure. TITAN-II is 
a self cooled aqueous loop-in-pool design with 9C fenitic steel as the structural material. 
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 lOOOMWe, are compact, and have a high MPD of 800kWe per tonne of FPC. The 
inherent physical 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 radioactivity 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 designs 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/m2 with a shallow minimum-COB at about 
18 MW/m2. Even though operation at the lower end of the this range of wall 'oading flO— 
12 MW/m2) is possible, and may be preferable, the TITAN study adopted the design point 
at the upper end (18 MW/m2) in order to quantify and assess the technical feasibility and 
physics limits for such high-MPD reactors. From this work, key physics and engineering 
issues central to achieving reactori, 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 [l] effort to determine the po­
tential of the re versed-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 identified 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 a mass power density in excess 
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, magnets, and related structure. The increase in MPD is achieved 
by increasing the plasma power density and neutron wall loading, 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 lOOOkWe/tonne and competitive cost of energy. 

Other potential benefits for compact systems can be envisaged in addition to improved 
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 liigh-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 magnet coils, a high plasma beta, 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. 
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Furthermore, sufficiently low magnetic fields at the external coils permit the use of normal 
coils while joule losses remain a small fraction of the plant output. This option allows 
a thinner blanket and shield. In addition, the high current density in the plasma allows 
ohmic 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 section of plasma eliminates the need for plasma shaping coils. Lastly, the higher 
plasma densities particularly at the edge, together with operation with a highly radiative 
RFP plasma, significantly reduce the divertor heat flux and erosion problems. 

These inherent characteristics 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 TTTAN study 
also seeks to find potentially significant benefits and to illuminate main drawbacks of 
operating well above the MPD threshold of lOOkWe/tonne. The program, therefore, has 
chosen a minimum cost, high neutron wall loading of 1 8 M W / n r 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 L 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 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 
the annual scheduled maintenance. 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 components 
will be minimized; and (2) the installation time is much shorter because the replaced 
components 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 and with strong 
emphasis on safety, environmental, 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: 

L A self-cooled, lithium-loop design with a vanadium-aJloy 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 detail evaluation during the De­
sign Phase because of inadequate resources to pursue all four designs. The choice of 
which two concepts to pursue was difficult; atl four concepts have attractive features. 
The lithium-loop design promises excellent thermal performance and is one of the main 
concepts being developed by the blanket technology program. The water-cooled design 
promises excellent safety features and uses more developed 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 (T1TAN-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 neutron wall load 
and high surface heat flux. The choice not to pursue the helium-ceramic and molten-salt 
designs should in no way denigrate these concepts. Both c jncept.- offer high performance 
and attractive leatures when used at lower wall loads; th=se concepts should be pursued 
in future design studies. 

The operating space of a compact RFP reactor has been 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 (COE) and mass 
power density (MPD), are monitored by the parametric systems model and are displayed 



15-4 OVERVIEW OF TITAN-Il DESIGN 

in Figure 15.1-1 as functions of the neutron wall loading. Figure 15.1-1 shows that the 
COE is relatively insensitive to wall loadings in the range of 10 to 2 0 M W / m 2 , with a 
shallow minimum at about 19MW/m 2 . The MPD is found to increase monotonically 
with the wall load. For designs with a neutron wall load larger than about 10 M W / m 2 , 
the FPC is physically small enough such that single-piece FPC maintenance is feasible. 
These considerations point to a design window for compact RFP reactors with neutron 
wall loading in the range of 10 to 2 0 M W / m 2 . 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/n i 3 ; 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 designs [4,5). Therefore, the unit direct cost (UDC) is less sensitive to related 
physics and technology uncertainties. 
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F i g u r e 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 (filled 
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 plasma/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 high-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 M W / n r ) . Simultaneously, the heat load on the divertor 
target plates is reduced to less than about 9 M W / m 2 . The ratio of impurity density to 
electron density in the plasma is about 10" 4 , Z f / / is about 1.7, aud 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 (JJ, ~ 10 2 1 m~ 3 , Te ~ 5eV) relative to the upstream 
separatrix density and temperature ( n , s 2 x 1 0 2 0 m ~ 3 , Tt ~ 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 plasma 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-H 

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 2 ) 18 18 

Radiation heat flux on first wall (MW/m 2 ) 4.6 4.6 

Primary coolant Liquid lithium Aqueous solution 

Structural material V-3Ti-lSi Ferritic steel 9-C 

Breeder material Liquid lithium LiNCv, 

Neutron multiplier none Be 

Coolant, inlet temperature (°C) 320 298 

First-wall-coolant exit temperature (°C) 440 330 

Blanket-coolant exit temperature (°G) 700 330 

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) 757 806 

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 pouit, based on detailed subsystem 
designs, are included in Appendix B and follow the DOE/OFE standard reporting format. 
Appendix B also includes detailed cost tables and parametric systems code predictions of 
subsystem parameters for comparison 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-H 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 remain at 
a low enough temperature such that tritium or other radioactive material in the primary-
coolant system will not be released. 

The TITAN plasma is ohmically 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 blanket of the TITAN-II design are integrated in the form of 
blanket lobes (Figare 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 relied 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 form a complete blanket lobe. A channel manifold ring completes 
the lobe and allows the coolant and breeder mixture to flow. This configuration wiU 
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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Figure 1J.2-2. Elevation view of the TlTAN-11 reactor building through the reactor 
centerline showing the water pool and the maintenance crane. 
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F i g u r e 15.2-4. Poloidal cross section of the TITAN-II fusion power core. 
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Figure 15.2-5. The TITAN-II blanket lobe, J-plate design. 
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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 3 cm toroidally and 30 o n 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 3 cm, 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 multiplier zone is located behind the first wall 
and contains 7 rows of beryllium rods clad in 9-0 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 
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 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 important near-first-wall radial zone is nearly as low as ideally possible, giving good 
tritium-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 constraint in the blanket toroidal direction 
and because they are structurally soft in this direction, high precision is not necessary. 

The TITAN-1I FPC consists of three sectors, separated by the divertor modules. Four 
blanket modules are assembled together to form 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 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 coolant channels are 
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Figure 15.2-6. Equatorial-plane cross section of a TITAN-II blanket module. 
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in the poloidal direction. The cool; nt enters at the bottom and exits &t the top of the 
torus. One 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 Mat sides of a sector to 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 behind the shield there is a 5-cm-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 15.2-6). The design of the TF-coil support elements is straightforward 
since the gravitational and magnetic forces on the T F coils are relatively small and are 
carried externally. 

The vacuum boundary is a continuous, 5-nini-thick metal shell immediately outside 
the T F 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 atni 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 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 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 15-mm-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 to sizes 
relevant to our task appears feasible. This also needs 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. 

The lifetime of the TITAN-II reactor torus (including the first wall, blanket, shield, 
and divertor modules) is estimated to be in the range of 15 to 18 M W y / n r , with the 
more conservative value of 15MWy/m 2 requiring the change-out of the reactor torus on 
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a yearly basis for operation at. 18 M W / n r of neutron wall loading at 76% availability. 
The TF coils are designed to last the entire plant life (30 full-power years). 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 used 
T F 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-II FPO is cooled by an aqueous lithium-salt solution which also acts as 
the breeder material [14]. Issues of corrosion and rarliolysis, therefore, greatly impact the 
choice of the dissolved lithium salt and the structural material. 

Two candidate lithium salts, lithium hydroxide (LiOH) and lithium nitrate (LiN0 3 ) , 
are considered because they are highly soluble in water. The L i N 0 3 salt is selected as the 
reference salt material for two main reasons. First, LiOH is more corrosive than L i N 0 3 

(Section 16.2.1). Recently, electrochemical corrosion tests were performed for LiOH and 
L i N 0 3 aqueous solutions in contact with AISI 316 L stainless steels [16]. It was found 
that stainless steels, particularly low-carbon steels, exhibit better corrosion resistance in 
an L i N 0 3 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 ions (NOJ) 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-lSi (the structural mate­
rial for the TITAN-I design) had to be ruled out because of its poor water-corrosion resis­
tance. Other vanadium alloys which contain chromium (e.g., V-15Cr-5Ti) show excellent 
resistance to corrosion by water 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-1I reactor, the 
HEDL/UCLA 12Cr 0.3V-lW-6.5Mn alloy (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 16.2.5). Furthermore, alloy 9-C has a low tungsten 
content (< 0.9%) which reduces the waste-disposal concerns of the production of the 
radionuclide 1 8 6 m R e by fusion-neutron reaction with W [18]. The high concentration of 
manganese in alloy 9-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: 11.810r, 0.097C, 
0.28V, 0.89W, 6.47Mn, O.llSi, 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 aqueous L i N 0 3 salt solutions by 
light particles (e, 7, X ray) and heavy particles (n, p, T, a) was investigated. Gamma-ray 
radiolysis yields of LiNO a salt solutions axe known as a function of salt concentration. 
At high concentrations, the H 2 yields are very small and the H 2 0 2 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 alpha particles (~ 2MeV) are produced by nuclear reactions with lithium 
in the aqueous L i N 0 3 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 H 2 , H 2 0 2 , H, 
OH, and H 0 2 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 LiNG 3 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 uncertainties remain and much research is required in the 
area of radiolysis, the use of a highly concentrated, aqueous L i N 0 3 salt solutions should 
not. lead to the formation of volatile or explosive gas mixtures. The effects of radiolytic 
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decomposition products on corrosion, however, remain uncertain and experimental data 
on 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 austeuitic alloys. The production of tritium 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 ferritic 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: NH4, Ca, Li, K, and Na. Thus, for the 
L i N 0 3 salt, the aggressiveness of NO3 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 LiN03 salt solutions to an optimum pH value could lead to a 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 decomposition 
rates. An optimum oxidizing strength will have to be established experimentally since 
the number of factors involved are too large to make analytical predictions. 

Recent experiments [19] on the corrosion rates of L i N 0 3 salt solutions with 316 SS 
and a inartensitic 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 LiNOa, with the roughness independent of 
solution concentration and temperature. Recently, electrochemical corrosion tests were 
performed for aqueous LiOH and LiNOs solutions in contact with AISI 316 L stainless 
steel [I6j. It was found that stainless steels, particularly low-carbon steels, exhibit better 
corrosion resistance in L i N 0 3 solution than in LiOH. 

It should be noted that most of the above experimental findings regarding corrosion 
and SCC «f steels in LiN03 salt solutions were obtained without any control 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 in 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 steels in an aqueous L i N 0 3 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 unforeseen 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 metals under 
applied stresses. The main factor influencing hydrogen embrittlement is the hydrogen 
content, which depends strongly on the temperature, microstructure, and strength of the 
alloy. Hydrogen 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 stee! is used. High concentrations of chromium, nickel, or molybdenum 
(> TOwt.%) 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 embrittlement. Because of the lower strength, and 
higher ductility of ferritic steels, these alloys are generally less susceptible to hydrogen 
embritt lenient 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 atoms 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 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 room temperature [20]). 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 embritt lenient of ferrous alloys 
is reduced markedly [21 j . Furthermore, the Nelson curves (22], used by the petrochemical 
industry as guidelines, show that chromium steels can operate at -100 n C with a hydrogen 
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partial pressure of 17MPa 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 
microstructure and operating conditions of an alloy. Therefore, experimental data are 
needed in order to perform a complete evaluation of hydrogen embrittlenient of the 9-C 
alloy under TITAN-II operating conditions. 

The physical properties of concentrated solutions of L iN0 3 at high temperatures differ 
from those 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 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 LiN03 solutions are not available at high 
temperatures. Where this is the case, and reasonable extrapolations cannot be made, the 
corresponding data for NaOl solutions have been used. The NaC'l-HjO system has been 
much more widely studied than any other solution and many solutions of 1-1 electrolytes 
(e.g., NaCl, KBr, and LiNOj) 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 performance of the blanket to be made. 

The physical properties of LiNOa solutions as a function of temperature and salt 
concentration are given in Section 10.2.3. The most drastic effect of adding L i N 0 3 to the 
coolant water lies in 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. Therefore, a lower coolant pressure or a higher operating 
temperature can be chosen. The estimated boiling temperature of the L i N 0 3 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 L i N 0 3 aqueous solution are extrapolations 
from experimental data or have been obtained from the results for other salt solutions. 
Although these predictions should give good indications of the expected trends for the 
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Figure 15.3-1. Boiling temperatures of L1NO3 solutions at various pressures and for a 
range of lithium-atom percentages. 
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various properties, a much expanded experimental data base is required for the salts and 
conditions proposed before the thermal performance of an aqueous-sail blanket at high 
temperature can be confidently predicted. 

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. 
Corrosion of beryllium in aqueous solutions is a function of the cleanliness of the beryl­
lium surface and of solution impurities. Beryllium surfaces should be free of carbonates 
and ' i.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. 
For the TITAN-II design, a cladding of 9-C surrounds the beryllium rods. 

Swelling levels of above ~ 10% will most likely result 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 lias been estimated to be around 660 °C. The on­
going process of closing and opening of porosity will ultimately lead to an equilibrium 
heliuni-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 ^veiling 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 beryllium with low theoretical density (~ 70%). 
This density can easily be achieved by using sphere-packed beryllium. The maximum 
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 available: 
(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 
accumulating 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 relieving stresses caused by differential swelling, with 
irradiation-creep effects being negligible. 
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15.4. NEUTRONICS 

Neutronics calculations for the TITAN-II design were performed with ANISN [25], a 
1-D neutron and gam*ua-ray transport code, using a P3Sfi approximation in cylindrical 
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 gamma-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 FPO. 

Scoping calculations were performed for several combinations of blanket and shield 
thicknesses and different levels of e Li enrichment in the L1NO3 salt dissolved in the water 
coolant. The option of using heavy water (DjO) as the coolant for TITAN-II design 
was also considered, since D2O has a lower neutron absorption cross section compared 
to ordinary water {HjO). 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 6Li enrichment can be adjusted to 
obtain the desired tritium-breeding ratio (TBR). A 0.15-m-thick Be zone with 30% 
fiLi enrichment level results in a TBR of 1.2. 

2. The ordinary-water blanket has a higher TBR than the one cooled by heavy w.vier, 
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 into the T F coils is also higher for heavy-water blanket. 

3. Without beryllium, both HjO and D 2 0 aqueous nitrate-salt blankets have insuffi­
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 blaukel-energy multiplication ranges from 
1.25 to 1.4. 

Based on the neutromcs 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 e 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 2 5 n / m 2 and the total fast-neutron fluence on 
the T F coils after 30 full-power years of operation is about 1 x 1 0 2 7 n / m a , 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 T1TAN-I, although the geometry 
of the blanket-coolant channels is very different. The salt is L1NO3 and its lithium 
atom concentration is 6.4 at.% with a s 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 temperature and the resulting lower critical heat 
flux. 

The design peak heat flux on the TITAN-II first wall is 4 . 6MW/m 2 , 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 heal 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 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 [27]. In 
the absence of any C'HF correlations specifically for high-temperature aqueous solutions, 
a general correlation, derived for water, has been used. This correlation for CHF, q'cHF-i 
was developed by Jens and Lottes [28] and has the range of parameters for boiling heat 
transfer which is close to those of the first-wall coolant channel of TITAN-II. Conversion 
to more convenient units of M W / m 2 yields 

<icHF = c(j5te) ( A 7 U ) 0 2 2 , (15.5-1) 
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Table 15.4-1. 

NEUTRONICS PERFORMANCE OF THE TITAN-II REFERENCE 
DESIGN 

Beryllium zone thickness (m) 0.2 

Breeder/reflector zone thickness (m) 0.1 

Shield thickness (m) 0.1 

6 Li enrichment (%) 12. 

Tritium-breeding ratio 1.22 

Blanket-energy multiplication, M 1.36 

Fraction (% of M) of nuclear energy in 

First wall 12.4 

Beryllium zone 69.2 

Breeder/reflector zone 12.7 

Shield 5.7 

Energy leakage (% of M) to 

TF coils 1.27 

Water pool 0.31 

OH coils 1.09 

TOTAL: 2.67 
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where G is the mass velocity of the coolant (= pv) in kg /m 2 s , the factor 1356 aries from 
the conversion of units, and AT3Ub is the local subcooling in °C. Constants C and r?? 
depend on the pressure, p, through: 

C = 3 . 0 0 - 0 . l 0 2 p , (15.5-2) 

m = — + 0 . 0 4 . (15.5-3) 
30 V ' 

Data used in deriving the above CHF correlation was limited to maximum values of 
critical heat flux of 38 MVV/m2, water velocity of 17m/s, pressure o! 13.6 MPa, and local 
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 will add 
to the safety margin. 

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 which should not exceed the design limits. In the blanket and shield regions, 
the heat flux r e m c e d 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 whicli would initiate nucleate boiling. Therefore, the maximum 
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, below the pressure 
in the steam generator, thus eliminating 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-hydraulic 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. 

THERMAL-HYDRAULIC DESIGN OF TITAN-II FIRST WALL 

Channel outer diameter, b 30.0 mm 
Channel inner diameter, a 27.0 nun 
Wall thickness, ( 1.5 mm 

Erosion allowance 0.25 mm 
Structure volume fraction 0.17 
Coolant volume fraction 0.62 
Void volume fraction 0.21 
Volumetric heating (structure) 202 MW/ra 3 

Volumetric heating (coolant) 270 M W / m 3 

Total thermal power 770.2 MW* 
Coolant inlet temperature, Ti„ 298 °C 
Coolant exit temperature, Tex 330 °c 
Maximum wall temperature, Tw„lax 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 10" kg/s 
Volumetric flow rate 10 m 3 / s 
Pressure drop, Ap 0.5 MPa 
Total pumping power 12.5 MW 
Reynolds number, Re 1.49 x 10 6 

Nusselt number, Nu 2360 
Prandtl number, Pr 16.5 

Critical heat flux, q'cttp 8.3 Mw/m 2 

Subcooling at exit, T, r , a ub 17 °C 
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5 .1MW/m 2 , 63% lower than the critical heat flux (8.34 M W / m 2 ) . The maximum tem­
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, and the thermal stress is below its limit. 

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 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 coolant pressure drop is only 1 MPa, the large 
coolant-volume flow rate (39m 3 / s ) results in a pumping power of 49MW, 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. M A G N E T E N G I N E E R I N G 

Two types of magnets are used in the TITAN-I1 design (Figure 15.2-4). The ohmic-
heating (OH), equilibrium-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 
T F 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-U magnets, the 
robust support structure, and the relatively low field produced by these coils, little or no 
extrapolation of current technology should be required. 

15.7. P O W E R CYCLE 

The selection of the inlet and exit temperatures 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 7MPa. 
Since the primary-coolant pressure is less than the steam pressure in the steam generator 
(7.2MPa), any leakage in steam generator tubes will not result in the primary coolant 
leaking into the steam 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 P WR-type power cycles [29j. 
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 component of a DT fusion reactor. The final TITAN-II divertor design represents 
the result of extensive iterations between edge-plasma analysis, magnetic design, thermal-
hydrauJic and structural anajyses and iieutronics. 

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 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 tlie field 
lines. The high plasma density in front of the divertor target ensures that the neutral 
particies 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-II, which consists of copper coils as opposed 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 flanking 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-II divertor coils (9.8 MW) are much smaller than those of the TITAN-I 
IBC divertor coils (120MW). 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 3027 MW 

Inlet temperature 298 •c 
Exit temperature 330 °C 

Coolant pressure 7 MPa 

Saturation temperature 347 °C 

Exit subcooling 17 "C 

Mass flow rate 4.5 x 10" kg/s 
Total pumping power 49 MW 

T h r o t t l e S t e a m C o n d i t i o n s : 

Temperature 308 °C 

Pressure 7.2 MPa 

Saturation temperature 289 °C 

Degree of superheat 19 °C 

Gross thermal efficiency 0.35 
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Figure 15 .8-1 . Outboard (A) and inboard (B) equatorial-plane views of the divertor 
region for TITAN-II. 



15.8. DTVERTOR ENGINEERING 15-33 

Table 15.8-1. 

S U M M A R Y O F TITAN-II E D G E - P L A S M A C O N D I T I O N S 

Number of diver-tors 3 

Scrape-off layer thickness 6 cm 

Peak edge density 1.7 x 10 2 0 m - i 

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 10 2 1 m" : 

Peak divertor plasma temperature 4.5 eV 

Divertor recycling coefficient 0.995 

Throughput of DT 6.7 x 10 2 t s" 1 

Throughput of He 8.2 x 10 2 0 s" 1 

Vacuum tank pressure 20 mtc 

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 summary of the results of the edge-plasma modeling i'or 
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 plasma, 
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 radiated to the first wall and divertor plate, 
with about 70% being radiated from the core plasma (i.e., inside the separatrix). This 



15-34 OVERVIEW OF TITAN-II DESIGN 

intense radiation reduces the power 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 farther 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-erosiou problem. 

To satisfy the requirement for a \ugh-Z material for the plasma-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 L i N 0 3 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 (~ 16MW/m 2 ) 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 
constant 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-iftetallurgy techniques) to a bank of constant Toss-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 into the plasma, 
careful shaping of the divertor 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 respectively, 7.5 and 5 .8MW/m ! (compared with corresponding levels of 9.5 
and 6 .0MW/m 2 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 requirements 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 20m/s and that its composition 
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should be the same as for the blanket (»'.e., a lithium-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% L1NO3 solution is 405 °C (Section 16.2), yield­
ing a subcooling at the outlet conditions of 60 °C, and a critical heat flux of 16.2 M W / m 2 

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 safely 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 maintain 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 ~°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 lorus, and conneciecl to the divertor region by a duct located at. eacli of the three 
divertor locations. Lubricant-free magnetic-suspension-bearing turbo-molecular pumps 
are proposed for the high-vacimm 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 tritium 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 systems. 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 (50Ci/kg) in the primary-coolant wa­
ter relative to previous design studies (e.g., lC i /kg in BOSS [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, (4) 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 C'ANDU 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 design is summarized in Table 15.9-II. 
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 
submerged in the pool of water to achieve a high level of safety. The water pool contains 
tritium from primary-coolant system leakage, which is maintained at 0.37 C'i/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 130M$ (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-II 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 'ather 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. 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$ {1986, installed). The cost 
is dominated by the blanket tritium-recovery system. Since tritium recovery in TITAN-II 
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. Costs 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]. 

T a b l e I5 .9 - I . 

T I T A N - I I T R I T I U M I N V E N T O R I E S 

System T Inventory (g) Form 

Primary-heat transport 1420(a> 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 940'i,> HTO 

TOTAL 4000 

(a) Based on 274m 3 at 50C"i/kg. 

(b) Based on 22,640 m 3 at 0.4Ci/kg. 
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Table 15.9-II. 

TITAN-II B L A N K E T T R I T I U M - R E C O V E R Y S Y S T E M 
( B A S E r O N E X T R A C T I N G 4 6 5 g / d of T AT 5 0 C i / k g ) 

Maximum tritiui. concentration 

Tritium-extractioi -ate 

Tritium inventory as water 

Tritium inventory as gas 

Blanket detritiation factor 

Hydrogen-refrigeration power 

Low-pressure steam to water distribution 

Low-pressure steam to VPCE 

High-pressure steam to VPC'E 

Hydrogen-gas inventory 

Building volume 

50Ci/kg in water 

465 g/d of T 

4 4 g T 

550 g T 

93% per pass 

5.7 MWe 

5.7MWth at 300kPa 

1.2MWth at 600 kPa 

8.5 MWth at 2.5 MPa 

1500 kg 

36,000 m 3 

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 0 2 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. 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 tritia'ed 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 effluents; and (2) to aim for the best possible level of passive 
safety assurance. 

The elevation view of T1TAN-1I 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 case 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 moderately 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-II 
design, the primary-cooling circuit is not completely insulated from the pool, so the pool 
can absorb the decay afterheat power in case of a loss-of-flow accident (LOFA) in either 
the primary circuit or the steam generators. This power is theu removed by separate 
heat exchangers in the pool. The pool temperature should be kept as low as possible 
to maintain an adequate 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 poo! temperature should be determined 
by detailed design. For the TITAN-II reactor, a pool temperature range of 60 to 70°C 
is found to be reasonable based on detailed evaluation of the accident scenarios. 

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 
mfc. 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 
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 O.-5-m-dianieter hot leg, at least 6 to 7 m of cold (60 °C), fully degassed water 
is needed above the break to prevent a direct discharge of steam into the containment 
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 LQGA. Thermal 
responses of the TITAN-II FPC to these accidents are modeled using a finite-element 
heat-conduction code, TAC02D [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 materials. 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 tittle 
temperature excursion is observed, primarily because of the presence 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 thermal response of the TITAN-II 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 (~ I s ) 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 primary coolant, flashing of the primary coolant occurs, and 
the sudden volume change forces the coolant out of the pipe break (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 brealt occurs at 
the lowest point of the primary loop [i.e., the worst case accident) any steam that forms 
inside the primary piping is trapped because 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 steam (operating conditions). 

During the re-flood phase, heat is lost from the primary loop (steam) to the surround­
ing pool and the steam trapped in the primary loop begins to condense. The condensation 
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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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). 

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 1 4 C waste, which is generated from the nitrogen in the L1NO3 
salt. 

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 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 TITAN-II design, plasma-related accidents ate 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 calculated for the reference TITAN-II reactor were used as the in­
put to the activation calculation code, RE AC [37], These results were analyzed to obtain 
the allowable concentrations of alloying and iuipurity elements in the TITAN-II FPC 
components. 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]. 
The 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 15.11-1. 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 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, 1 8 6 m R e {with a half-life of 200,000 years). The "averaged" allow­
able concentration leveJ 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 elements as shown in the controlled case in Table 15.11-1, estimates are made for 
the TITAN-IF reactor materials and related waste quantities for Class-C disposal. The 
divertor-shield coverage is taken as 13% in the TITAN-II design, identical to the T1TAN-I 
design. The results are presented in Table 15.11-11. The annual replacement mass of 
TITAN-II FPC' is estimated at about 71 tonne/FPY (9.1 m*), assuming that the entire 
blanket lobe and the divertor shield are replaced every FPY. The data in Table 15.11-11 
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Table 15.11-1. 

W A S T E - D I S P O S A L - R A T I N G S FOR 
T H E " A V E R A G E D " TITAN-II BLANKET 1 "' 

Present Case Controlled Case 

Nominal Level ( b > Class-C Controlled Level Class-C 

Element. (appm) Rating (appm) Rating 

Nb 0.1 %<c> 8.33 1.0<rf' 0.42 

Mo 1.0%<c> 0.27 6 .0 | J ) 0.30 

Ag 1. 0.054 0.07 0.054 

Tb 5. 1.06 0.1«rfl 0.10 

Ir 5. 0.0077 0.001 0.0077 

W 0.9%ice) 0.081 0.9%,c» 0.081 

TOTAL 9.78 0.96 

(a) Based on operation at I8MVV/1112 of neutron wall loading for 1 FPY. 

Note that a conservative lifetime fluence value of 1 5 M W Y / I H 2 is used for 

the TITAN-Ii reference design (0.8 FPY at 18 M W / n r ) . 

(fc) 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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Table 15.11-11. 

SUMMARY OF TITAN-II REACTOR MATERIALS AND RELATED 
WASTE QUANTITIES FOR CLASS-C WASTE DISPOSAL'0' 

Animal 

Lifetime Volume Weight Replacement Mass 

Component Material (FPY) ' a ' (m 3 ) (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 (9-C) 1 2.0 15.3 15.3 

Shield Ferritic steel (9-C) 1 3.9 30.5 30.5 

T F 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. 1.6.3 
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 steel I 0.48 3.78 3.78 

TOTAL CLASS-C WASTE (lifetime) 334. 2643. 88.1 

{a) Based on operation at I8MW/111 2 of neutron wall loading for 1 FPY. 

Note that a conservative lifetime fluence value of 15 MVVy/nr is used for 

the TITAN-II reference design (0.8 FPY at I8MW/1112). 



15-48 OVERVIEW OF TITAN-I1 DESIGN 

is for a modified TITAN-II design with a 0.03-iu shield and a 0.17-m blanket breeder 
zone, rather than the 0.1-m shield and 0.1-ni 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 1 4 C from I 4 N (n,p) reactions. The annual production rate of 1 4 C is 
about 5.2 x 104 Ci. Using the present 10CFR61 regulations, where the allowable concen­
tration of 1 4 C for Class-C disposal is 8 C i /m 3 and if 1 4 C remains in the aqueous-solution 
coolant, the coolant should be replaced at a rate of 7 x 10 3 tonne/FPY (6.5 x 1 0 3 m 3 ) . 
The replacement mass of the coolant can be reduced to about 80tonne/FPY, if Fetter's 
evaluation [39] is used as the limiting value (700 Ci /m 3 ) . Because of the large quantities 
of aqueous solution to be disposed of annually and uncertainties in the transport of the 
1 4 C isotope in the primary loop, extraction of the H C activity from the coolant and 
disposal of the concentrated quantity as non-CIass-C waste should be considered. 

The safety and environmental conclusions derived from the TITAN reactor study 
are general, and provide strong indications that Class-C waste disposal can be achieved 
for other high-power-density approaches to fusion. These conclusions also depend on the 
acceptance of recent evaluations of limiting-specific activities carried out under 10CFR61 
methodologies [39]. 

15.12. M A I N T E N A N C E 

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 [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 procedure 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 verticsl 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 pre t^ i ing in an on-site, non-
nuclear test facility where coolant leaks, coil alignment, therma'-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 technological developments; and 

5. Recovery from unscheduled events would be more standard and rapid. The entire 
realtor torus is replaced and the reactor is brought back on line with the repair 
work being performed, 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 18MWy/m 2 , and the more 
conservative value of 15 M W y / m 3 will require the change-out of the reactor torus on a 
yearly basis for operation a 1 8 M W / m 2 of neutron wall loading at 76% availability. The 
T F coils can last for the entire plant life. However, during the maintenance procedure, 
the T F coils are not separated from the reactor torus and are replaced each year. After 
the completion of the maintenance procedure, the T F 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 reused T F coils, 
(2) remote assembly of activated T F coils to a "clean" FPC, and (3) additional waste 
generated if T F coils are discarded annually. 

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

P R I N C I P A L T A S K S 
D U R I N G T H E TITAN-II M A I N T E N A N C E P R O C E D U R E 

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 convection cooling in the atmosphere; 
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!, 

c. Disconnect electrical and coolant supplies from the upper OH-coil set, 
d. Break vacuum; 

4. Drain primary coolant from FPC; 
5. Lift OH-coil set and store in the lay-down area; 
6. Disconnect primary-coolant supplies at ring headers;'"' 
7. Lift the reactor torus and move to the hot cell;'"* 
8. Inspect FPC area; 
9. Install the new, pretested torus assembly; ( a ) 

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; ' b ) 

13. Pump-down the system; 
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. 

(6) The new torus assembly is pretested and aiigned before committment to service. 
Only minimum hot testiug would be required. 
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lifts have been chosen for the component movements during maintenance. Lift limits for 
conventional bridge cranes is around 500 tonnes, 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 (120tonnes), 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 
committing it to full-power operation in the reactor vault. Any faults discovered during 
pretesting can be quickly repaired using inexpensive 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-loop components is required. 

15.13. SUMMARY AND KEY TECHNICAL ISSUES 

The TITAN reversed-field-pinch (RFP) fusion reactor study jl] is a multi-institutional 
research effort to determine the technical feasibility and key developmental issues for 
an RFP fusion reactor operating at high power density and to determine the potent i;n 
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-I and TITAN-II, have been produced to demon­
strate the possibility of multiple engineering design approaches to higli-MPD reactors. 
Both designs would use RFP plasmas operating with essentially the same parameters. 
The major features of the designs are listed in Table 15,1-1. 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 mass power density of about. 800 kWe/tonne of fusion power core {FPC'). 
The mass power density and the FPC power density 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 made passively safe 
ai that the potential attractive safety and environmental features of Tusion need not 
be sacrificed in compact reactors. The TITAN designs would meet the U. S. criteria 
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Figure 15.13-1. The mass power donsity 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 FPC 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 requirements and assumptions. 
The design window foT such compact RFP reactors would include machines with neutron 
wall loadings in the range of 10 to 20 MW/ni 2 with a shallow minimum for COE at about 
1 9 M W / m 2 . 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 12MVV/m2) is possible, and may be 
preferable, the TITAN study adopted the design point at the upper end (18 MW/ni 2 ) in 
order to quantify and assess the technical feasibility and physics limits for such high-MPD 
reactors. 

The TITAN-II FPC- is a self-cooled aqueous "loop-in-pool" design with a dissolved Li 
salt (LiNOs with 6.4 at.% lithium) as the breeder. The structural material is ferritic-steel 
alloy, 9-C [15] (a reduced-activation high-strength alloy, 12Cr-0.3V-lW-6.5Mn-0.08C). 
The first-wall and blanket lobes are integrated and contain the pressurized coolant at 
7 MPa. The structural load from the pressurized lobes is supported by a welded two-piece 
shield which forms a blanket container packing several lobes into a blanket sector. Three 
toroidal divertor chambers divide the reactor torus into three sectors. The coolant enters 
the lobes from the bottom, flows around the torus poloidally, and exits through the top 
plena. Subcooled-flow-boiling heat transfer 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 (LiN0 3 ) salts were considered 
because they are highly soluable in water. The L i N 0 3 solution is selected as the reference 
breeding material because: (1) LiOH is moTe corrosive and (2) radioiytic decomposition 
of water which results in the formation of highly corrosive substances is minimized when 
nitrate salts are added to water. Account is taken of the thermophysical properties of 

http://12Cr-0.3V-lW-6.5Mn-0.08C
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the salt solution, which are significantly different from those of the pure water. The 
TITAN-II tritium-control and extraction syslem would be, in principle, an extension of 
the technology developed by the Canadian CANDU fission reactor program (32]. 

A key feature of TITAN-II is that the FPC and the entire primary loop are submerged 
in a pool of low-temperat«re, low-pressure water. The basic soiirces 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 ]oss-of-flow accident. 
In the case of a major break in the primary coolant pipes, the cold pool would absorb 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 environmen­
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 designs 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 unique 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 
expected to improve the plant availability. 

The results from the TITAN study support the technical feasibility, economic incen­
tive, and operational attractiveness of compact, high mass-power-density RFP reactors. 
The road towards compact RFP reactors, however, contains 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-IL 

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 piasma 
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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 
experiments [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 cammuiiity. 
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-density fusion reactors with in­
tensely radiating plasmas is crucial. Confirming that the global energy confinement time 
remains relatively unaffected while core-plasma radiation increases (a possible unique 
feature of RFP) is extremely important. Second, the TITAN study has adopted the use 
of three "open-geometry" toroidal divertors as the impurity control 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. 
If toroidal divertors are consistent with confinement and stability in RFPs, then high' 
recycling divertors and the predicted high-density, low-temperature scrape-off layer must 
be also confirmed. Third, esrly work in the TITAN study convinced the team that high 
mass-power-density. compact RFP reactors must operate at steady state. Current drive 
by inagnetic-helicity injection utilizing the natural relaxation process in RFP plasma is 
predicted to be efficient [9,10] but experiments on oscillating-field current drive (OFC'D) 
are inconclusive. Testing OFCD in higher temperature plasmas must await the next 
generation of P F P experiments, namely ZTH [13] and RFX [40]. 

The key engineering issues for TJTAN-fl FPC have been discussed. In the area of 
materials, more data on irradiation behavior (especially hydrogen enibrittlenient ) of the 
ferritic-steel alloy. !)-(', are needed to confirm the materials prediction and accurately 
estimate the lifetime of TITAN-II first wall. The compatibility of ferritic steels with con­
centrated LiNC>3 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 radiolvtic 
decomposition products and high-energy neutron irradiation on corrosion mechanisms 
and rales should be determined. Ceramic insulators offer the potential of minimnu 
irradiation-induced conductivity, high melting ai;d decomposition temperatures, refen-



15-56 OVERVIEW OF TITAN-Il DESIGN 

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 LiNO^ 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 take advantage of I he differences in 
the propert ies of the concentrated solution, for example, by reducing t lie coolant pressure 
or increasing the temperature without incurring an increased risk of burnout. A much 
expanded experimental data base is required for the salts and conditions proposed before 
the 1 hernial performance of an aqueous-salt blanket at high temperatures and heat fluxes 
can be confidently predicted. 

The design of the impurity-control system poses some 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 OFC'D 
on the divertor performance studied. Cooling of the TITAN-ll divertor plate requires 
experimental flat a on heat-1 ransfer capabilities of concentrated-salt solutions, as outlined 
above. Fabrication of the tungsten divertor plate remains to be demonstrated and the 
degree of precision needed for target shaping and control of (he position of the plasma 
separatrix are particularly difficult tasks. 

A key concern for the aqueous blanket design is the area of tritium extraction and 
control. The overall cost of the TITAN-II tritium recovery system is 170 M$. A major 
reduction in the casts ami tritium levels requires a new water-detritiation approach. At 
present, laser isotope separation is under investigation but probably requires improve­
ments in the laser and optical material to be attractive. Fiadiolvsis might be helpful if 
a high yield of HT is obtained which is not clear from present experiments, and if the 
associated production of oxygen is acceptable. 

In summary, the results from the TITAN study support the technical feasibility, 
economic incentive, and operational attractiveness of compact, high-mass-power-densit v 
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 HFP 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 technology requirements of TITAN-like 
HFP reactors are achievable. 
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16. TITAN-II FUSION-POWER-CORE 
ENGINEERING 

16.1. INTRODUCTION 

The TITAN-II reactor is a compact, high-neutron-wall-Ioading (18MW/m 2 ) design. 
The TITAN-II fusion power core (FPC) is cooled by an aqueous lithium-salt solution 
which also acts as the breeder material [lj. 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-II 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 be 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 asseinbied into sub-modules (or blanket lobes) 
as shown in Figure 16.1-2. Inside each of the lobes are 9-C-clad beryllium rods. These 
rods occupy the first 20 cm 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 16.1-4. Twelve blanket modules 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 acpaeous solution imposes special constraints on (he selection 
of breeder and structural material because of the corrosion concerns, hydrogen embrittle-
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ment, and radiolytic 'fleets. These issues are discussed in Section 16.2. At. the same time, 

the dissolved salt in tlu' coolant changes the thermophyskal properties \A die coolant and 

the trade-offs between tJU*» lithium concentration in the coolant, neutronics performance 

(Section 16.3), thermal and structural design (Section 16.4), and power-cycle analysis 

(Section 16.5) are considered. Other engineering aspects of the TITAN-1I design (i.e., 

divertor and vacuum engineering, tritium systems, safety -• id waste disposal, and main-

Table 16.1-1. 

TITAN-II O P E R A T I N G P A R A M E T E R S 

Major radius, RT 
3.90 m 

Minor plasma radius, rp 0.60 m 

First wall radius, T\FIV 0.66 m 

Primary coolant Aqueous solution 

Structural material Ferritic steel 9-C 

Breeder material L i N 0 3 

Neutron multiplier Be 

Coolant inlet temperature 298 °C 

Coolant exit temperature 330 °c 
Neutron wall load, Iw 18.0 M W / m 2 

Radiation heat flux on first wall, q" ",6 M W / m 2 

Fusion power, Pf 2290 MW 

Total thermal power, Pth 3027 MW 

Net electric power, Pnt.t 900 MWe 

Gross efficiency, T)gra„ 35% 

Het efficiency, T J ^ 30% 

Mass power density, MPD 806 kWe/ton 
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F i g u r e 16 .1 -1 . Poloidal cross section of the TITAN-II fusion power core. 
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Figure 16-1-2. The TITAN-II blanket lobe, J-plate design. 
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Figure 16.1-3. Equatorial-plane cross section of a TITAN-II blanket module. 
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tenance) are presented in subsequent sections. The engineering aspects of TITAN-1I 
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-1 de­
sign except that water is used to cool the TITAN-II ohuiic-heating (OH) coils instead 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 issv 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 should function 
properly for the duration of the design lifetime. Material options are even more limited 
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 corrosion 
mechanisms of aqueous solutions, and the radiolysis of water by iomzing radiation. 

In the TITAN-II design, tritium breeding is accomplished in a lithhim salt which is 
dissolved in the primary coolant (water). Both lithium-hydroxide (LiOH) and lithium-
nitrate (L iN0 3 ) salts were considered because they are highly soluble in water. The 
L i N 0 3 salt was selected as the reference salt material because: (1) LiOH is more corrosive 
than L i N 0 3 (Section 16.2.1), and (2) radiolytic decomposition of water which results in 
the formation of highly corrosive substances is minimized when nitrate salts are added 
to water. The nitrates act as scavengers reducing the probability of survival of highly 
reactive radicals in the water during exposure to radiation. The radiolysis of aqueous 
solutions in a fusion device has been acknowledged as a potential 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. The tliermophysical 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 struc­
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-lSi, 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 resistance of most alloys 
results from the formation of a highly water-insoluble chromium-oxide layer. Chromium-
containing vanadium alloys such as V-15Cr-5Ti have very good water corrosion resis­
tance, however, tlieir radiation behavior indicates a much 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 materia] 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 LiNC>3 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 ratio 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 (MgA^C^), have previ­
ously been 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-reaching economic impact. It is estimated that the annual cost 
of corrosion and of corrosion protection is in tiie 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, reliability, 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 milligrams 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 inclusion, 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). Commonly 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 mitigation efforts in the nuclear industry 
are summarized 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 . E l e c t r o c h e m i c a l n a t u r e of co r ros ion 

Most metals 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 free 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 crystal 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 involve 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 example, in oxygenated acidic solutions, the evolu­
tion of hydrogen and the reduction of oxygen can occur simultaneously. Thus, -..-rated 
acidic solutions tend to accelerate corrosion because of an increase in reduction reactions 
(higher consumption of electrons). 

Table 16.2-1. 

P O S S I B L E R E D U C T I O N E Q U A T I O N S I N A Q U E O U S S O L U T I O N S 

Hydrogen evolution 2 H + + 2e —• H 2 

Oxygen reduction (acid solutions) O2 + 4 H + + 4e —» 2 H 2 0 

Oxygen reduction (neutral, basic solutions) O2 + 2H2O + 4e —> 40H~ 

Metal-ion reduction (to ions) M + 3 + e —> M + 2 

Metal-ion reduction (to neutrals) M + + 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 (liigher hydrogen production). Since the 
anodic reaction rates are coupled to the cathodic reaction rates, an increase in one rate 
results in an increase of the other. Consequently, more zinc has to be dissolved to keep up 
with the increase in electron consumption 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 phases 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 alleys, th? u~»e of the standard 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-II, which are based on potential measurements and galvanic corrosion tests in 
unpolluted seawater by The International Nickel Company at Harbor Island, N . C [3]. It 
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-II. 

GALVANIC SERIES OF COMMERCIAL ALLOYS IN SEAWATER ( a ) [3] 

• Platinum 
t • Gold 

Noble or * Graphite 
Cathodic • Titanium 

• Silver 
• Chlorimet 3 (62 Ni, 18 Cr, 18 Mo) 

Hastelloy C (62 Ni, 17 Cr, 15 Mo) 
• 18-18 Mo stainless steel (passive) 

18-8 stainless steel (passive) 
Chromium stainless steel ll%-30% Cr (passive) 

• Inconel (passive) (80 Ni, 13 Cr, 7 Fe) 
Nickel (passive) 

• Silver solder 
• Monel (70 Ni, 30 Cu) 

Cupronickelo (60-90 Cu, 40-10 Ni) 
Bronzes (Cu-Sn) 
Copper 
Brasses (Cu-Zn) 

• Chlorimet 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) 
9 Cast iron 

Steel or iron 
• 2024 aluminum (4.5 Cu, 1.5 Mg, 0.6 Mn) 

Active or • Cadmium 
Anodic • Commercially pure aluminum (1100) 

I • Zinc 
• Magnesium and magnesium 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.^., 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. 

Pa s s iva t i on 

Und»= 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 common engineering 
metals are susceptible to passivation. Stainless steel and titanium, for example, are easily 
passivated metals. 

In the passive state, the metal will show a sudden decrease in the corrosion rate. 
During the transition from the active to the passive region, a 10 3 to 10 6 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 proceeds 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]. 

Potent iodynamic 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 secondary passivation zones (Figure 16.2-2). In the passive zones, the 
current density remains fairly constant over a wide range of potentials. 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 electrolysis of water. It should be 
noted that the PPC's do not indicate th= corrosiveness of material, only the spontaneity 
of corrosion processes. 
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Effects of temperature ami oxygen concentration 

It is found that corrosion processes and rates often depend strongly on the thermal 
history of the alloy. Chromium additions above ~ 10wt.% to steel are responsible for 
most of the corrosion resistance of steels. At temperatures above ~ 950 °C, the chromium 
content along grain boundaries is effectively lowered through the formation of CrjsC'e 
molecules. These chromium carbides are virtually insoluble and precipitate out of solid 
solution, resulting in a depletion of solid-solution chromium 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 been 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 SS 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 Q,I neral, (lie potential increases from about —600mV 
at zero oxygen content to about +M to 100 mV 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 electron sink strength is increased), causing a higher oxidation rate of 
the iron into F e + 2 ions. 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
ronment, using corrosion inhibitors, and by using protective coatings. Some of these 
preventive measures are discussed below. The use of protective coatings, however, is not 
included because the stability of a particular coating in the TITAN-II nuclear environ­
ment should first, be demonstrated. 
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F i g u r e 16 .2 -3 . The corrosion potential of AISI 304 SS as a function of oxygen concen­
tration at different 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 one 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 L i N 0 3 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 alloys 
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]: 

• Nicke] and nickel alloys - caustic, 

• Monel - hydrofluoric acid, 

• Hastelloys - hydrochloric acid, 

• Lead - dilute sulfuric acid, 

• Aluminum - nonstaining atmospheric exposure, 

• 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 (e.ff., 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 temperature 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 vplocity on corrosion are very complex and are highly de­
pendent ou the metal-environment combination. In corrosion processes (ha( are con­
trolled by activation polarization, velocity has little effect on the corrosion behavior 
(Section 16.2.1.1). On the other hand, when the corrosion 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 K 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 Rims 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"1 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 ill a drastic increase in the erosion-corrosion rate. 
Table 16.2-III shows typical corrosion rates at three velocities for some common alloys. 

Increased 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 corrosion is a serious 
problem and methods and procedures for minimizing 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. 

O x i d i z e r s . 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: 

2Na2SOa + 02 -» 2Na2S04, (16.2-1) 

N2H4 + 02 — N2-h2H20. (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 film 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 18C'r-8Ni stainless steels experience an increase, 
followed by a rapid decrease, and finally arrive at an oxidizer-conceiitration-independetit 
corrosion rate. 
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Table 16.2-III. 

C O R R O S I O N RATES OF METALS E X P O S E D T O S E A W A T E R < a | 

Seawater Flow Veloci t.v 

Material 1 ft/sW 4ft/s ( c> 2 :7ft/s(<" 

Carbon steel 34 (0.16) 72 (0.33) 254 (LIS) 

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 

90-10 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) 

Titanium 0 — 0 

(a) Corrosion rates are given in nidd (mg/dm 2 ) and in nun/y (values in parenthesis). 

(6) Immersed in tidal current. 

(c) 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 at. [17] and Ito et al. [IS] 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-Fc303 
together with small amounts of F e 3 0 4 . (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. 

Co r ro s ion i nh ib i t o r s 

Another corrosion-control technique 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 sublimavion 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-FV lists some of the reference 
inhibitors. Only nitrite and nitrate inhibitors are listed to point out their corrosive 
inhibiting potentials for use in reactor designs. 
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The types and quantities of inhibitors to be used have to be determined empirically. 
Corrosion processes are very sensitive to the operating conditions. It is particularly 
important to determine the exact amounts of inhibitors to be used because 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 than if these 
inhibitors were used individually. One such "synergistic" corrosion-inhibiting effect, has 
been well documented for nitride and molybdate ions. Sodium nitride has long been used 
to inhibit ferrous-metal corrosion in closed cooling systems [21]. Sodium molybdate was 

Table 1G.2-IV. 

R E F E R E N C E LIST OF C O R R O S I O N I N H I B I T O R S 

Meta Environment Inhibitor 

Aluminum Alcohol antifreeze 

Aluminum Ethylene glycol 

Aluminum Hydrogen peroxide 

Aluminum Methyl alcohol 

Copper & Tetrahydrofurfuryl alcohol 

brass 

Monel Sodium chloride 

Monel Tap water 

Steel Tetrahydrofurfuryl alcohol 

Steel Water-saturated hydrocarbons 

Tin plate Alkali cleaning agents 

Tin plate Alkaline soap 

Tin plate Sodium chloride 

Sodium nitrite or molybdate 

0.01% to 1.0% sodium nitrate 

Alkali metal nitrates 

Sodium nitrite or chromate 

1% sodium nitrate or 

0.3% sodium chromate 

0.1% sodium nitrite 

0.1% sodium nitrite 

1% sodium nitrite or 

0.3% sodium chromate 

Sodium nitrite 

Diethylene diaminocobaltic nitrate 

0.1% sodium nitrite 

0.2% sodium nitrite 
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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 MoO^"2 ions of a fairly corrosive media. The test water contained 
250mg/l chloride, 520mg/l sulfate, 250mg/l calcium and 15mg/l magnesium at. 60 °C. 

Recently, it was shown that sodium nitride interacts synergistically with sodium 
molybdate [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 
MoO^" 2/NOT, with optimum synergism occurring at inhibitor ratios ranging from 50/450 
to 250/250mg/1. The P P C of M o O ^ / N t X 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 inV is attributed to molybdate, while the secondary passive 
region near OmV results from nitride. 

16.2 .1 .3 . Stress-corrosion cracking 

During stress-corrosion cracking (SCC), a metal is virtually unattached over most of 
its surface wlule 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 be sensitized, (2) the 
steel must be under tensile stress, and (3) the environment must have specific corrosion 
properties (e.g., oxygen). 

The typical oxygen content in BWRs during full-power operation is about 200 to 
400ppb. 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. 

C O R R O S I O N R A T E OF S A E 1010 STEEL'" 1 

Oxygen Concentration (nig/1) 

Test Water' 6* 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) 5.0 (0.13) 12.8 (0.32) 1.7 (0.04) 

1000 rag/1 MoO^ 2 0.1 (0.00) 4.1 (0.10) 7.6 (0.19) 1.9 (0.05) 

500mg/l NO J 0.1 (0.00) 4.9 (0.12) 8.6 (0.22) 9.6 (0.24) 

IOOO mg/i NO;T 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 nim/y (values in parenthesis). 

(b) Uninhibited and inhibited test water at 60 °C and a pH of 9. 
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F i g u r e 16.2-4. Corrosion rate of SAE 1010 steal in 60 °C test water showing Hie syn­
ergistic effect on corrosion inhibition with MoOJ 2/NO^" 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 (5x 10~ 8 s _ 1 ) . 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 10" 6 mm/s while for tests with oxygen contents less than 
10 ppb, the propagation rate was as low as 10~'min/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 < 10 ppb). They concluded that TGSC'C in ferritic and 
mat tensitic steels may be inhibited at a somewhat greater oxygen content in the re­
actor water than that needed for inhibiting IGSCC 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 sucli 
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 50.9MPa-m 1 ' ' 2 . Under cyclic loads, these samples 
showed a 7 to 20 times lower crack-propagation rate compared with samples exposed to 
nominal BWR environment (200 ppb oxygen). Furthermore, 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, wrought martensitic stainless steels. 

In addition to the control of the water chemistry, another remedy to SC'C has been to 
develop alternative SCC-resistant materials. The most important 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 avoid 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, mm 
AISI 431. Symbol * denotes no cracking and symbol O denotes the 
result for the sample accidentally tested at constant load [23]. 

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 IGSC'C 
resistant than the regular AISI 304 and 316 stainless steels [27]. 

16.2.1.4. Corrosion in ni trates 

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

Fe r r i t i c s tee ls 

In contrast to the voluminous literature on cracking in austenitic stainless steels, little 
information has been published concerning ferritic stainless steels. Until recently, it was 
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Table 16.2-VI. 

T H R E S H O L D S T R E S S E S (MPa) O F M I L D STEELS I N 
B O I L I N G N I T R A T E S O L U T I O N S [30] 

Nitrate SN 

Solution Concentration* 0 ' 

4N 2N I N 

NH<NO a 

Ca ( N 0 3 ) 2 

L1NO3 

K N 0 3 

N a N 0 3 

15.5 22. 54. 92.5 

38.5 54. 92.5 177.5 

38.5 62. 146.5<b> 177.5 

46.5 63.5 108. 185.5 

62. 146.5 170. 201. 

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

(b) Concentration was 2.5 N for this case. 

more or less assumed that Ferritic steels would not undergo SCC under similar environ­
ments which cause SCO in auslenitic steels [28]. However, in the late 1960s, 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 SCX' en various interstitial components 
is very complex and strongly depends on the concentration of these components [28]. 

In au exteusive study cf SCC in low-stvength femtrc steels, Parkins {30] investigated 
tlie 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 Ihe concentration 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 concentration. 
According to this data, NaNOs is the least potent and N H 4 N 0 3 the most potent solution, 
with L1NO3 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 impurities accelerate the crack growth 
rate which is governed by the concentration of the anion (31j. Therefore, the potency 
of the solution can be varied by changes in the pH value. Indeed, constant strain tests 
in 4N NaN03 showed that acidification reduces the time-to-failure, while raising the pH 
value above 7 {e.g., through addition of NaOH) causes marked increases in the time-
to-failure [30-33]. This finding, although not substantiated for LiNOs, would indicate 
an advantage in buffering the pH of the L i N 0 3 solution to above neutrality to reduce 
SCC of ferritic steels. On the other hand, for a Ca(N0 3 )2 solution, a marked decrease 
in the time-to-fa rIure below or above a pH value of 4 is observed [30]. Thus, a decrease 
or an increase in the pH value from a specific range could lead to an order-of-magnitude 
reduction in the time-to-failure. 

An extensive investigation into ion-mitigating SCC! of ferritic steel through the ad­
dition of various substances was performed by Parkins and Usher [32]. They concluded 
that oxidizing agents such as KM11O4, M11SO4, NaNOj, and K 2 C!r 2 0- generally accelerate 
crack formation, while compounds such as N a 2 C O a , H 3 P 0 2 , NaaHPCU, and CO(NH 2)2 
that form insoluble iron products, retard failure. This is an important point, since from a 
radiolytic point of view, oxidizing agents such as KM11O4 have been shown to reduce the 
formation of molecular decomposition products such as H2O2, OH" , and H3O 4 . Thus, 
in a nuclear environment, the two opposing effects of the addition of oxidizer agents to 
the aqueous coolants have to be optimized. Stress-corrosion cracking is minimized by 
removing oxidizing agents while radiolytic decomposition is reduced by adding oxidizers. 

The effects of halide additions to nitrates 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(NC-3)2 solution increased the time-to-failure 
by orders of magnitude. Addition of chloride to NH4NO3 solution had little or no effect 
on the time-to-failure. The effects of chloride addition to L i N 0 3 solutions have not been 
reported. Based on data reported in Table 15.2-VI, no marked effect is expected. 

The effects of temperature on the cracking of dteels in nitrate solutions follows a 
typical Arrhenius plot: a logarithmic dependence of failure time on the reciprocal of the 
temperature, as is seen in Figure 16.2-6 [35]. The slope of the ^rrhenius 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 
films that form on the surface of the metals. Therefore, cracking does not depend only 
on temperature but also on precise electrochemical conditions which may in turn depend 
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Figure 16.2-6. Effect of the temperature on the time-to-failure of carbon steels in a 
60% C a ( N 0 3 ) 2 + 3% NH4NO3 solution [35]. 

on the pressure and substances other than the NO3 ions. Szklarska 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, tii^ use of reported 
activation energies for cracking appears to be limited. 

Austeni t i c s tee l s 

The main concern with the use of nitrates is SCO of unalloyed carbon steels. An 
extensive literature search was carried out by Waeben et al, [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 difficulties in practice with 
sucii 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 logarithmically with the reciprocal of temperature, (3) The 
aggressiveness of nitrates with choice of cation decreases in the following order: NH 4 , 
Ca, Li, K, and Na. (4) At a pH value above 7 to 8, the susceptibility of steel to SCC 
diminishes. (5) The susceptibility to SCC is the highest for steels with about 0.01 to 
0.05-wt.% carbon content. (6) Alloying elements such as chromium and molybdenum 
show a, beneficial effect on SCC, but nickel shows little or no effect. 

Potentiodynamic polarization curves for 316 SS in water with L iN0 3 concentrations 
of 0.0296 and 0.296g/cm 3 at 95 and 250 °C have been constructed by Waeben ct n/. |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 almost independent of the 
L i N 0 3 concentration but are strongly temperature dependent. Microscopic examination 
of the 316 SS showed that a smooth oxide film was formed on the metal surface in 
L1NO3 solution, with a roughness which was independent of solution concentration and 
temperature. Some crystallographic attack/deposit and small pits were found on both 
austeiiitic and martensitic stainless steels. The duration of the test was too short (200h) 
to conclude that stainless steels are susceptible to pitting corrosion in LiN03 solutions, 

16.2.1.5. Discuss ion 

Fundamentals of the nature of corrosion were reviewed briefly to demonstrate that 
corrosion is primarily an electrochemical process. The electromagnetic environment of a 
fusion device can, therefore, have unforseen effects on the corrosion rates by the aqueous 
solution that are not experienced in conventional environments. The complexity of vari­
ous environmental 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! j n the nuclear environment 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 wt.%) is outside the range of highest SCC 
susceptibility but is high enough for sensitization to occur {> 0.02 wt.%) 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: NH4, Ca, Li, K, and Na. Thus for 
the L1NO3 salt, the aggressiveness of NO3 ions is in the medium range. The effect, of 
the cation choice on SCO has been related to the acidity of the solution. Investigations 
into buffering the L i N 0 3 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 decomposition 
rates. An optimum oxidizing strength has to be established experimentally since the 
number of factors involved are too large to make analytical predictions. 

Recent experiments [36] on the corrosion rates of L i N 0 3 salt solutions with 316 SS and 
with a martensitic alloy at 95 and 250 °C show a lack of a marked transition 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 LiNC>3, with the roughness independent of 
solution concentration and temperature. Recently, electrochemical corrosion tests were 
performed for aqueous LiOH and L1NO3 solutions in contact with AIS1 316 L stainless 
steel [37]. It was found that stainless steels, particularly low-carbon steels, exhibit better 
corrosion resistance in an L i N 0 3 solution than in LiOH. 

It should be noted that most of the above experimental findings regarding corrosion 
and SC'C of steels in L i N 0 3 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 tritium will undoubtedly affect the oxygen content of the aqueous 
solution through recombination. Thus, breeding of tritium in the aqueous solution can 
potentially reduce corrosion and SCC of the structural material used in the FPC. 

The investigation of the corrosion of ferritic steels in an aqueous LiNOs s a l t solu­
tion does not show unexpectedly high corrosion rates or high susceptibility to SC'C.'. In 
addition, the latest experimental findings do not indicate any unforeseen 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. 
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10,2.2. Rad io lys i s of A q u e o u s So lu t ions 

When water or aqueous solutions are used as the coolant in a fusion reactor, water will 
undergo extensive radiolysis because of the exposure to high levels of ionizing radiation. 
Various products such as H = and H J O J will be formed, depending on the composition, 
temperature, pH, and impurities in the coolant. The radiolysis of water causes two major 
areas of concern. First, radiolysis can create large quantities of explosive gas mixtures. 
Second, the radiolytk decomposition products, in particular H 2 0 ; , can enhance the 
corrosion rate of structural materials. 

The TITAN-I1 FPC is cooled by an aqueous L iN0 3 salt solution. The presence 
of lithium atoms undergoing (n,n) reactions in the coolant introduces high-energy a 
and tritium recoil ions. These energetic ions, together with neutrons, interact with 
the surrounding water molecules causing the decomposition of watd molecules. Thus, 
contributions from both the ionizing radiation and the nuclear reactions in the aquejus 
solution should be included in the analysis. 

It is desirable to quantify the radiolytic products as a function of water chemistry, 
impurity levels, temperature, and the characteristics of the radiation field. However, 
the complex interrelationship betweeii 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 L i N 0 3 salt solutions. 

In this section, an introduction to radiation chemistry is given (Section 16.2.2.1), 
followed by a qualitative description of radiolytic processes. Effects of L i N 0 3 additions 
on radiolysis are reviewed. In conclusion, the findings and uncertainties due to the 
radiolysis of the salt solution are summarized, 

16.2 .2 .1 . B a c k g r o u n d 

Ever since Roentgen discovered the X ray, the effects of nuclea'- radiation which cause 
c\ 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, 

L 
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L5N03 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. 

P h o t o n s 

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

P h o t o e l e c t r i c 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 photon 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 photons with energies above 1 MeV, the pair-formation process 
becomes significant. When a high-energy photon passes near an atomic nutlets , a pair 
of positive (positron) and negative electrons may be formed. The probability of pair 
formation is directly related to the charge of the nucleus. For water, the pair-formation 
process is negligible. 

E l e c t r o n s 

The rate at which a moving electron loses energy, —dE/dx, 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 2ire*NZ 
dx E - ' " ( f Vl) • "6-"> 
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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, e = 2.71828 is the base of 
natural logarithms, and / is a number characteristic of each material (sometimes called 
"stopping potential"). Parameter / depends on the atoms present in the material but 
is independent of the chemical bound of the atoms. For water, the value of / lias been 
estimated between 66 [39] to 69 [40]. For I - 66, Equation 16.2-3 can be reduced to 

dE 1019 . f E 
dx E 

b s(^)< ( 1 ° - 4 ) 

where —dE/dx 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 0.018 eV/A for electron energies in the range of 1 to 2MeV. 

Another quantity of interest is the energy loss of the election 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 110 eV ± 30% in a low-pressure cloud chamber, The true value may be 
different, in liquid water than in the gas cloud chamber. 

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 th* 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, electrons change direction frequently as a result 
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 because ions are much 
heavier. The LET equation for ions is similar to that for electrons, except that it also 
depends on the magnitude of ion charge: 

dE 2ire4ZfNZ M , (AE m \ 
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where M and Z; are, respectively, the mass and atomic number of the moving ion. 
Assuming / = 66 for water, the LET equation for protons reduces to: 

and for a particles to 

dE 
dx 

1.876 / E 
E ° S 10.0605 

___ 
dx 

29.735 / E 
E ° S VO.1203 

) • 

) . 

(16.2-6) 

(16.2-7) 

where E is units of MeV and —dE/dx in units of eV/A. The LET for helium ions 
(<* 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 become a fast-moving neutral atom (e.g., 
for or particles with energies below ~ 0.5 MeV). 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 lover than that of a charged particle. The energy of the fast-moving neutrals is 
transferred primarily by direct collisions or "knock-ous" 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 a 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 (a 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 . P r o d u c t s 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 < 1 0 - 1 3 s), mainly H 2 0 + ions 
and excited water molecules, H2O*, are produced. Tliese products undergo a series of 
transformations during the second stage (lasting ~ 1 0 " 1 ] s). These second stage trans­
formations result in the formation of hydrogen atoms, hydrated electrons, OH radicals, 
and some Hi and H2O2. Only during the third stage do the radicals undergo a variety 
of chemical reactions. If the radical concentration is high (e.g., in or close to spurs), 
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radicals recombine to form molecular products H2 and H2O2. This stage is completed 
within 10~ 9 to 10~ 8 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 
com pleted within 1CT7 to 10" 2 s [43]. 

In describing the system of reactions occurring during water decomposition, the hy-
drated electron is used. The solvated electron, called "hydrated" electron (e~ ), is trapped 
in a solvation shell. The discovery of hydrated electrons showed that electrons 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 aq + H+ - H. (16.2-8) 

Today it is widely accepted that the hydrated electron is the precursor for the formation 
of the hydrogen atom. 

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

e;q + e-q + 2H20 -> H2 + 20H-, (16.2-9) 

e~q + OH -> OH' , (16.2-10) 

H+H — H2, (16.2-U) 

OH + OH -> H202, (16.2-12) 

H + OH — H20. (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: 

H202 + H — H20 + OH, (16.2-14) 

H2 + OH ~* H20+H. (16.2-15) 

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

H20 + H20* — H2 + H202, (16.2-16) 
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it has been established that most of the H 2 and H2O3 is formed by the radical recombi­
nation reactions (Equations 16.2-11 and lfi.2-12). The molecule H 2 0 * denotes an excited 
water molecule. 

Oxygen is found among the water decomposition products, although it seems to 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 Hj and HjOa, the free radicals H and OH, and the free-
radical decomposition products such as O2 and HO2. The HO2 molecule forms mostly 
with heavy-particle irradiation and has to be included as another quantity 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 H is a 
powerful oxidizing agent while OH is a powerful reducing agent, and that they can react 
with each other to form H2 and I l 2 0 2 . In a polar medium (i.e., 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 2 0 + ) , and the H radical may actually exist as a solvated 
electron (basic form of H) or acidic form H^ (loss of a proton is termed "basic," gain of a 
proton is termed "acidic 1 1). So the ionization process of a water molecule results in a free 
electron and an H 2 0 + ion. This ion is the "basic" form of the H radical or the "acidic" 
form of the OH radical. 

16 .2 .2 .3 . Mo lecu l a r a n d radica l y ie lds in w a t e r 

Reaction yield foT 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 manner 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 100 eV of energy absorbed by the 
media. 

G a m m a rays 

Highly pure water irradiated with X or 7 rays appears to be stable, showing no 
decomposition at all. The apparent stability arises from the reaction of free radicals with 
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Figure 10.2-9 . Variation of the primary yields of 7-irradiated water with the pH value. 

molecular products (H2 and H2O2) 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 effect of pH on 7-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 part ic les 

When pure water is irradiated with a 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 oxygen, 
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 a particles from radon was published by Duane and Scheuer [48]. 
They reported considerable formation of hydrogen peroxide, oxygen, and hydrogen. More 
recently, Lefort [49] sho%ved that the hydrogen yield from the action of a particles on a 
larger number of solutions to be about the same, with value of G{H2) ~ 1.7. Since the 
OH radicals are the prime radicals that convert the molecular hydrogen back to water, the 
a-particle yield of free OH must be veiy small. One explanation is that the free radicals 
must be produced so densely in the track of the a particle that nearly all undergo initial 
recombination to form H2 and H2O2) 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 H2O2 with a third OH radical: 

OH + H2O2 -> H20+II02. (16.2-17) 

Consequently, for particles of high LET, there are five primary yields: G'H, GOH, G// 2, 
GHIOH and GH02. Quick estimates for high-LET radiation can be found 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 7 rays, fast neu­
trons, and a particles from 1 0 B(n ,a ) 7 Li reactions. These values are summarized in 
Table 16.2-VII together with estimates for a-particle yield from °Li(n,a)T reaction, de­
rived from Figure 16.2-10. 

16.2.2.4. Molecular and radical y ie lds in c o n c e n t r a t e d solutions 

Gammp r ays 

Over the past necade, considerable information has been accumulated on 7-ray yields 
in concentrated solutions, particularly for solutions containing nitrates such as NaN03, 
L1NO3, O a ( N 0 3 ) 2 , and KNO3. Until recently, no satisfactory (r.e., quantitatively and 
qualitatively self-cons-'-stent) account could be given of the radiolytic behavior 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 7 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 O2 as a major product. 
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Table 16.2-VII. 

YIELDS A N D LET FOR GAMMA RAYS, FAST NEUTRONS, 
AND ALPHA PARTICLES IN WATER [51] 

Initial LET 

(eV/A) 
Yields (No./lOOeV) 

Energy Source 

Initial LET 

(eV/A) H j H + eZ, E20? OH H O a 

1 ray 0.02 0.44 2.86 0.70 2.34 0.00 

Neutrons 4.0 1.12 0.72 1.00 0.47 0.17 
1 0 B(n,Q) 7 Li 24. 1.70 0.20 1.30 0.10 0.30 

6 Li(n ,o)T «"' 4. 1.2 0.7 1.0 0.4 0.2 

(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]: 

NO3+H -* NO2 + OH'. (16.2-18) 

NO3+OH -+ N03 + OH~ , (16.2-19) 

NO;+e~q - NOt , (16.2-20) 

2NO-, + H20 — NO; + NO; + 2H+ , (16.2-21) 

2iVO;^ + ff20 - NO; + NO; + 2 0 / r . (16.2-22) 

While the above reactions are termed "indirect" reactions, "direct" reactions can also 
occur: 

2NOI -> 2 A ? 0 2 - + O 2 ( (16.2-23) 

NO; - NO; + - 0 2 . (16.2-24) 

Kiwi and Daniels [52] have measured the yields for H 2 , H 2 0 2 , 0 2 , and NO z . The exper­
imental 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 N a N 0 3 , L i N 0 3 , 
C a ( N 0 3 ) 2 , and K N 0 3 , and with more than 1 molar concentration, the major products 
are nitrite, peroxide, and oxygen. Table 16.2-VIII lists the various yields as a function of 
salt concentration in L i N 0 3 solutions. Figures 16.2-11 and 16.2-12 present these results 
and show that, as the molarity of the solution increases, G'(//202) and G'(// 2) decrease 
drastically, while G(NO;) and G{Oi) 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)n,o x hio + G(P)NO- x fNO- , (16.2-25) 

where G(P) is the measured yield and G(P)n^o 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 for fN0- and 0.646 and O.f-35 for f^o 
for L i N 0 3 solution with 7 and 7.2mol/liter concentration, respectively [501 No yields for 
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Table 10.2-VIII. 

Y I E L D S FOR G A M M A R A D I A T I O N I N L i N O a S O L U T I O N S (° ! [52] 

Molarity! 6 ' H 2 0 , H 2 N 0 2 0 2 

0.63 0.15 1.4 0.35 

0.53 0.09 1.5 0.75 

0.45 0.05 ~ 1.55 ~ 0.8 

0.35 0.03 ~ 1.6 ~ 0.85 

0.33 < 0.01 ~ 1.7 ~- 0,6 

0.26 < 0.01 ~ 1.8 _ 

(a) In units of No./lOOeV. 

(b) Molarity, M, is defined in units of mol/liter of L iN0 3 . 

OH as a function of molarity were reported, since it was shown that G(OH) will be fairly 
independent of the concentration of tl e 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 2 yield as the concentration of the oxidant is increased, and reducing agents will 
decrease the H 2 0 2 yield [53]. This effect is expected, because solute molecule^ that are 
present in the spur may react with the radicals before they have a chance lo encounter a 
radical of the same kind. Tims, 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," Some 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 •) rays has been studied 
closely since the mid-1950s [53,55,56]. Sworski [5.5] measured the hydroxide peroxide 
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molarity (mol/Hter) of the nitrate salt solution. 
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yield, Gn^o2y >n aerated acid solutions as a function of bromide concentration (-Y). As 
the bromide concentration increased, Gfr so 3 decreased linearly in the cube root of the 
bromide solution, or: 

GH,o^X) ~ G ° H j 0 2 + G c x (X)n , (16.2-26) 

where n = 1/3 for 7-ray irradiation, G° is the molecular yield (molecules/100eV of 
radiation absorbed in very dilute solutions), G c is a constant, and X is the concentration 
(molarity) of the solution. Sclrwarz [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 Hz 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 

H20 + e~q -> H2 + O-, (16.2-27) 

but by the combination of H atoms. Ferric ions are among other scavengers that reduce 
Gtf3 in acid solutions [53]. In general, substances that react readily with H atoms reduce 
Gtf s : while those reacting with OH reduce GH2O2' 

A l p h a p a r t i c l e s 

While the 7-ray yields are well known as a function of LiN03 salt concentration, the 
a and tritium recoil yields have not been studied to this extent. The eTect of scavenger 
concentrations was investigated by Burton and Kurien [58], They concluded that: for 
7 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 
yields are more sensitive to solute concentrations than are low LET radiation yields. H2 
and H 2 0 2 yields can be approximated as a function of nitrate concentration by: 

C ^ ' f - Y ) - C f t ^ + G c x ^ . (16.2-28) 

Unfortunately the power law has not been investigated for yields of H, OH, and H 0 2 . 
The effect of scavenger concentration on these yields can be estimated using a mass 
balance equation resulting in: 

G & o H e l ' ° t Y ) - G » , o w x (2 .Y)- 0 -" . (16.2-29) 

C r ° ' l - T ) ^ G ' „ 0 3 x ( 3 . Y ) - 0 1 5 . (16.2-30) 
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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 6 Li(n,a)T reactions can be estimated. Table 16.2-IX shows these estimated 
values. 

16.2.2.5. T e m p e r a t u r e 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 reaction rate constants, k, 

k(T) = k[T0) exp ~Q{k-f] [16,2-31) 

vhere T is temperature in K, Ta is the room temperature, and Q 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 6 L i ( n , a ) T R E A C T I O N S IN L i N 0 3 SOLUTION'"' 

MoJarity<*» H 2 H 2 O s H OH HO, 

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

(b) Molarity, M, is defined in units of mol/liter of L i N 0 3 . 

1.2 1. 0.7 0.4 0.2 

1.08 0.9 0.57 0.32 0.15 

1.00 0.85 0.53 0.31 0.14 

0.95 0.79 0.50 0.28 0.13 

0.90 0.75 0.47 0.27 0.13 

0.86 0.72 0.45 0.26 0,12 
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experiments in the High-Flux Irradiation Facility (HFIR) show a decrease of about an 
order of magnitude in yields for H2 and Hz02, and about a factor of two decrease for 
H 0 2 and 0 2 yields as the temperature rises from room temperature to 200°C [46j. In 
high-temperature coolants of power reactors, oxygen cannot be detected ttiii.il hydrogen 
concentrations fall below the normally maintained levels of 25 cm 3 /kg . 

16 .2 .2 .6 . T r i t i u m issues 

The breeding of tritium in the coolant of a fusion reactor will lead to high-LET 
radiation which forms H O a 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. 1.5 h, independent of 
hydrogen concentration [60], most probably reacting on the metal surface. Therefore, 
although the aqueous solution containing LJNO3 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 6 Li(n ,«)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 10.2-33 are, respectively, energies of 
24kcal/mol and 18kcaI/inol. 

Thermal hydrogen atoms (low-energy tritium) will undergo reactions with the H ami 
OH radicals to form HT or TOH by: 

T + H - HT, (1G.2-34) 

T + OH - TOH. (16.2-35) 

http://ttiii.il
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Table 1G.2-X. 

H T / H T O RATIOS OF N E U T R O N - I R R A D I A T E D S O L U T I O N S [61] 

Solution HT/HTO Ratio 

1.5 M LiNO a , 0.1 M NaOH 0.06 

1.5 M L i N 0 3 , 0.1 M NaOH 0.08 

0.6 M LiOH 0.04 

0.7 M LiCI, pH 14 0.048 

1.0 M LiCI, 1M NaOH 0.07 

Kambara et al. [61] have made a detailed study of the H T / H T O ratio formed during neu­
tron irradiation of various lithium-containing solutions. They studied aqueous solutions 
of L i N 0 3 , LiOH, and LiCI at pH values ranging from 1 to 11 irradiated to a total flux 
of 1 0 M to 10 1 B neutrons/cm 2 . 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 HT/HTO ratios of 
some of the solutions studied. 

An LiCi solution saturated with K M n 0 4 showed an HT yield of zero. The NO3 ion 
is known to be an excellent scavenger for thermal hydrogen atoms through the following 
reaction: 

H + NO3 -> N02 + 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 C'aN0 3 solution 
irradiated by fast neutron and 7 rays shows a 75-fold reduction in hydrogen yield, G{H2), 
compared to tha t observed in water. However, it can be seen from Table 16.2-X that LiCI 
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. Discuss ion 

Radiolysis of pure water and of aqueous LiN03 salt solutions by light and heavy 
particles was investigated. Gamma-ray radiolysis yields of L i N 0 3 salt solutions are known 
as a function of salt concentration. At high concentrations, the H 2 yields are very small 
and the HjOs 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 lithium in 
the aqueous IJNO3 salt solution. Reaction yields were estimated as a function of salt 
concentration based on the power-law measurements of 3.4-MeV a particles. The oxygen 
production by heavy-particle radiation increases while the yields of Hj, H2O2, H, OH, and 
HO2 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 LiN03 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 
nou-boiting 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 L i N 0 3 salt solution should 
not lead to the formation of volatile or explosive gas mixtures, The effects of radiolytic 
decomposition products on corrosion, however, remain uncertain and experimental data 
on the behavior of radiolytic decomposition products in a fusion environment are needed. 

16 .2 .3 . P r o p e r t i e s of L i N 0 3 So lu t ions 

The physical properties of concentrated solutions of L i N 0 3 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-II 
FPC. The physical properties of L i N 0 3 solutions as functions of temperature and salt 
concentration are given in the following subsections. During the TITAN-II 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 1 kg of solvent), and the weight percentage of the solute, U', as a 
function of the atomic percentage of Li, An, are given in the following equations: 

mmALi 

Mw(lD0-bALi) 

W = 
200 ALiM, 

ZALiM, + M „ , ( 1 0 0 - 5 / i L ; ) 

(16.2-37) 

(16.2-38) 

where Mw and M, are the molecular masses of the water (18.02) and of the solute 
(68.94 for natural LiNOa), respectively. Figure 16.2-13 shows these relationships over 
the concentration range of interest. 

80 i ' 1 1 1 1 ! 1 1 25 

2 4 6 
Lithium Atomic Percentage 

Figure 16.2-13. Relationship between molality and weight percentage of solute as a 
function of atomic percentage of Li for L i N 0 3 solutions. 
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In many cases, experimental data for some physical properties of interest for L i N 0 3 

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 N a C l - H 2 0 system has been much more widely studied than any other 
solution and many solutions of 1-1 electrolytes (e.g., NaCl, KBr, and L iN0 3 ) 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. 

10,2 .3 .1 . Dens i ty 

A full experimental data set is available for the density of L1NO3 solutions for tem­
peratures up to 350 °C and for concentrations from pure water to pure LJNO3 [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 / cm 3 as a function of 
temperature, T (°C), is reproduced in the equation below: 

p = 1.003 + 5.765 x 10~3W'' + 3.750 x 1 0 ~ B i r 2 

- (1.898 x 1 0 - 4 + 1.096 x 10~SW + 9.375 x 10" 9 W2) T 

~ {2.497 x 1 0 - 6 - 6.500 x 1 0 - 8 W + 4.229 x 10~™W2) T2 . (16.2-39) 

In Reference [64], experimental data are given for weight percentages from 40% to 
100% L1NO3 and for temperatures up to 350 C 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 lithium-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 8.6MPa (saturation) to 20MPa. 
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A final point arising from these papers is that the authors note that LiN03 and 
H 2 0 are completely miscibleat temperatures above the melting point of L i N 0 3 (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 . Viscos i ty 

The same Russian group that has published data concerning the density of LiNOs 
solutions at high temperatures has also reported measurements of the viscosity of these 
solutions. References [65,66] give experimental results for the viscosity of LiNOa solutions 
for temperatures up to 275 °C and for concentrations up to lOmol/kg (~ 4.5% Li), and 
provide fits to these data. They quote a fit to the viscosity of the solution, 77, relative to 
that of pure water, 770, of the form 

where A and B are temperature-dependent constants and N is the mole fraction of 
LiN03. 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 Aa ~ 3%), although it reproduces the experimental data well up to lOmol/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% L i N 0 3 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 outside 
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 L i N 0 3 solutions as fusion-blanket coolants. 

(16.2-40) 
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Figure 16.2-15. Viscosity of LiNOa soiutions at various temperatures and for a range 
of lithium-atom percentages. 
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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 same 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 critical temperature and pressure quite si<: ificantly. 
Therefore, the specific heat capacity of the solution can vary markedly from that of pure 
water at the same conditions. Wood and Quint have proposed a very simple 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, c p ( at temperature, 
T, and pressure, p, is 

c p ( 7 \ p ) = H o t c p o ^ p O - ^ i r . O J + c^otr.O)] , (16.2-41) 

where Cpo is the specific heat capacity of water, \V0 is the weight fraction of water, and 
T" and p' are, respectively, the reduced temperature and pressure and are given by 

r = (f)T<°> (16-2-42) 

p' = ( - ) p r o . (16.2-43) 

Here TK and pc 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 L i N 0 3 solu­
tions, the critical temperature and pressure of the solution must be known as a function 
of concentration. No measurements for LiNC>3 salt appear to have been made, but data 
are available for many other salt solutions [68] and it has been found that 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 L1NO3, although a large extrapolation has been made from the highest NaCl 
concentrations studied (6 mot/kg) to the most concentrated LiNOs solutions proposed. 

Figure 16.2-16 shows the estimated critical temperature and pressure for L i N 0 3 so­
lutions. A rapid increase in the critical temperature and pressure wiV-V 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 au aqueous blanket at high temperatures (greater than 400 °C) is suggested by the 
increase in critical temperature, if (he higher pressures can be tolerated and if suitable 
materials can be 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 lOMPa, but the specific heat capacity varies by less than 1% for pressures 
up to 16MPa, 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, althougli there is 
little additional effect as the concentration is increased. The change in cp 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 uiicei'.ainty 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 c p 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 L i N 0 3 becomes significant. The estimates presented here are, 
therefore, expected to be low for the higher concentrations. 

16.2.3.4. Thermal conduct iv i ty 

There appear to be no extensive experimental measurements of the thermal conduc­
tivity of L1NO3 solutions for the temperature range of interest for fusion blankets. Data 
for NaCl are available, however, and Reference [70] gives smoothed values of experimental 
data for temperatures up to 330 °C and for concentrations up to 5mol/kg. These data 
Mere extrapolated to 11 inol/kg [ALI ~ 5%) and a simple fit to the data was made. For 
higher concentrations, curve fits were used as the simple fit breaks down. The thermal 
conductivity of tJie solution, k (W/mK), is approximately given by 

k - k0 — (a — bm)m , (16.2-44) 
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Figure 16.2-16. Critical temperature and pressure for L i N 0 3 solutions as estimated 
from measurements for NaCl solutions. 
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a = 4.75 + 1 . 5 x l O ~ 2 T , (1S.2-45) 

b = 0.185 + 5.0 x 1 0 " 4 T , (16.2-46) 

where fco 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 L i N 0 3 solutions, the values 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 . Boi l ing point 

Reference [71] reported measurements of the vapor pressure of L i N 0 3 solutions for 
concentrations up to 24 mol/kg and for temperatures up to 110 °C. Their results showed 
that the relative vapor pressure (the ratio of the vapor pressure of the solution to that 
of pure water) for a given concentration remained approximately constant, independent 
of changes in temperature. It has been assumed that this relationship is valid for higher 
temperatures, in the absence of relevant experimental data. 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 L1NO3 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 boiling-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 L i N 0 3 . Further 
experimental data are clearly required. 
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16.2.3.6. Discussion 

The above estimates of the properties of L i N 0 3 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 example, reducing the 
coolant pressure or increasing the temperature without incurring an increased risk of 
burnout. 

However, many of the estimates are extrapolations from experimental data or have 
been obtained from the results for other salt solutions. Although these predictions should 
give good indications of the expected trends for the various properties, a much expanded 
experimental data base is required for the salts and conditions proposed before the ther­
mal performance of an aqueous salt blanket at high temperature can be confidently 
predicted. 

16.2.4. Structural Material 

One of the goals of the TITAN study has been to satisfy Olass-C waste-disposal 
criteria [72] and achieve a high level of safety assurance. Among the low-activation 
candidate vanadium alloys, V-3Ti-lSi (the structural material for the TITAN-1 design) 
had to be 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 properties are inferior to those of ferritic steels when heliuni-
embrittlement effect'-, are taken into account [73] (Section i0.2). Therefore, various 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 been estab­
lished by the U. S. Nuclear Regulatory Commission (U. S. - 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 3 ) for fission-reactor waste streams. 
In recent years, the 10CFRGI list of radionuclide concentrations have been augmented 
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 D I S P O S A L LIMITS OF 
S E L E C T E D A L L O Y I N G E L E M E N T S OF STEELS [77] 

Element Product Half-Life (y) Disposal Limit (Ci /m 3 ) 

80 

220 

7000 

0.2 

0.2 

30 

1 

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-XI [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 j Cr ferritic/bainitic steels, and (3) 9- to 12-Cr ferritic/martensitic steels. A major 
advantage of {lie 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-N design. 

Currently three major research institutions in the U. S. are developing and evaluat­
ing low-activation ferritic alloys [79]: Oak Ridge National Laboratory (ORNL), General 

" C 5730 
5 9 N j 76000 
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F i g u r e 16.2-20. Comparison of swelling behavior of austenitic and ferritic steels [78]. 

Atomics (GA), and Hanford Engineering Development Laboratory (HEDL). The ORNL 
program has developed a 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 js in the same group as molybdenum. About 0.25 wt.% 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% 
niartensitic steels. Tensile-behavior tests have verified the strengthening effect of vana­
dium and tungsten. The effects 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 

Commercial Ftrritic* 
I I 
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0.3%. A low-carbon concentration, below 0.15%, was chosen to ensure weldability. The 
low-vanadium concentration resulted in high M23C6 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 coimiiercial 
counterpart alloy 9Cr-lMo-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 2iCr~lMo, the low-chromium bainitic alloy 
(2^Cr-V) has a lower yield strength, a slightly loarer 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-lMo-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 2jCr-V 
alloys showed an increase in strength and a reduction in elongation, while the 9 to 
12Cr-Mn-V-W alloys exhibited only small changes in strength and elongation after irra­
diation at 420 °C and damage doses up to lOdpa [2]. The radiation-hardening resistance 
of high-chromium alloys is also significantly different from commercial high-chromium 
ferritic steels such as 9Cr-lMo-V-Nb and 12Cr-lMo-V-W (HT-9) [79,81], 

Some data 011 irradiation behavior of the low-activation ferritic steels are available. 
Specimens were irradiated up to 14dpa in the F F T F and post-irradiation tests were per­
formed at room 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 2iCr-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-lW-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 also 
shows the total elongation of the tested specimen. Again 12Cr-0.3V-lW-6,F>Mn marten­
sitic steel shows the smallest fluctuations in total elongation among all tested alloys. 

http://12Cr-0.3V-lW-6.5Mn
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Figure 16.2-21. Results of uniaxial-tensile tests of HEDL low-activation ferritic al­
loys [79]. The yield strength and the total elongation are plotted as 
a function of the irradiation temperature. The values on the vertical 
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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 specimen is 
loaded at a temperature below the DBTT, a brittle-type cleavage fracture occurs, while 
at temperatures above the DBTT the metal undergoes yielding before fracture occurs. 
Figure 16.2-22 shows changes in DBTT of 9Cr-lMo-W-Nb and 12Cr-lMo-W-V (HT-9) 
irradiated to damage levels of up to 30 dpa as a function of irradiation temperature. The 
change in DBTT is highest at low irradiation temperatures, and vanishes when irradiation 
temperatures exceed 600 C C. The commercial 9-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-lMo-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 must be chosen to minimize the rise in DBTT 
of ferritic steels. 

18.2 .4 .1 . Discuss ion 

The TITAN-II FPC is cooled by a aqueous lithium-salt solution which also acts as 
the breeder material [lj. Among the low-activation candidate vanadium alloys, V-3Ti-lSi 
(the structural material for the TITAN-I design) had to be 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 wlten 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 radionuclides 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-lW-6.5Mn alloy (9-C!) lias 
been chosen as the structural material, primarily because of its high stret ?t h and good 
elongation behavior after irradiation as compared with other low-activation ferritic steels. 
The high-chromium content, of this alloy ensures an excellent corrosion resistance, as 
is d i sc "sed 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-embrittlemeiit susceptibility (Section 16.2.5). Furthermore, alloy 9-C has a low 
tungsten content (< 0.9%) which reduces the waste-disposal concerns of the production 
of the radionuclide 1 8 6 m R e by fusion-neutron reaction with VV. 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-XII shows selected properties of the 9-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, O.llSi, 0.003N, < 0.005P, and 0.005S 
with balance in iron. 

http://12Cr-0.3V-lW-6.5Mn
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Table 16.2-XIL 

PHYSICAL AND MECHANICAL PROPERTIES OF 
ALLOY 9-C LOW-ACTIVATION FERRITIC STEEL [2] 

Property Temperature (°C) 
RT 300 400 500 600 

Yo'-ng's modulus (GPa) 225 200 
\ 
193\ 

0.4 

180 150 

Poisson ratio 0.4 0.4 

\ 
193\ 

0.4 0.4 0.4 

Shear modulus (GPA) l°> 83 75 72 68 -

Tensile strength (MPa) 1002 - 810 ( o 1 942 ! & ) 749<«) 

Yield strength (MPa) <c> 810 810 820 650 531 

Total elongation (%) ( c ) 10.1 13.8 15.0 17.0 19.4 

Thermal-expansion coefficient (10" S / °C) 9.5 10.5 11.0 11.5 12.0 

Specific heat (J/kg-°C) 450 570 600 680 780 

Electric resistivity (/ifim) 0.6 0.82 0.9 0.99 1.05 

Thermal conductivity (W/m -K) 25 26.5 26.7 27.2 27.6 

D B T T a t 15dpa (°C) < o ) - - 100 25 0 

DBTT at 30dpa ( CC) ( a> - - 140 50 55 

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

(b) Values at irradiation temperatures after 6dpa. 

(c) Values at irradiation temperatures after 14 dpa. 
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16.2.5. Hydrogen Enibritt lemeut 

Interaction 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 embritt lei i ient. This failure mode occurs during the plastic 
deformation of stressed alloys exposed to hydrogen-bearing gases or during hydrogen-
producing corrosion reactions. Experiments show that steels, nickel-base alloys, and 
titanium alloys are most susceptible to this mechanism when the strain rate is low and 
the hydrogen pressure and purity is hif h. 

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 liydrogen. The hydrogen then diffuses into regions of high triaxial stresses. 
The diffusion and agglomeration manifests itself in a delayed time-to-failure (iucubation 
time). Furthermore, this failure mode 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 tensile strength of an alloy increase. Thus, liydrogen 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 (i.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. 

H y d r o g e n 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 (T >200°C) process that occurs 
in carbon and low-alloy steels exposed to high-pressure hydrogen. Although the limits 
of alloy content f or certain groups of steels are not well defined, it is assumed that a 
"low-alloy" steel is one having less (ban 12% total alloy content; above that level the 
term stainless steel is used [85]. 
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Bl is ter ing. In low-strength alloys, atomic hydrogens can be trapped at internal defects 
and consequently form molecular hydrogen (Hj). Localized plastic deformation can occur 
when the pressure of the H2 gas readies a large value, leading to blistering and can cause 
rupture. 

Shatter cracks. Melts of alloys possess a higher hydrogen solubility than the solids. 
Therefore, during forging, welding, and 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 tem­
perature often show the formation of networks of fissures. Consequent, exposure to gases 
or liquids will result in a rapid permeation of the alloy. 

Degradat ion in flow properties . The interaction of atomic hydrogen witli 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 correpponding 
hydrides (MH*). Precipitation of metal-hydride phases results in the degradation of 
the mechanical properties and cracking in magnesium, tantalum, niobium, vanadium, 
uranium, thorium, zirconium, titanium, and 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 embrittlement 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 hydrogen (H s ) . In a non-nuclear environment, 
there are three sources of hydrogen: steel manufacturing, corrosion in aqueous solutions 
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(cathodic reactions generate hydrogen 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 is 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 deformation. 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-reaction 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 Hi, with the matrix to form a metal hydride 
(MHz), or with foreign elements in the matrix to form a gas (CH*). In carbon and low-
alloy steels, the primary gas formed is methane (CH 4 ) . The volatility of the methane 
gas leads to the process known as decarburization. Hydrogen can also react with oxygen 
to form steam (H s O) 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 aqueous solutions, atomic hydrogen is generated and is 
then absorbed by the crack tip. Stress-corrosion cracking is, tlierefore, a special case of 
hydrogen embrittlement in which hydrogen is produced by the corrosion process occurring 
inside the crack. 

16 .2 .5 .1 . H y d r o g e n e i n b r i t t l e n i e n t of fe r rous ailoys 

During 1960s, the National Aeronautics and Space Administration (NASA) experi­
enced failure of ground-based hydrogen-storage vanks. Because of these failures and the 
anticipated use of hydrogen in advanced rocket and gas turbines, 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 (N ACE) 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. The 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-
crostructMre, (5) stress level, and (6) environment. The tendency for hydrogen embrit-
tlement to occur increases with hydrogen concentration in tile 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-.-Us) or they can be sta­
tionary [e.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 [92]. The effect of the grain size on the resistance to hydrogen embrtttlement 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 (trap 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 diffusion 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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F i g u r e 16.2-24. Effects of grain size on the resistance of AISI 4030 steels to hydrogen 
failure [92]. 
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The effects of various elements on hydrogen einbrittlement 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, mtcrostrueture, and the heat 
treatment requirements. Since hydrogen embrittlement is sensitive to the micros!ructure, 
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 to loss of 
tensile ductility when exposed to hydrogen environments [84]. 

The susceptibility of stainless steels to hydrogen einbrittlement is also directly related 
to its strength. Stainless steels show extremely low resistance to hydrogen embrittlement 
with increasing yield strength as shown in Figure 16.2-26 for AISI 4340 steel in acjueous 
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 solutions. Furthermore, 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 wicle range of 
temperatures, -100 to +700 °C. However, the most severe embrittlemeut in steels occurs 
around room temperature [96-99]. The temperature dependence of the tensile strength 
of a high-strength steel is shown in Figure 16.2-27. At very low ( -100°C) or very high 
(700°0) 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 atoms is reduced to such a small value that t rap 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 c eking (SCC). The tendency of an alloy to undergo SOG decreases 
with increasing temperature and drops significantly above 70 °C. Except in corrosion 
reactions involving hydrofluoric acid or hydrogen sulfide, SG'C is usually not a problem 
with steels having a yield strength below 1,000 MPa [100]. 

16.2.5 .2 . Hydrogen-ei i ibritt lemeiit prevention 

The main cause of hydrogen embrittlement is l,h? penetration of hydrogen into a metai 
or alloy. Techniques for in-service hydrogen-embrittlement prevention generally focus on 
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
tlenient may be mitigated or prevented by application of one or more of the following 
preventive measures. 

Reducing corrosion r a t e s . Corrosion 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-I V 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 mechanical properties of the treated materia! 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 n 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 4 formation) is a major concern only for high-
carbon or low-alloy steels. 

Alloy select ion. Hydrogen embrittlemetit strongly depends on the strength of the 
alloy and high-strength steels are the alloys which are most, susceptible to hydrogen em-
brittlemeut. Low-strength alloys {cy < 1000MPa) are the least susceptible to hydrogen 
embrittlenient. Furthermore, alloying elements such as nickel and molybdenum reduce 
the susceptibility to hydrogen embrittlement [3j. 

Reduct ion of S C C by deaeration of boiler w a t e r . 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 liquid 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 better corro­
sion resistance. For example, deaeration of boiler 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 (H2) hydrogen. While nascent hydro­
gen increases SCC, molecular hydrogen decreases SCC because of recombination with 
dissolved oxygen. 

Petrochemical 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 main 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 elements 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 common 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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F i g u r e 16.2-28. Operating limits (Nelson curves) for steels in hydrogen service [100]. 
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allows higher temperatures and higher hydrogen partial pressures. The worst case is that 
of regular carbon steel. 

10.2.5.3. Discussion 

Hydrogen embrittlement is an important phenomena caused mainly by the trapping of 
absorbed hydrogen in metals under applied stresses. The main factor influencing hydro­
gen embrittleinent is the hydrogen content which depends strongly on the temperature, 
microstructure, and strength of the alloy. Hydrogen content can be reduced by minimiz­
ing 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 molybdenum (> 10 wt%) 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 
( > 11 wt.% Cr, 6 wt.% Mn, 0.28 wt.% V, and 0.89 wt.% 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 hydrogen atoms on the 
surfaces, thus reducing the nascent hydrogen content. 

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 embrittlement of the structure for 
operation at or near room temperature (the highest susceptibility of high-strength alloys 
to hydrogen enibrittlement is at or near room temperature [100]). But the TITAN-II 
structural material operates at high temperatures (> 400 °G), 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 
17MPa without internal decarburization and hydrogen embrittlement (Figure 16.2-28). 

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

16.2.6. Neutron-Mult ip l ier Material 

Beryllium is chosen as the neutron-multiplier material for the TITAN-II design mainly 
because of low activation. Concerns associated witii beryllium 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 . P r o p e r t i e s 

Selected properties of beryllium are given in Table 16.2-XIII. Mechanical properties 
of beryllium at elevated temperatures depend on the microstructuTe 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 /mi 
with the principle impurities being: 200appm oxygen, 620appm argon, 1380appm iron, 
500appm silicon, and 220appm titanium. 

16.2 .6 .2 . Bery l l ium co r ros ion 

The two areas of concern regarding beryllium in a fusion environment are swelling and 
corrosion. Beryllium that is clean and free of surface impurities (in particular carbonates 
and sulfates) has exceedingly good resistance to attack in low-temperature, high-purity 
water [102], with typical corrosion rates of less than 1 mil/y [103]. In a slightly acidic 
demineralized water of a nuclear test reactor, beryllium has performed without problems 
for over 10 years [104,105]. 

Beryllium exposed to chloride and sulfate-contaminated aqueous solutions is suscep­
tible to attack. Development of corrosion-protective coatings for beryllium has been 
extensive [104]. Extremely thin (100A) chromate coatings produced by simple dip treat­
ments have shown to hold up under 5% salt spray tests for a period of l20h [106]. With 
anodized coatings, no corrosion was detected after 2000-h exposure in ASTM salt-spray 
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Table 1G.2-XIII. 

S E L E C T E D P R O P E R T I E S OF BERYLLIUM'"' [102] 

Atomic weight 9,01 
Density (g/cm 3 ) 1.85 
Crystal structure 

T<1254°C h-c.p. 
T>1254°C b.c.c. 

Melting temperature (°C) 1283 
Boiling temperature ( CC) 2484 
Heat of fusion (J/g) 1083 
Heat of vaporization (J /g) 24,790 
Heat capacity (J/g-°C) 

500 "C 2.25 
1000 °C 2.92 
1500 °C 3.59 

Coefficient of thermal expansion (1/°C) 
25- 100 °C 11.6 x 10" 6 

25- 500 °C 15.9 x 10" 6 

25-1000°C 18.4 x 1 0 _ e 

Thermal conductivity (W/m-K) 
50°C 150 

300°C 125 
600°C 90 

Electrical resistivity (fificm) 
50 °C 5 

300°C 12 
600 °C 23 

Bulk modulus (G'Pa) 115.8 
Shear modulus (GPa} 157.7 
Young's modulus (GPa) 278.5 
Pojsson ratio 0.2 
Fracture mode cleavage 
Ductility poor 

(a) Properties are at room temperature except as indicated. 
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Table 16.2-XIV. 

U L T I M A T E T E N S I L E S T R E N G T H A N D 0.2% Y I E L D S T R E N G T H 
OF A T Y P I C A L B E R Y L L I U M S H E E T [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% H N 0 3 with a current density of 0.20 A/f t 2 for 5 minutes, or by solu­
tions of 7.5% NaOH with a current density of 10 A/f t 2 for 20 minutes. It is conceivable 
to develop an in-situ anodizing mechanism to coat beryllium in an aqueous self-cooled 
blanket. In particular, the TITAN-I1 blanket coolant contains both N 0 3 and OH ions. 
Extensive research into this area will be required to establish the feasibility of in-situ 
anodizing methods. 

16.2 .6 .3 . Swell ing 

Irradiation-induced swelling is a major concern associated with beryllium in a fu­
sion environment. Swelling of beryllium 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 t rap sites such as thermodynamically and irradiation-produced dislocations, cavities, 
and grain boundaries. This phenomena is responsible for the nncleation and growth of 
bubbles. Bubbles can also migrate through the matrix or along grain boundaries and 
coalesce to form bigger bubbles (increased swelling). The temperature has to be high 
enough to allow bubble migration and coalescence. 
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The threshold temperature below which swelling of beryllium is insignificant was 
determined in early post-irradiation experiments [107-110]. For fluences resulting in 
a few appm of helium-atom concent rat ion in beryllium, the threshold temperature is 
around 700 °C while for fluences creating more than 50 appm of helium, 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 helium appm per 1 M W y / n r . 
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°C'), post-irradiation anneal experiments showed a maximum 
swelling of 30%. This m~*:imurn in swelling was attributed to interconnecting bubbles 
which resulted in a release of trapped helium from the bulk. The mininium 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 minimum of about 10% and a maximum of 30% 
at high temperatures (> 750 °C). 

Phenonienological swelling equation 

Becaiise it is believed that swelling has its microstructural origin in helium behavior, 
a swelling equation based on the following gas-behavior assumptions has 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, commonly used to describe the thermodynamic 
state of fission gas bubbles, is: 

p I— ~B] = kT, (16.2-47) 

where p is the pressure of the gas of molecular density pg 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 = 2"i/R yields: 

1 „ kT „ 
— = B + -—R, (16.2-48) 
Pg 27 

where 7 is the surface tension of a bubble with a radius R. 
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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: 

f = f R*N. (16.2-49) 

The bubble number density, N, is related to the number of gas atoms per bubble, m, 

and the helium generation rate, GHe­

rn N = fnGnei, (16.2-50) 

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

4TT . 4?r R3 

m = T * * = TB + WW ( 1 6 2 - 5 1 ) 

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

Note that the .swelling rate scales as r . 1 5 , which is commonly found experimentally. To 
use Equation 16.2-52, it is necessary to know the surface tension of bubbles in beryllium, 
the fraction of retained helium 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 30,000 appm. Beryllium 
was irradiated in ETR and ATR test reactors up to 3.5 x 1 0 2 2 n / c m 2 by last neutrons 
[E > 0.1 MeV). The number densities of helium bubbles were measured at annealing 
temperatures between 400 and 600"C [113]. An empirical equation, given by Beeston, 
for the number density as a function of temperature is: 

N = 1 . 4 x l 0 1 4 e x p ( ^ J ) , (16.2-53) 

where AT is given in bubbles per cm 3 , k is Boltzmami constant {k = 8.618 x 10" 5 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 reported. 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 {fR — 1). Beryllium surfRCe-energy mea­
surements have been performed and the values quoted range from 1 to 2 J / m 2 [114- 117], 
In calibrating the swelling Equation 16.2-52 to Beeston's data, a surface tension value of 
1 .6J /m 2 leads to the best agreement between 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 agreement 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 beryllium, which retains most of the generated helium, is used. Table 16.2-XVI 
shows the estimated beryllium swelling after one full-power year (FPY) of operation. 
The beryllium was assumed to have an average temperature of 500"C. It can be seen 
that with conservative assumptions, the maximum swelling of beryllium should not be 
higher than ~ 15% at 0.5 cm behind the first wall. 

Swell ing of porous beryl l ium 

The estimated swelling values of Table 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 ( > 2 5 0 o O ) , the helium bubbles will be in mechanical equilibrium 
(p = 2f/R). For an average-sized closed pore of 7? = 2.5/mi, the amount of helium 
trapped is 

n = , m ~ 1.96 x 10 e (atom per pore) . (16.2-54) 
3 kT 

The total helium produced during 1 FPY of operation in beryllium located just behind the 
first wall of the TITAN-II reactor is about 6.6 x 10 2 1 He/cm 3 . Starting with a beryllium 
matrix having a density of about 70% theoretical density (70% TD or 30% open 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~ 1 2 (cm 3 /pore) 

.< (0.3) x (0.5) = 3.1 x 1 0 l a ( I I e / c m 3 ) . (16.2-55) 
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Table 16.2-XV. 

EXPERIMENTAL^ AND ESTIMATED^ 
SWELLING VALUES OF BERYLLIUM 

(°C) 

AV/V {%) 

Temperature (°C) Experiments '^ Estimated' 1 ' ' 

200 1.2 0.36 

300 1.5 1.29 

400 3. 3.17 

500 6. 6.69 

(a) Specimen contained about 30,000appm helium (3.7 x 10 2 1 He/cm3) [112,113]. 

{b) Estimated using Equation 16.2-52. 

Table 16.2-XVI. 

SWELLING OP SOLID BERYLLIUM IN THE TITAN-II REACTOR' 0' 

Distance from First Wall (cm) Total Helium (appm) AV/V (%) 

0.5 

4.9 

9.5 

14.5 

53,400 14.5 

34,000 7.4 

20,300 3.4 

11,900 1.5 

(a) After 1 FPY of operation at 18MW/W neutron wall loading. 
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This rough estimate shows that only about 0.5% of the total generated helium is trapped 
inside closed pores. Only 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 beryllium can be 
estimated using self-diffusion coefficients given by [118]: 

D± = 0.52 e x p ( ^ ^ ) , (16.2-56) 

Dn = 0 . 6 2 e x p ( ^ i ) , (16.2-57) 

where D± and D^ are, respectively, the diffusion coefficients perpendicular and parallel 
to the C-axis (in units of cm 2 / s ) and hT is in units of eV. Assuming an average diffusion 
path to open pores of 10mn and an average temperature of 500 "C, Equations 16.2-56 
and 16.2-57 predict that 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 helium atoms can reach open pores within a short time. If 30% of 
all generated helium atoms escape to open pores, about 1.9 x 10 2 1 He/cm 3 will be vented 
resulting in / n ~ 0.7. Based on this estimate for fjt, the maximum beryllium swelling at 
0.5cm behind the first wall of TITAN-II is E.bout 8.5%. The above calculations assume 
that, the pores in the beryllium rod remain open and do not sinter during operation; 
sintering must be minimized to avoid pore closure and excessive swelling. 

A smear density of 70% TD can be achieved using sphere-packed beryllium. The 
maximum operating temperature must be kept below 660 C C to prevent sintering of the 
spheres. Beestoii [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 metals undergo hardening when exposed to neutron irradiation. Similarly, beryl­
lium is expected to experience an increase in yield strength with irradiation [121]. Miller 
et at. [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 1 0 2 a n / c n r . 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 flueiice of 1.2 x l O ^ n / c m 2 [122]. 
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of beryllium by a factor of ~ 2 at temperatures between 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 beryllium are needed to understand and model lifetime-limiting effects. 

16.2 .6 .4 . Discuss ion 

Corrosion of beryllium in aqueous solutions is a function of the cleanliness of the beryl­
lium surface and of solution impurities. Beryllium surfaces should be free of carbonates 
and sulfates 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. 

Swelling levels of above ~ 10% will most likely result 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 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 of the spheres. 

Two methods for accommodating the high rate of swelling in beryllium are available: 
(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 low-TD beryllium (sphere packed to a TD of ~ 70%) to accumulate 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 300 °G. AfcG'arvifle et al. [123] predict that thermal creep 
may help extend the lifetime by relieving stresses caused by differential swelling, with 
irradiation-creep effects being negligible. 
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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 (LiN0 3 ) , 
are considered because they are highly soluble in water. The LINO3 salt was selected 
as the reference salt material for two main reasons. First, LiOH is more corrosive than 
L i N 0 3 (Section 16.2.1). Recently, electrochemical corrosion tests were performed for 
aqueous LiOH and LiNO a solutions in contact with AISI 316L stainless steels [37]. It 
was found that stainless steels, particularly low-carbon steels, exhibit better corrosion 
resistance in LiNC>3 solution than in LiOH. Second, from the point of view of radiolysis, 
LiNOa 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. In an L1NO3 solution, nitrate ions ( N 0 3 ) 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 L i N 0 3 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 behavior after irradiation. The high 
chromium content ( l l w t . % ) 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 L1NO3 solutions is very 
limited. Indications are, however, that a high-concentration L i N 0 3 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 SCO can be 
suppressed by reducing the oxygen content through the addition of hydrogen to the 
coolant. The production of tritium in an aqueous L i N 0 3 solution is seen as an SCC-
controlling mechanism. 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 SCO. 

Another form of attack on structural material in an aqueous environment is hydrogen 
embrittlenietit. The main factors influencing hydrogen enibrittlement 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 embrittlemeut 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 l 7 M P a 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, 
7, and X rays) of concentrated LiNC>3 solutions results in a. decrease of decomposition 
products compared with regular water. Heavy-particle radiation (n, p, « , and T) on con­
centrated LiNC>3 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 elevated 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 rmdtiplier 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 be 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 P3S8 approximation in cylindrical 
geometry. The nuclear data library, ENDP/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-II 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
lium 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 (D2O) is used as the coolant, and the impact of beryllium density on the 
blanket performance. The neutronics performance 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 parameters based 
on the mechanical and thermal-hydraulic design of the TITAN-II 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 volume percentages, except as 
otherwise noted). The blanket zone composition is 9% structure, 32% coolant, and 59% 
beryllium. The thickness of the blanket is a variable in the scoping studies. The blanket 
is followed by a metallic shield composed of 90% structure and 10% coolant. Two shield 
thicknesses of 0.2 and 0.25 m are 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 
( M g A l 2 0 4 ) , 10% coolant (pure water), and 70% copper conductor. The ohirnc-heating 
(OH) coils of the TITAN-II design are located 0.78 m from the first wall in the scoping 
studies. The material compositions of the OH coils are identical to the T F coils. The 
space between the T F and OH coils contains pure water (the low-pressure water pool). 

For the scoping studies, it is assumed that the aqueous coolant contains L i N 0 3 salt 
and ordinary water (H2O) with 1:5 molecular ratio. This aqueous L i N 0 3 solution has 
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Table 16.3-1. 

B E R Y L L I U M ZONE T H I C K N E S S E S T O A C H I E V E D I F F E R E N T 
T R I T I U M - B R E E D I N G RATIOS IN T H E TITAN-II BLANKET'"' 

Tritium-Breeding Ratio 

1.1 1.2 

6 L i enrichment (%) 7.42 30. 60. 7.42 30. 60. 

Be zone thickness (m) 0.20 0.12 0.09 0.23 0.14 0.11 

Blanket energy multiplication w 1.41 1.30 1.26 1.43 1.33 1.29 

{a) For a 0.2-m-thick shield with 1 8 M W / m 2 neutron wall loading. 

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

a density of 1.07 g /cm 3 and contains 5at.% of lithium. The blanket tritium breeding is 
strongly affected by 6 Li enrichment in the lithium salt. Three 6 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 beryllium zone thickness 
from 0.1 to 0,3 m while keeping the shield thickness at 0.2 m. It was found that the TBR 
ranged from 0.76 for natural 6 Li enrichment (7.42%) and 0.1-m-thick beryllium zone to 
TBR of 1.66 for 60% 6 Li enrichment and 0.3-m-thick berylli uni zone. 

Next, for a given TBR, the thickness of the beryllium zone was estimated. Table 16.3-1 
presents the estimated thickness of the beryllium zone to achieve TBR of 1.1 or 1.2 
for different 6 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 0.23 m; and (2) flLi enrichment can be adjusted, for example, from 
7.42% to 60% 6 Li , to obtain the desirable TBR. 

The neutron fluence at the location of T F coils was also examined. Afi 3 full-
power years (FPY) of operation at 18.1 M W / m 2 neutron wall loading, the maximum 
fast-neutron {E„ > 0.1 MeV) fluence was found to be insensitive to 6 Li enrichment. For 
beryllium zone thicknesses of 0.1, 0,2, and 0.3 m, the maximum fast-neutron ftuences 
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Table 16.3-IL 

I M P A C T OF 6 L i E N R I C H M E N T O N B L A N K E T PERFORMANCE*"' 

6 Li Enrichment (%) 7.42 30. 60. 

Tritium-br<. .ding ratio 0.982 1.269 1.361 

Blanket energy multiplication, M 1.42 1.37 1.35 

Fraction (% of M) of nuclesx energy in 

First wall 8.3 8.8 9.0 

Beryllium zone 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(i,) at TF coils (n/cm 2) 8.8 x 10 2 2 8.7 x 10 2 2 . . / x 10 2 2 

(a) For 0.15-m Be zone and 0.25-m snield designs at l 8 M W / m 2 neutron wall loading. 

(6) Fast-neutron fluence (£„ > 0.1 MeV) for 3CFPY of operation. 

at the T F coils are, respectively, 2.3 x 10 2 3 , 9 x 10 2 2 , and 3.3 x 1 0 2 2 n / c m 2 . Since the 
fast-neutron-flueiice limit to the spinel insulators is determined to be 2 x 1 0 2 3 n / c m 2 

(Section 10.2.3), a beryllium zone thicker than 0.15m will be adequate to ensure a 
30-FPY lifetime for the T F coils. Note that a single-piece niaiutenai. . procedure is 
envisioned for the TITAN-II design (Section 20). The complete FPC, including the T F 
coils, is replaced each year during the scheduled maintenance. The used T F 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-II 
summarizes the results of neutroiiics calculations for three different e Li enrichments of 
7.42%, 30%, and 60%. The case of natural enrichment 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-II, a set of preliminary 
performance parameters can be obtained: (1) a blanket energy multiplication of about 
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Table 16.3-HI. 

C O M P A R I S O N OF N E U T R O N I C S P E R F O R M A N C E OF 
B E R Y L L I U M M U L T I P L Y I N G B L A N K E T S ' 0 ' W I T H 

H a O A N D D 2 0 - B A S E D L I T H I U M - N I T R A T E C O O L A N T S 

Coolant Type 

H 2 0 D 2 0 

e L i enrichment (%) 

Tritium-breeding ratio 

Blanket energy multiplication 

TF-coil heating rate ( W / c m 3 ) 

7.42 30. 7.42 30. 

0.982 1.269 0.936 1.217 

1.42 1.37 1.44 1.39 

4.6 4.2 7.2 6.7 

(a) For 0.15-m Be zone and 0.25-m shield designs at 1 8 M W / m z neutron wall loading. 

1.38 for a TBR of 1.2; (2) the nuclear energy deposited in the T F coils, the pool water, 
and the OH coils is about 2.5% of the total tuclear energy deposited in the first wall, 
blanket, and shield; (3) the maximum fast .neutron fluence at the T F coils is less than 
1 x 1 0 2 3 n / c m 2 ; and (4) the needed 6 Li enrichment is 30% or less for obtaining a TBR of 
1.2 in the full-coverage 1-D analysis. 

Heavy water ( D 2 0 ) as the coolant 

The option of using heavy water ( D 2 0 ) as the coolant for the TITAN-II design was 
considered because D 2 0 has a lower neutron-absorption cross section than ordinary water 
( H 2 0 ) . Furthermore, deuterium has a significant (n,2n) cross section of about 0.1 bam 
at 14MeV. It is also of interest to investigate whether D 2 0 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-II. In these calculations, H 2 0 was replaced by D 2 0 while 
all other blanket parameters remained the same. Table 16.3-III compares the results 
of these calculations with those obtained with H 2 0 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 range of blanket parameters used, because hydrogen has a better neutron-
moderation capability than deuterium. As a result, the neutron-leakage rate into the T F 
coils is expected to be higher in the D2O blanket than in the H2O blanket, as is seen in 
Table 16.3-III. The D{n,2n) reactions do not significantly contribute to tritium breeding, 
since beryllium is the major neutron multiplier with a multiplication factor of 15 or more 
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, D 2 0 coolant, 60% 6 Li , 

2. 0.6-m blanket and no shield, D 2 0 coolant, 30% 6 Li , 

3. 0.6-m blanket and no shield, D2O coolant, 60% e Li , and 

4. 0.6-m blanket and no shield, H2O coolant and 60% 6 Li . 

The compositions in the above blankets are identical to those in the previous study, 
except that beryllium is replaced by either D2O or H2O with the corresponding LiNOg 
content, of the solution. 

Table 16.3-1V summarizes the results for these four cases. It is clear that without 
beryllium, both D 2 0 and H2O LiN03 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 2 0 as the coolant. 

The fast-neutron fluence at the T F coils for the first blanket considered (total thick­
ness of 0.4m) is about the same as the blanket design containing beryllium (Table 16.3-II). 
The latter indicates that water (either light or heavy water) itself is a very good neutron 
moderator, but lacks adequate neutron-multiplication capability. 

Effect of beryl l ium d e n s i t y fac tor 

Scoping studies were performed to assess the impact of the beryllium zone thickness 
and density factor on optimized blanket-energy multiplication and beryllium utilization. 
The blanket composition in this set of calculations includes a 15-min-thick first wall with 
16.7% structure, 61.8% coolant, and a balance of void. A variable-thickness beryllium 
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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 90% structural metal 
and 10% aqueous coolant are located behind the Be zone. 

Figure 16.3-1 shows the Be (n,2n) reaction rate as a function 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 (n,2n) reaction rates relative to the value 

Table 16.3-IV. 

N E U T R O N I C S P E R F O R M A N C E OF D 2 0 - A N D H 2 0 - B A S E D 
L i N 0 3 BLANKETS'" ' W I T H O U T B E R Y L L I U M N E U T R O N M U L T I P L I E R 

Case 1 Case 2 Case 3 Case 4 

Blanket thickness (m) 0.3 0.6 0.6 0.6 

Shield thickness (m) 0.1 0.0 0.0 0.0 

Coolant w D 2 0 D 3 0 D 2 0 H 2 0 
6 Li 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/cm 3 ) 7.7 3.4 3.2 2.5 

Fluence ( c ) at T F coils (n /cm 2 ) 1.0 x 10 2 3 2.5 x 10 2 2 2.2 x 10 2 2 1.8 x 10 2 2 

(a) For designs with 9% ferritic-steel structure and 18 M W / m 2 neutron wall loading. 

(b) The coolant, is an aqueous LiNC"3 solution containing 5at .% lithium. 

(c) After 30 FPY of operation. 
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Figure 16.3-1 . Beryllium neutron-multiplicatimi factor in the TITAN-I1 design as a 
function of beryllium zone thickness for beryllium 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 almost 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-multiplication 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 
TITAN-II design is a lower blanket energy multiplication (M) when the TBRs in these 
designs are fixed at 1.2 by adjusting the 6 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 
witli 15% structure, 20.5% coolant, and 64.5% beryllium. For each case, two beryllium 
density factors of 0-8 and 1.0 were considered. Natural lithium in the aqueous coolant 
is used when the beryllium density factor is 1.0, while 20% flLj enrichment is used for 
the designs when the beryllium density factor is 0.8. These 6 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 beryllium 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' 0' 

Case A CaseB 

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 
6 Li enrichment (%) 7.4 20. 7.4 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 0.684 [ 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): Two variable compositions as shown; 

Breeder/reflector zone (0.15m): 9% structure and 91% coolant; 

Shield (0.1m): 90% structure and 10% coolant; and 

Coolant: aqueous (H 20) LiN0 3 solution containing 5at.% lithium. 



16.3. NEUTRONICS 16-103 

23 K> 

K>22 

N £ o 

1021 

1020 

W « 

2X1018 

18.1 MW/m2 WALL LOADING 
ONE YEAR OPERATION 

E n 2 0 . 1 MeV 

BERYLUUM SHIELD 
BLANKET 

i * -
REFLECTOR !—»+*-

TF ^ x 

COIL WATER 
»!«»!« *t*~OH COIL 

- j _ 

20 40 60 80 
DISTANCE FROM FIRST WALL, cm 

100 

Figure i e . 3 - 2 . Total and fast-neutron (E„ > 0.1 MeV) flux distributions in TITAN-H 
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 
tile 6 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 t o decrease by about 4%. 

Figme 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 6 Li enrichment of 20%. 
The maximum fast-neutron fluence at the T F coils is about 3 x 10 2 1 n / c m 2 after 1 FPY 
of operation a t 18.1 M W / n i 2 neutron wall loading. Therefore, T F and OH coils can 
be used for the lifetime of the power plant with no replacement, since the fast-neutron 
fluence after 30 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 . Re fe rence Des ign 

Based on the above scoping studies, the following parameters were selected for the 
TITAN-II reference design: a 0.2-m-thick beryllium zone with a beryllium density fac­
tor of 0.9 (a maximum value when beryllium swelling is considered); a 0.1-ni-thick 
breeder/reflector zone; and only a 50-mm water gap region between the T F and OH 
coils, bringing the OH coils closer to the blanket system by 0.3 m. Also, a higher L i N 0 3 

concentration (6.4at.%) in the aqueous coolant is used because of heat-transfer consid­
erations. The 6 Li enrichment level is chosen to achieve a TBR of 1.2. The schematic and 
materials composition of the TITAN-II reference design are illustrated 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-m-thick 
beryllium zones. The TBR is calculated to be 1.22 for the reference design when the 
6 Li enrichment is 12%. The corresponding 6 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 beryllium zone. The 
nuclear energy leakages to the T F coil, water, and OH coils are also given in Table 16.3-VI, 
and are very similar in these designs with a 2.8% total leakage of the blanket energy from 
the high-temperahire zones. The volumetric nuclear-heating rates in the reference and 
alternate (12% e Li enrichment) designs are displayed, respectively, in Figures 16.3-4 and 
16.3-V. 

16.4. THERMAL A N D STRUCTURAL DESIGN 

The TITAN-II design uses an aqueous salt solution (L iN0 3 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 channels runs along the 
outboard side of the torus and another set along the inboard side. The geometry of 
the coolant channels 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 cm 
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 channels. The outer dimensions of the blanket lobes are 3 cm toroidally 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 LiNOs solution (6.4 aK% Li) and beryllium 
density factor is 90%. 
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Table 16.3-VI. 

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 (ra) 0.1 0.1 

6 Li enrichment {%) 12. 7.42 12. 15. 

Tritium-breeding ratio 1.22 1.08 1.20 1.25 

Blanket energy multiplication, M 1.36 1.42 1.40 1.39 

Fraction (% of M) of nuclear < aiergy in 

First wall 12.4 11.8 12.1 12.2 

Beryllium zone 69.2 81.0 81.5 81.5 

Breeder/reflector zone 12.7 - - -

Shield 5.7 7.2 6.4 6.3 

Energy leakage (% of M) to 

T F coils 1.27 1.43 1.40 1.38 

Water pool 0.31 0.30 0.30 0.30 

OH coils 1.09 1.11 1.11 1.12 

TOTAL: 2.67 2.84 2.81 2.80 
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30 cm radially. The lobe wall thickness is 1.4 mm. 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 
breeder/reflector zone) does not contain beryllium and consists of 9% structure and 9 1 % 
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-IIFPC 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 F P C is presented in Section 16.4.3. 

16 .4 .1 . Thermal Analys is 

The design peak heat flux on the first wall due to plasma radiation is 4 . 6 M W / m 2 , 
corresponding to a plasma radiation fraction of 0.95. The coolant is an aqueous LiNC>3 
solution with a lithium 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 

o o o o 

REFLECTOR 
ZONE 

SHIELD 

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 M W / 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 . Subcoo led flow boi l ing 

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. Bubbles 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. FJow boiling is a highly 
efficient mode 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 Jid 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 melting 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 measured 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-II 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 boi l ing 

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 more convenient SI 
units yields 

q'! = 0 . 0 1 5 5 p 1 1 5 6 

g -J 2.047/j/"'" 4 

- ( r „ - TJal)j , (16.4-1) 

where q" is the incipient heat flux ( M W / m 2 ) , p is the pressure (MPa), and 7^ and T,at 

are, respectively, the wall and saturation temperatures (°C). This correlation is valid for 
all velocities and represents the numerical data for water quite accurately over a pressure 
range of 0.1 to 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 
heat transfer is greater than that given by Equation 16.4-1, then boiling will take place. 
In this case, the wail temperature should be calculated from the boiling equations given 
below. 

Wall s u p e r h e a t in subcooled-f low-boi l ing h e a t t r ans f e r 

Several correlations are available for calculating wall superheat corresponding to a 
given heat fiux 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 Thorn et al. [129], respectively: 

TBat - 3 

j00 / -" ^ 1 / 4 

(rfk) e x p ( - 6 ^ ) - ( 1 6 - 4 - 2 > 
( a" \ 1 / 4 

T„-Ttat = (47.74 - 0 . 1 2 7 r „ 0 ( ^ ) , (16-4-3) 

(rfk)V" e x p(-8io)' ( 1 6 - 4 - 4 > 
1/2 

T.at = 40 ' " 

with temperature in °C, pressure in MPa, and the heat flux in M W / m 2 . 

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-II 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 much 
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, circumferential 
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 1 ni /s . The coolant velocity in the first-wall coolant channel is about 
20in/s . Therefore, the flow direction is not expected to have any effect on the CHF in 
the first-wall :oolant channels of TITAN-II. 

Several correlations for critical heat flux (<?£#/?) 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: 

j—) ( A ^ r ! 2 , (16.4-5) 

where G is the mass velocity of the coolant (= pv) in kg /nr -s , the factor 1356 aries from 
the conversion of units, A T ^ is the local subcooling in °C, and q'cHF is in MW/m 2 . 
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Constants C and m depend on the pressure, p (MPa), through 

C = 3.00 - 0.102 p, (16.4-6) 

Hi = — + 0 . 0 4 . (16.4-7) 
30 v ' 

Data used in deriving the above CHF correlation was limited to maximum values of CHF 
of 3 8 M W / n r , water velocity of 17m/s , pressure of 13.6MPa, 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): 

ICHF = ( ° - 7 2 5 + L 9 3 x l0~4 G) x ( 3 -° + 0.018 ATaufc) 

x(0.435 + 1 . 2 3 e - 0 0 0 9 3 ^ ' - ) x (1.7 - 1.4 0 . (16.4-8) 

The parameter, o, is given by 

• - •>*» h ^ f (2)"" • "6«' 
The length and hydraulic diameter are denoted by L and dh, respectively. The inlet 
enthalpy is h{„ and the saturation enthalpy is h3at. The heat of vaporization is hfg> pj 
is water density, and pv is vapor density. Data used in deriving the above correlation 
were limited to maximum values of CHF of 12.6MW/ni 2 , water velocity of 110.6m/s, 
pressure of 19MPa, local subcooling of 127 °C, and L/dh of 365. Because the data for 
this correlation were obtained from uniform-heat-flux test sections, it is not clear whether 
the C'HF 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 tip-flow of water through vertical tubes 
was provided by Katto and cited in Reference [130]: 

A / t , , ^ 

where parameters A", q", and the Weber number, We, are given by: 

( \ 0 .133 , , N / , \ 0.27 

£l\ W'e0Wo.0221 + ^ J f ^ J , (16.4-11) 
Q2 T 

We = , (16.4-12) 
apt 

i - " - ^ ^ ( g ) " " ^ . - ^ , ^ ; -. ,,6.4,3, 

•&H, = <£^ + K=r^) , (16.4-10) 
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with <r 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 T1TAN-IL 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 flux. For example, 
at 13.8MPa, water velocity of lOm/s, and exit subcooling of 20 C 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 3.8MW/H1 2 , respectively. 

As explained before, correlation 16.4-8 probably underestimates the GHF. References 
cited in [130] show that the CHF is increased by about 40% with an aqueous solution 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 lithium-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-I1. 

1G.4.1.2. M a x i m u m t e m p e r a t u r e of the first wall 

The maximum structure temperature in the first-wall coolant channel is given by 

+ ATw + ATf, (16.4-14) 

where Ttx is the mixed-coo) ant exit temperature and ATW 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: 

"•• = t - ( . ' ) + £ " ( ; ) - ^ ' ' - '•» 
where q" is the maximum radiation heat flux, q'£ is the volumetric heating rate in the 
channel wall, a and b are the inner and outer radii, respectively, ami ks is the thermal 
conductivity of the wall material. The film temperature drop, AT/, is the result of sub-
cooled flow boiling (Section 16.4.1.1) and can be written as ATf = (Tw — Tcat) + A T ^ e * , 
where AT3Ub,ex is the subcooling at the channel exit. The wall superheat, (Tw — Tsat), is 
calculated from Equation 16.4-4 using the maximum radiation heat flux on the first-wall 
coolant channel. 
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16.4.1.3. Analys is of blanket and shield 

In the multiplier and breeder/reflector zones of the blanket lobe and in the shield, 
the heat flux removed by the coolant is very low, The flow is turbulent in the channels 
of these regions. 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 maximum structure temperatures in the blanket and shield are calculated under the 
condition of non-boiling, forced-convective heat transfer. 

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

Nu = 0.023 ( f l e ) 0 8 ( P r ) , / 3 , (16.4-16) 

where Re = pfVdiJiij is the Reynolds number, Pr = cp(tf/kf is the Prandtl number, 
and py, /.(j, cp, and kf are the density, viscosity, specific heat capacity, and thermal 
conductivity of the coolant, respectively. The coolant velocity is denoted by V" and di, is 
the hydraulic diameter of each zone. The film temperature drop is then obtained from: 

A T ' = ] & v ( 1 6 - 4 - 1 7 > 
The heat flux, q", at the wall-coolant interface is determined from the volumetric nuclear-
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 j)ot exceed the design limits. The maximum 
temperatures are obtained by adding the film 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 maximum center-line temperature of a beryllium rod, TCtmax, is given by: 

Tc,max = Tex + ATf + ATdad + ATgap+ATBe, (16.4-18) 

where Ar ci„d, &Tgap, and ATg,. are the temperature drops across the clad, gap, and the 
beryllium rod (from center to the surface), respectively: 

ATd°d ~ —&, 2k, '" U j ' { ] 

A 7 U , - %ff-, (36.4-20) 

a'" a2 

&TBe = ~r~, (16.4-21) 
4feee 
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where q'" and q'g,. are the volumetric nuclear-heating rates in the structure (cladding) 
and beryllium rod, respectively. The thermal conductivities of the structural material 
and beryllium are, respectively, k, and &B,., and the heat-transfer coefficient for the gap 
IS flgap • 

The maximum blanket-iobe wall temperature, T u. f r T i a a., is given by: 

IU„ = T^+^ + Yr, (16.4-22) 
2k, Nu kf 

where I is the wall thickness. 

The maximum temperature in the shield region, T„ , m a j c , is given by: 

Nu Kf 2fc, \ r I 4k, 

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, Tc,maX7 T „ , m a r r > and T, , m a i - , 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 outlet. In the first-
wall coolant channel, the pressure drop will be increased because of the two-phase flow 
which results from subcooled flow boiling. In the blanket- and shield-coolant channels, 
the friction pressure drop is given by: 

A ? > / = fCU~l" (16-4-24) 

where / is the friction factor which 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: 

Apf = o ^ ~ — , (16 4-25) 
2a 
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where g is the gravity acceleration. The factor a is equal to 0.5(1 - 1/TT) for a sudden 
contraction and is equal to (1 — l/n)2 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 a 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, ct = 1,4. 

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

(*L -(*),-[?(£-) (16.4-26) 

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

q s p L - (4L/Gcpdh) + (<lh/Nuk{)- { l b A - 2 ' } 

Here AT,^^ = Tsat — Ti„ is the subcooling at the inlet and L is the channel length. The 
wall superheat, AT,at = Tw — T,at, is given by Equation 16.4-4. Nusselt number, Nu is 
obtained from Equation 16.4-16 for purely convective heat transfer. 

16.4.2 . Reference Des ign 

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-II 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) so 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 maximum 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 16.4.1. 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 from 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-II 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 8.34 M W / m 2 which is 63% higher than the peak heat flux crossing the coolant film 
(5.1 M W / n r ) . The pumping power is 49MW, nearly equal to that for T1TAN-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 pressi'te 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 move coolant systems 
and hydraulic separation of the flow channels does not justify this change. 

10 .4 .3 . S t r u c t u r a l Ana lys i s 

The first wall and blanket 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. 

T H E R M A L - H Y D R A U L I C D E S I G N P A R A M E T E R S 

First-wall heat flux 4.6 M W / m 2 

Coolant inlet temperature 298 °C 

Coolant exit temperature 330 °C 

Coolant pressure 7 MPa 

Structure temperature limit 550 "C 

Pressure stress limit. 200 MPa 

Thermal stress limit 400 MPa 



16-118 TITAN-Il FVSION-POWER-CORE ENGINEERING 

Table 16.4-II. 

THERMAL-HYDRAULIC DESIGN OF TITAN-II FIRST WALL 

Channel outer diameter, b 30.0 nun 
Channel inner diameter, a 27.0 mm 
Wall thickness, t 1.5 nun 
Erosion allowance 0.25 mm 
Structure volume fraction 0.17 
Coolant volume fraction 0.fi2 
Void volume fraction 0.21 
Volumetric heating (structure) 202 M W / i n 3 

Volumetric heating (coolant) 270 M W / m 3 

Total thermal power 770.2 MW 
Coolant inlet temperature, T, n 298 °C 
Coolant exit temperature, Tex 330 °c 
Maximum wall temperature, TWtmax 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 10 4 kg/s 
Volumetric flow rate 10 m 3 / s 
Pressure drop, Ap 0.5 MPa 
Total pumping power 12.5 MW 
Reynolds number, Re 1.49 x 10 6 

Nusselt number, Nu 2360 
Prandtl number, Pr 16.5 
Critical heat flux, q'cfjF 8.3 M w / m ! 

Subcooling at exit, TeX:Snb 17 °c 
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Table 16.4-IH. 

THERMAL-HYDRAULIC DESIGN OF TITAN-II BERYLLIUM ZONE 

Zone radial thickness 200 nun 

Zone toroidal extent 30 mm 

Wall thickness 1.4 mm 

Structure volume fraction 0.12 

Coolant volume fraction 0.29 

3eryllium volume fraction 0.59 

Volumetric heating (structure)'"' 180 M W / m 3 

Volumetric heating (coolant)'"' 240 M W / m 3 

Volumetric heating (beryllium)'"' 140 M W / r o 3 

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 4 kg/s 

Volumetric flow rate 22.6 m 3 / s 

Coolant flow velocity'"' 14 m/s 

Pressure d rop ' 0 ' 1.0 MPa 

Total pumping power 28.2 MW 

Reynolds number'"' 2.7 x 10 s 

Nusselt number'"' 601 

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

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

Zone radial thickness 100 mm 

Zone toroidal extent 30 mm 

Wall thickness 1.4 mm 

Structure volume fraction 0.09 

Coolant volume fraction 0.91 

Volumetric heating (structure) 40 M W / m 3 

Volumetric heating (coolant) 40 M W / m 3 

Total thermal power 314.3 MW 

Coolant inlet temperature 298 °C 

Coolant exit temperature 330 °C 

Maximum wall temperature 348 °C 

Mass flow rate 4.66 x 10 3 kg/s 

Volumetric flow rate 4.1 n i 3 / s 

Coolant flow velocity 1 m/s 

Pressure drop 5.0 x 10" 4 MPa 

Total pumping power 5.1 MW 

Reynolds number 1.5 x 10 5 

Nusselt number 376 
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Table 16.4-V. 

T H E R M A L - H Y D R A U L I C D E S I G N O F TITAN-II 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 298 °C 

Coofant exit temperature 330 °C 

Mass flow rate 2.44 x 10 3 kg/s 
Volumetric flow rate 2.1 m 3 / s 

Total pumping power 2.6 MW 

First Row of Channels 

Channel inner diameter 

Volumetric heating (structure) 

Volumetric heating (coolant) 

Maximum wall temperature 

Coolant flow velocity 

Pressure drop 

Reynolds number 

12.7 mm 

22 M W / m 3 

10 MW/m 3 

409 °C 

6.5 m/s 

2.2 x 10" 2 MPa 

3.3 x 105 

Second Row of Channels 

Channel inner diameter 

Volumetric heating (structure) 

Volumetric heating (coolant) 

Maximum wall temperature 

Coolant flow velocity 

Pressure drop 

Reynolds number 

19.0 mm 

9 M W / m 3 

5 M W / m 3 

427 °C 

3 7 m/s 
4.7 x 10" 3 MPa 

2.8 x 10 5 
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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-sectkm. Both J-p!ate? are made of the low-
activation, high-strength ferritic steel, 9-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 coolant 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 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 to 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 blanket module are shown in Figure i6.4-3. 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-fii'st-wall radial zone is nearly as low as ideally possible, giving good 
tritium-breeding performance. This configuration also has a much lower void fraction 
when compared to a tubular design, giving a rniniirnim-lhickness blanket. The assembly 
technique for each blanke* module is expected to be multistage brazing with intermediate 
leak checking. Since the lobes only require constraint in 1 lie blanket toroidal 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 idline temperature of the 9-C alloy is .550 "C. The allowable primary 
stress, 5 m t , for 9-C is 200 M?a. The coolant, base pressure is 7 MPa. Wit h the 4.6 M W / m 2 

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 1.5 mm. The plasma side of the 
first wall is designed with an erodible thickness of 0.25 mm. The BOL first-wall maximum 
surface temperature is 650 °C. The BOL midline temperature of 503 °C is 47 °C below 
the allowable temperature. 

The primary stress, S p , due to coolant pressure, is: 

Sp = y = 98.6 M P a , (16.4-28) 
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Figure 16.4-3. Equatorial-plane cross section of a TITAN-II blanket module. 
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where r = 14.175mm is the lobe centerline radius and t = 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 Smt = 400 MPa. The temperature stress in the T1TAN-I1 first wall is 
estimated at: 

AT aft 
Sth = -z = 363 MPa, (16.4-29) 

2 1 - v 
for the temperature drop across the first wall of A T = 265 °C, a coefficient of ther­
mal expansion for 9-C alloy of a = 1.11 x 10 f l / ° C , a Young's modulus of E = l72GPa, 
and Poisson ratio of u — 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-cm-thick cantilever be&m members vjhich 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 bj welds at the inside and 
outside of the shield. The shield is made of cast half-riiig 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 continuous, 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 0.5 m of 
the inner assembly has a force trying to increase its major radius. The magnitude of this 
expanding force: 

F„p - Blanket axial area x Subtended angle x Pressure (16.4-30) 
= f ( 0 . 9 6 2 - 0 . 6 6 2 ) x sin(10°) x 7.0 x 10 f l N 
= 927,950 N . 

Each inner assembly presses agpunst both of the retainer frames with a total force of 
1,317,866 N. Thus, given a coefficient 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 0.16 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 flexible and a few of the 
parameters can easily be adjusted for the final design. 

Immediately behind the shield there is a fi-cm-t hick 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 T F coils 
is comparatively straightforward since the TF coil has only gravitational and magnetic 
position stabilizing forces 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 totalling about 3a tm without buckling. 
Accordingly, since the working stress is only about 7MPa, nonconducting stabilizers 
similar to those used for the 5-cm-thick T F 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 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 15-mm-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 task which consists of embedding 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 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. Discuss ion 

The TITAN-II design uses an aqueous sait solution as flie coolant. The coolant 
circulation is essentially loop-type, similar to that for TITAN-1, 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 
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 
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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 temperature rise of the primary coolant 
is 32 °C. Therefore, although the coolant pressure drop is only 1 MPa, the large coolant-
volume flow rate (39m 3 / 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 critical 
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 °G. 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 and the thermal stress is below its limit. 

16.5. POWER-CYCLE ANALYSIS 

The selection of the inlet and exit temperatures of the primary coolant (respectively, 
298 and 330°C) is motivated by the possibility of using a typical fission, pressurized-
water-reactor (PWR) power cycle. The lithium-salt content of the TITAN-II aqueous 
coolant (6.4at.%) elevates the boiling point of the coolant from 285 °C for pure water 
to 347 "C at a primary-coolant pressure of 7 MPa. With a primary-coolant pressure of 
7 MPa, a higher steam pressure in the steam generator can be selected. During normal 
operation, if there is any steam-generator tube leakage, the primary coolant will not 
leak into the steam side. Therefore, the necessity for an intermediate heat exchanger 
(IHX) 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 IHX and more robust 
primary piping. Therefore, the TITAN-II 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 P W R power cycle are readily available. The STARFIRE 
report [136] has a detailed discussion on PWR-type power cycles. Thai report also 
discusses some possible improvements which can raise the gross thermal efficiency by 
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T a b l e 16.5-1. 

C O M P A R I S O N O F S O M E P W R P O W E R C Y C L E S 

STARFIRE P W R Typical P W R 

P r i m a r y coo lan t ( w a t e r ) : 

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 

T h r o t t l e s t e a m c o n d i t i o n s : 

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-H 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 efficiency 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 ilie primary coolant pressure is higher than the steam generator 
pressure (about 7 MPa), 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 7 MPa pressure and a lithium content of 6.4 at.% 
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 7 MPa is less than the steam generator pressure of 7.2 MPa 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-N 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 (LiNOa), 
were considered because they are highly soluble in water. The LiNOa salt was selected 
as the reference salt material for two main reasons. First, LiOH is more corrosive than 
L1NO3 (Section 16.2.1). Recently, electrochemical corrosion tests were perfornied for 
aqueous LiOH and L1NO3 solutions in contact with AISI 316L stainless steels [37]. It 
was found that stainless steels, particularly low-carbon steels, exhibit better corrosion 
resistance in L1NO3 solution than in LiOH. Second, from the point of view of radiolysis, 
L i N 0 3 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. In an L1NO3 nitrate solution, nitrate ions ( N 0 3 ) 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 acUvwiion 
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 corrosioa and 
stress corrosion cracking in an aqueous solutions. The low carbon content (0.09 wt.%), 
reduces the risk of hydrogen 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. t'»e formation of delta-ferrite phases which 
are primarily responsible for increases of DBTT. The data base for corrosion of ferritics 
in L i N 0 3 solutions is very limited. Indications are, however, that a high-concentration 
L1NO3 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 
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Table 16.5-II. 

TITAN-II R E F E R E N C E P O W E R CYCLE 

Primary coolant (water): 

Total thermal power 3027 MW 

Inlet temperature 298 °C 

Exit temperature 330 °C 

Coolant, pressure 7 MPa 

Saturation temperature 347 °c 
Exit subcooling 17 °c 
Mass flow rate 4.5 x 10 4 kg/s 

Total pumping power 49 MW 

Thrott le s t e a m condit ions: 

Temperature 308 °C 

Pressure 7.2 MPa 

Saturation temperature 289 °C 

Degree of superheat 19 °C 

Gross thermal efficiency 0.35 
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suppressed by reducing the oxygen content through the addition of hydrogen to the 
coolant. The production of tritium in an aqueous lithinm-salt solution is seen as an 
SCO-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 ferrilic alloy, 9-C, fulfills both requirements. 

Another form of attack on structural material in an aqueous environment is hydrogen 
embrittleuient. The main factors influencing hydrogen embrittlement are the hydrogen 
content and temperature of the structural alloy. Reducing the amount of atomic hydro­
gen available foi 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 enibritt lement [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 L i N 0 3 salt solutions results in a decrease of decomposition prod­
ucts compared with regular water. Heavy-particle radiation (n, p, a, T) on concentrated 
L i N 0 3 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 elevated operating temperature of 
the coolant is shown to be effective in reducing the formation of decomposition products 
in non-boiling nuclear systems. More experimental data are required so (hat the radi-
clytic behavior of concentrated salt solutions can be predicated with a higher degree of 
confidence. 

Neutronics scoping studies resulted in a T1TAN-II reference design with a total blan­
ket thickness of 41.5cm including the first wall, 20 cm of beryllium multiplier zone, 10cm 
of ferritic steel breeder/reflector, and 10 cm of shield. With a 6 Li enrichment of 12% in 
the LiNOs solution, the tritium-breeding ratio (TBR) is estimated at 1.2 and the blanket 
energy multiplication at 1.3d. 

Neutronics scoping studies have shown that the TFTAN-H 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 beryllium shows the need 
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for using either low-density, sphere-packed or high-density, fine-grained beryllium. De­
pending on the type of beryllium chosen, different operating conditions must be satisfied 
to ensure minimum swelling and retention of structural integrity. Beryliium corrosion 
by an aqueous solution was also investigated. Past experience siiows that minimizing 
carbonates, sulfates, and chlorates in solution reduces corrosion of beryllium. Coatings 
have also been developed and their effectiveness 1ms been demonstrated. However, since 
most of the coatings were developed for radiation-free environments, research is needed 
to develop coatings ' ha t can withstand harsh radiation environments. For the TITAN-II 
design, a cladding of the 9-C alloy surrounds the beryllium rods. 

The primary coolant contains 6.4at.% lithium with a 6 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-II 
design operates at a coolant pressure of 7 MPa, with inlet and outlet temperatures of 298 
and 330 "C, respectively. The design can handle a first-wall heat flux of 4 . 6 M W / m 2 

using subcooled-flow-boiling heat transfer. The beginning-of-life first-wall midline tem­
perature is 503°C, which is below the temperature limit 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-containing 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
ments 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 L i N 0 3 subcooled-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 simultaneously 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-II 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 ordor to minimize the peak heat 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, whicli consists of copper coils as opposed 
to the integrated blanket coils (IBGs) 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 core 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-trtm coils are 
required for the TlTAN-II design. The use of copper coils reduces the joule losses in the 
TITAN-II 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-plasma analysis. A summary of the results of the edge-plasma modeling for 
TITAN-I, which are also used for the TITAN-II 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. 95% 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-I and TITAN-II divertor designs is the use 
of an aqueous-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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TITAN-II. 
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Table 17.1-1. 

S U M M A R Y O P TITAN-II E D G E - P L A S M A C O N D I T I O N S 

Number of divertors 3 

Scrape-off layer thickness 6 cm 

Peak edge density 1.7 x 10 2 0 m~ 

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 10 2 1 in"' 

Peak divertor plasma temperature 4.5 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-I1 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 described 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 chosen for the TITAN-II divertor armor. The properties 
of this alloy are described hi Section 11.2 and are summarized in Table 11.2,-1. 

17.2 .2 . D i v e r t o r - T a r g e t Coo lan t 

It is advantageous to use the same coolant for all components of the fusion power core 
(FPC). Therefore, an aqueous-LiNOj solution (ar 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 blanket-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 L i N 0 3 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 permits the heat deposited into the divertor-
target coolant 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 . S u b s t r a t e M a t e r i a l 

Using a single structural material for the divertor target avoids the problems of bond­
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 because 
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 divertor 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 the 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 djvertor-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 avid 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 between 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, Re fe rence Des ign 

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 \V-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 tube, 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 CuPdl8 braze alloy [1] with an application temperature of ~ I I C C C . 
The ends of the \V-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 conventional 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 yield the necessary flat, 

file:///V-26Re
file:///V-26Re
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smooth surface. Silicon carbide wheels with grain sizes of 100 to 120 jim 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 nv.\ke such tubes: hydroforming and GVD. 
After individual tubes are manufactured, they are brazed together using the CuPdl8 
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 hydroforming. 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 bow.s (~ 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-hexagonal 
grooves in the shape of the bow. A circular tube (Inconel) is bent to fit nv-re or less into 
the groove. The mold halves are closed and the tube is pressurized. Plastic deformation 
of the tube would produce the variable 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 \Z}. 

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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17.3.2 2. Chemical-vapor deposi t ion o f 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 CVD process is the hydrogen reduction of the halides W F e and WC1 8 . 
An example of (he overall hydrogen reduction of hexafluoride to tungsten is: 

WFe(g) + 3H2(g) - W(t) + 6HF{a). (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 
parameters, 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 have 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. It was shown that the low-
temperature mechanical properties of the early 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-rhenium alloys with various rhenium 
contents (up to 28% rhenium) were chemical-vapor deposited onto mandrels with an 
outer diameter of 1 cm, with deposition rates of up to 1 mi l /m (1 .5mm/h) . Using Holman 
and Hu"f,el techniques, CVD tubing can be produced with mechanical properties equal 
to those obtained in wrought or powder-metallurgy tungsten-rhenium alloys. 

17 .3 .3 . Discuss ion 

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-rhenium 
plate. A particularly promising alternative method is the hydroforming process, which 
allows "bowed" tungsten-rhenium tubes with variable cross sections to be produced, 
followed by OVD 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 commercially, the viability of the total manufacturing process needs to be 
researched and be demonstrated. In particular, OVD 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 (eliminating the MHD effects), and using 
the tungsten-rhenium alloy as the structural material for the divertor-plate coolant tubes 
which allows for much higher temperatures iu the tube walls. 

The geometry 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-1 with the following differences: ( l) 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-II, the divertoi-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 tha t the heating rate can 
vary considerably 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 witli the toroidal/radial 
flow proposed for TITAN-II is that the length of the tubes is rather short, which can lead 
to a large volumetric flow rate of the coolant and a small inlet-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 illustrated 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 minimum minor radius), 
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 likelihood of failure at the euds oi 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 diameter 
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Figure 17.4-1. Outboard (A) and inboard (B) graph) equatorial-plane views of the 
divertor region for TITAN-II. 
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of 10mm and a wall thickness of 1mm. Subsequent stress analysis (Section 17.5) indi­
cated that with a 1-inm-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, total thickness of high-Z sputtering-resistant material is 2mm, the same as for 
T1TAN-I, 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, which may be expected to be extensive, the TITAN-II design appears to be 
acceptable. 

To accommodate the high heat loads on the divertor target, advantage is taken of the 
high heat-transfer coefficients possible in the subcooled-flow-boiling regime, 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 Thorn correlation for subcooled flow boiling. 

The Dittus-Boelter correlation is given by 

Nu = 0.023 Re0&Pr0A, (17.4-1) 

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

Tw-T,at = 22.65 ^ e - p / 8 6 9 , (17.4-2) 

where q" is the heat flux into the coolant ( M W / m 2 ) 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, ^ W F , was developed by 
Jens and Lottes [22]. Conversion to more convenient units of M W / i n 2 yields 

JCHF = c[^)m(AT^r2, (17.4-3) 
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where G is the mass velocity of the coolant ( = pv) in k g / m 2 s, the factor 1356 arises from 
the conversion of units, and AT^t is the subcooling in °C. Constants C and m depend 
on the pressure, p, through 

C = 3 . 0 0 ~ 0 . 1 0 2 p , (17.4-4) 

m = ^ - + 0 . 0 4 . (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 factor in considering CHFs is the conduction of heat from the surface of 
the target into the coolant. In general, the heat 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 importance for 
CHF considerations; for the lithium-cooled 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 
7.5 M W / n r with 5.8 M W / m 2 of the heat flux on the outboard target (compared with 
corresponding levels of 9.5 and 6.0 M W / m 2 for TITAN-I). This reduction in the divertor-
plate surface heat flux for TITAN-II was made possible by the increased freedom 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-I. Figure 17.4-3 also shows an 
estimate of the concentration in the heat flux (i.e., the difference between the total surface 
heat Mux and the inner-wall heat flux). 

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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Figure 17.4-3. Heat flux distribution on outboard (A) and inboard (B) sections of 
divcrtor target. The CHF for TITAN-II divertor coolant is estimated 
at 16.2 MW/m 2 (Equation 17.4-3). Distance along target is measured 
in the direction of coolant flow. 
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that the coolant velocity should not exceed 20 m/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 14MPa. At this pressure, the boiling point 
of a 6.4% L i N 0 3 solution is 405 °C (Section 16.2), yielding a subcooling at the outlet 
conditions of 60 °C and a CHF of 16.2 M W / m 2 , 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*0 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 substantially above the saturation temperature. 

The maximum temperature of the armor 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 A N D STRUCTURAL ANALYSES 

The overall geometry of the TITAN-II divertor is very similar to that for TITAN-I, but 
there are two major differences: (1) the TITAN-11 divertor is manufactured from a single 
material; (2) the coolant flow is in the radial/toroidal direction, rather than poloidal, 
thus destroying the axisymvnetry 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 heat loadings are the highest. 
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Figure 17.4-4, Coolant and structure temperature distribution on outboard (A) and 
inboard (B) sections of the divertor target. Distance along target is 
measured in the direction of coolant, flow. 
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17 .5 .1 . Thermal Analysis 

The surface heat flux on the inboard section of the T1TAN-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 M W / 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 model used for the thermal analysis is shown in Figure 17.5-1. The 
heat flux is assumed to be uniform over the plasma-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 the 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-II divertor, the Dittus-Boelter correlation (Equation 17.4-1) predicts a 
heat-transfer coefficient of 57kW/m 2 -K . For subcooled flow boiling, the heat-iransfer co­
efficient was calculated from Thorn's correlation [23] which, for 60°C of subcooling and 
14 MPa of coolant pressure, is 

h = — ^ (17.5-1) 
60 + 4.54 y/q' y ' 

where q is the local heat flux ( M W / m 2 ) and h is the heat-transfer coefficient ( M W / m 2 K). 
This value for the heat-transfer coefficient has been normalized by the ratio of the suh-
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 film temperature drop. 

Because the boding heat-transfer correlation is based on the local heat flux which is 
not known, an iterative solution method is required. The local heat flux into the coolant 
along the inside wall of the coolant tube is first estimated, assuming it peaks at the ape:: 
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-flux distribution, the heat-
transfer coefficient is calculated around the tube and input to the finite-element code. 
The resultant heat fluxes from the finite-element 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 finitr-element model used for thermal and structural analyses of 
the TIT \N-II divertor plate. 

The temperature contours, for the coolant tubes touching each other, are shown in 
Figure 17.5-2. The peak temperature is 762 C 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 M W / r a 2 . The maximum local heat flux is greater than the 
surface heat flux of 7 .5MW/m 2 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 8 M W / m 2 . 

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 coolant 
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 
9 M W / m 2 , which is well above the surface heat flux of 7.5 M W / m 2 . 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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Figure 17 .5-2 . Temperature contours for the TITAN-II divertor plate from the finite-
element analysis for a surface heat flux of 7 . 5 M W / m 2 and no gap be­
tween neighboring tubes. 
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calculations show that the enhancement in the heat flux at the point closest to the plasma 
is even 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 M W / m 2 , thus providing a safety margin of about 1.5 with respect to the 
CHF (16 .2MW/m 2 ) . 

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 maximum heat flux, located 2 to 6 cm 
away from the apex in the radial/toroidal direction (Figure 17.4-3), there is a small gap 
(0.4mm) 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 M W / m 2 and the peak 
structural temperature to 779 °C, again providing a safety margin of about 1.5 with 
respect to the CHF (16 .2MW/m 2 ) . 

17 .5 .2 . S t r e s s Ana lys i s 

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 83MPa. There is some bending i» the tube wail, thus increasing the peak 
primary stress above the expected value of 56MPa (from a — prjt). 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 axisymmetry 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 axisymmetric model can be used to 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 stresses 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 coehicient of 
2 0 0 k W / m 2 was assumed along the entire inner surface. The bulk temperature of the 
coolant was assumed to be 345 n 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, though, tend to dominate the equivalent stresses in this problem, and 
they would be underestimated by less than 15% because these stresses depend ou 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 3 5 m £ = 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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Surface heat flux and peak-equivalent thermal-stress distributions on 
the inboard section of the TTTAN-IZ divertor. Distance along the target 
is measured in the radial/toroidal direction from the apex. 
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17.6. DIVERTOR-COIL ENGINEERING 

The toroidal-field-coil design for TITAN-II, which consists of copper coils as opposed 
to the IBCs of TITAN-I, prompted a new divertor magnetic design (reported fully in 
Section 4.4). The final magnetic design, similar to that of TITAN-I, 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 nulling and two flanking coils which localize the 
nulling effect. No divertor-trim coils are needed for the TITAN-II 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 time 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 accommodate 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 divertor-plak? 
width on the outboard section to allow for the divertor pumping ducts. As illustrated in 
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Figure 17 .6-1 , Equatorial-plane views of outboard (A) and inboard (B) cross sections 
of the divertor modules and the related support structure. 
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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 
/acuum 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-vacuum pumps 
are connected to these ducts and are located under the water pool surrounding the 
TITAN-II 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 A N D 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-II design, the impurity-control 
system is based on toroidal-field divertors in order to minimize 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 (10MW/in 2 ) , 
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 
plasmas. An "open" configuration, in which the divertor target is located close to the 
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 fiux at the 
inboard location to be limited to 7.5 M W / m 2 , with a peak outboard value of 5.8 M W / m 2 . 

To satisfy the requirement for a high-Z material for the plasma-facing surface of tiie 
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 between this solution and pure water to obtain the high CHFs (~ 1 6 M W / m 2 ) 
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 constant 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 structural 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 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. 

In conclusion, at the present level of analysis, the toroidal-field divertor design for 
TITAN-II 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 
plasma is central to the divertor design and also requires further experimental work. 

The physical and heat-transfer properties of LiNC>3 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 tritium-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 Oi/kg) in the primary-coo ..A-
water relative to previous design studies (e.g., 1 Oi/kg in the "Blanket Comparison and 
Selection Study," BOSS [1]) in order to minimize the cost of water-processing equipment 
required for tritium recovery. Design features which make this possible are: (1) lower 
pressure in the primary system resulting from an 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, 
(4) routine vise oi 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 systems performance. The overall tritium-loss rate for the TITAN-II 
design is estimated at 50Ci/d . 

The reference design for the blanket tritium-recovery system is based on a tritium 
level of 50Ci/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 tritium from the water to hydrogen gas, and then by cryogenic distillation 
for isotope separation. The TITAN-II fusion power core is submerged in the pool of water 
to achieve a high level of safety. The water pool contains tritium from primary-coolant 
system leakage, which is maintained at 0.37Ci/kg by water distillation, with the enriched 
tritiated water from the distillation columns mixed with the primary-coolant water for 
final tri t ium recovery. The water-feed rate to the VPOE 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-rleanup, 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 tri t ium-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 
tr i t ium 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 prot ium 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 t r i t ium systems is given in the subsequent sections. The 
tr i t ium flow rates are estimated in Section 18.3. The blanket tritium-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-II. 

As described in Section 12, plasma-driven permeation is modeled by using the code 
TRIPOS [2] to estimate the depth of triton implantation into the first wall, and the 
DIFFUSE code [3] to 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 sinu'lar to those of TITAN-I. 

The first wall of TITAN-II consists of half-cylindrical channels separated from the 
blanket lobes, with the cylindrical face towards the plasma. The direct area facing 
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the plasma is 101.6m 2 , 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 temperature 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 effective area is used, with average temperatures 
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 plasma-side calculations consider both a sputter-cleaned and dirty surface (recom­
bination sticking coefficient of 1 or 0.01, respectively). Ferritk 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 solution on the oxide layer is uncertain. 

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

In an aqueous-salt-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 between 12 and 39 g/d, respectively, for over-pressures of 1 to lOatm. If 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) result 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-m2 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-LiN0 3 solution. Data for hydrogen diffusion 
are not available for the W-26Re alloy, so corresponding properties of pure tungsten are 
used for calculations. 
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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 Ci/kg in the primary coolant [1,4], but such a low level would 
require a very large water-detritiation system for TITAN-II. In fact, there is considerable 
utility operating experience with tritium levels above 1 Ci/kg in water coolant. For 
example, CANDU reactors are designed to acconunodate up to 70 Ci/kg in the moderator 
and 2.5 Ci/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 9 MPa) contains 
1.5 to 2 Ci/kg [5]. With these tritium concentrations (and inventories of about 4kg of 
tr i t ium 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 C , tritium permeation across the coolant piping is unimportant. 

18.3 .1 . THtium Losses t o Power Cycle 

Tritium losses across heat exchangers include both permeation and leakage. Heavy-
water losses across the steam generators at Pickering (550 MWe) and Biuce (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, 
lOkg/d for CANDU reactors, and adopts 24kg/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 D2O {e.g., a 1.6-mm hole in 24,000 
m 2 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 10 kg/d by leakage 
and permeation is assumed, thcit the tritium-loss rate through the steam generator is 
1 to 10 (Ci /d) / (Ci /kg) . 

Alternately, the permeation rate through the steam generator can be estimated di­
rectly. The permeating fiux 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 10~ 1 0 N-cm 2 / s -kPa° s 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 21,500m 2 (Bruce uses 18,920 m z for 880MWe), a tube thickness of 
1.12 mm (Bruce uses 1.12 mm with 9-MPa primary and 4.3-MPa steam-side pressures), 
a conservative primary H2 pressure of lOMPa, and a negligible steam-side hydrogen 
pressure, the permeation rate for TITAN-II is about 3 (Ci /d) / (Ci /kg) . 

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 16appm 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 
H2 over-pressure, and reconibiners, 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 pressure on the steam side. 
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An IHX provides a good barrier between the steam side and the primary circuit. The 
intermediate loop could be maintained at a much lower tritium level so that subsequent 
losses into the steam generator contain a low tritium content. The lower tritium lev­
els would be maintained by an additional flow to the primary-coolant tritium-recovery 
system. A paiticuJar advantage of the IHX is that it prevents the liighly-tritiated pri­
mary water from reaching the steam circuit in the evsnt of a major tube rupture. The 
disadvantages are: a lower thermal efficiency 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 Jeakage 
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 (BOSS [1], MARS [8]). TITAN-II could 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 
a factor of 10 s is possible [8j. One experiment [9j reported no improvement over 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-II 
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 7 MPa, 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 9MPa) . 

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 (Gi/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 immersed in 
a water pool (capturing a large part of the tritiated-water leakage). 

Characteristics of tritium leakage and recovery from several C'ANDU reactors are 
summarized in Table 18.3-1. 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]: 

• Minimizing piping joints and components and using welds where possible; 

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

• High maintenance priority for the fixing of leaks; 

• Better room sealing. 

For TITAN-II, 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 main steam 
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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 170la> 94(a> 10'°' 

Pickering A (3,4) 1985 360 96 16 

Pickering B (5-7) 1985 290 95 15 

Pickering B (5-8) 1983-86 82 ( a> 94("> 4.8<a) 

Bruce A (1-4) 1985 175 93 12 

Bruce B (5,6) 1985 - - 7 

Cordoba 1984 36 85 5 

LePreau 1984 45 75 11 

LePreau 1985 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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F i g u r e 1 8 . 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-II is lOOkg/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 system 
in TITAN-II. 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 from the reactor hall. Figure 18.3-1 illustrates the 
general tritium levels and leakage pathways, based on a primary-coolaut concentration 
of 50Ci/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 R a t e s 

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 tritium-release-rate levels are. However, this must be 
balanced against the increasing cost of tri t ium extraction at low coolant concentration. 
These costs are evaluated in Section 18.4 with a tritium level of 50 Ci/kg selected as the 
T1TAN-H 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 moderator presently contains 
20 to 30 Ci/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 15rem. 
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 concentration 
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-1 (Section 12), the additional contribution 
to the routine tritium releases from the remaining tritium systems, such as fuel cleanup 
and storage, are small. 

18.4. BLANKET TRITIUM-RECOVERY SYSTEM 

18.4 .1 . Trit ium-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. 

T H E O R E T I C A L S E P A R A T I O N F A C T O R S 
F O R S O M E I S O T O P E - E N R I C H M E N T P R O C E S S E S [10] 

Process HD/H2 HT/Hj DT/Dj H20/DjO HTO/H 20 DTO/DjO 235y /2M(J 

Distillation 1.5W 1.8 1.2<a> 1.05<o) 1.06 1.01 1.00002 

H 2 S exchange NA NA NA 1.07la> - - NA 

Gas diffusion 1.22 1.41 1.12 1.027 1.054 1.025 1.0043<a> 

Gas centrifuge 1.051 1.10 1.051 1.038 1.078 1.038 1.16<a> 

Laser — — - — 10,000<(') — -

(a) Processes in industrial use 

(b) Tritium must be transferred into C F 3 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 320 K with water feed (depending on the 
isotopes and concentrations). The bi-thermal hydrogen-sulfide (and the related ammonia) 
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 HjS-exchange process for H 2 0 / H D O separation from natural water (at 150ppm 
HDO). However, laser enrichment is still under development and may be effective for 
TITAN-II. 
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III 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-enrichnient 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 (LPC'E), direct electrolysis, or a combination 
of catalytic exchange and electrolysis. Some energy for electrolysis could be recovered 
by recorabining 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 430 g/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 4000 kg/h (200kmol/h). For comparison, in 
other water-cooled blanket concepts in which the water tritium levels were deliberately 
kept lower than the levels considered here, maintaining 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-II summarizes some of the existing large hydrogen-separation facilities. 
Relative to TITAN-II with 50 Ci/kg coolant-tritium levels, VPCE, electrolysis, water 
distillation, and cryogenic distillation have been (or soon will be) demonstrated on a 
1/10 scale with tritium; and electrolysis and HjS exchange have been used in industry 
on a larger scale without tritium. 

The effect 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 tritium-recovery system are given in Table 18.4-III 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 tritium inventory acceptable. The tritiated water from the air-detritiation 
and other waste streams is 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 s kg/h) and its flow through the 
chemistry-control system (10 6 kg/h) . 
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Table 18.4-II. 

PARAMETERS OF 
VARIOUS LARGE WATER ISOTOPE-SEPARATION SYSTEMS 

Feed Product Feed Rate Start-up 
Site Fluid Fluid Process(a> (kmol/h) Date 

Darlington (Canada) D 2 0 T 2 V P C E / C D 18 1988 

Grenoble (France) D 2 0 T 2 V P C E / C D 1 1972 

Chal i River (Canada) D 2 0 T 2 LPCE/CD 1 1988 

Mound Lab (US) H 2 0 T 2 CECE/CD 0.06 1986 

Chalk River (Canada) D 2 0 T 2 
DE 0.13 1985 

Chalk River (Canada) D 2 0 / H D O D 2 0 Elec. cascade 3-30 1950 

Aswan Dam (Egypt) H 2 0 H 2 DE 1700 1984 

Norsk Hydro (Norway) H 2 0 H 2 DE 180 1950 

Bruce (Canada) H 2 0 D 2 0 H 2 S exchange 110,000 1975 

Pickering (Canada) D 2 0 / H D O D 2 0 WD 1-6 1972 

Bruce (Canada) HjO/HDO D 2 0 WD 20 1975 

Nangal (India) H 2 / H D D 3 CD 223 1964 

Los Alamos (US) DT T 2 CD 0.02 1985 

Tokyo (Japan) H 2 H 2 0 FC 150 1984 

TITAN at 50 Ci/kg H 2 0/HTO T 2 - 220 20xx 

(a) VPCE: Vapor-phase catalytic exchange; 
LPCE: Liquid-phase catalytic exchange; 
CD; Cryogenic distillation with H 2 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-IH. 

R E P R E S E N T A T I V E W A T E R - D E T R I T I A T I O N F E E D R A T E S ' 0 ' 

From Blanket Circuit 

Coolant T Level To Flasher To Recovery From Pool ' 6 ' From Air Cleanup 

(Ci/kg) (kg/h) (Wh) (Wh) (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 lOOkg/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 tritium-recovery system has more efficient phase transfer but less efficient 
cryogenic distillation, so it uses less steam but more electricity, and has more hydrogen 
gas but contains less tritium. The overall tr i t ium 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 developed 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-IV at various blanket-coolant tr i t ium 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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T a b l e i 8 . 4 - I V . 

SCOPING EVALUATION OP SEVERAL TRITIUM-RECOVERY-SYSTEM DESIGNS 
( 4 8 0 g / d RECOVERY A N D 80% DETRITIATION P E R PASS) 

Coolant Maximum Process T Process H Electrical Thermal Direct 
T Level T L e v t l Inventory Inventory Power Power Cost 
(Ci /kg) Process!"' (Ci /kg) (kg) (kmol) (MWc) (MWth) ( M l ) 

HjO COOLANT: 

10 5YVD BVPCE C D ( H 2 ) B0 1 8 
10 10WD BVPCE CD(He) 100 2.8 

20 BVPCE G D ( H 2 ) 20 1.4 
20 BVPCE CD(He) 20 1.4 
20 D E CD(He) 240 12.0 
20 10WD BVPCE CD(He) 200 2.6 

50 BVPCE CD(Hj) GO 0.9 
50 BVPCE CD (He) 50 0.9 
SO 5 W D BVPCE CD(He) 2S0 1.3 
50 10WD BVPCE CD(Hc) 500 2.6 
50 5 W D BVPCE CD(Hj) 2B0 1-4 
50 D E CD<H 2 ) 600 12.0 

70 LVPCE CD(Hs) 70 0.8 
70 5 W D BVPCE C D ( H j ) 3B0 1.3 
70 5 W D 5VPCE CD(He) 350 1.3 

100 BVPCE C D ( H 2 ) 100 0.7 
100 SWD BVPCE C D ( H 2 ) 500 1.3 

560 31 
280 16 

2100 28 
1400 73 

280 78 
140 8 

860 12 
S80 32 
110 7 
60 4 

170 3 
170 3 

600 8.5 
121 1.8 
81 5 

460 6 S 
91 1.4 

240 230 
230 230 

51 12B 
51 150 
0 190 

120 12B 

21 73 
21 B9 
48 63 
50 62 
50 60 
0 86 

IB 60 
35 46 
35 51 

11 SI 
26 38 

D j O COOLANT: 

20 BVPCE C D ( H 2 ) 20 0.8 3800 51 38 118 
50 BVPCE C D ( H 2 ) 50 0.6 1500 22 16 70 
70 BVPCE C D ( H 2 ) 70 0.5 1100 16 11 57 

100 BVPCE C D ( H 3 ) 100 0.4 820 12 8 49 

34<b> BVPCE C D ( H 2 ) 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 distillation with H 2 or He refrigerant. 

(6) Darlington Tritium Recovery Facility at 26 g/d of tritium and 97% detritial ion per pass. 
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Figure 18.4-1. Comparison of direct cost of the tritium-recovery system and tritium-
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. 

T I T A N - I I B L A N K E T T R I T I U M - S Y S T E M D E S I G N R E Q U I R E M E N T S 

Blanket: 

Volume 

Coolant 

Lithium content 

Conditions 

Tritium-extraction rate 

Tritium-extraction efficiency 

Pool: 

Volume 

Tritium inventory 

In-leakage from blanket coolant 

T r i t i a t e d W r s t e W a t « r : 

Production rate 

274 m 3 

H 2 0 at 50 Ci/kg 

6.4 at.% Li as aqueous-LiN0 3 solution 

(98.5 g L i N 0 3 per 100 g H 2 0 ) 

330 °C, 7MPa 

> 430 g/d o f T 

> 90% per pass 

22,640 m 3 

< l k g T 

10Chg/d at 50 Ci/kg 

6kg/h at 10 Ci/kg 

of the tri t ium level. Beyond about 50 C/i/kg, the additional cost savings become relatively 
small while the tritium-release rates (and coolant-tritium inventory) continue to increase. 
At 50 Ci/kg, the estimated tritium-release rate is about 50Ci/d, which is within the 
acceptable design range for fusion reactors (nominally 10 to IGOCi/d), and is consistent 
with present CANDU performance. 

The TITAN-II reference design must recover 430 g/d of tritium from 50-Ci/kg water. 
The system conditions are summarized in Table 18.4-V. Based on the scoping evaluations 
(Table 18.4-IV), the main options for tritium recovery are compared below. 

V P C E ve r sus L P C E ve r sus e lec t ro lys is . The catalytic-exchange processes need 
more hydrogen i»as because of the less efficient H T O / H T 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-II. 

Hydrogen ve r sus he l ium r e f r ige ran t . 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 savings (a factor of three 
to five). 

Water dist i l lation. Distillation provides simple HTO enrichment, operating at 50 to 
60 ° 0 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 building 
needed to house the towers (8 towers, each about 2.6 m in diameter and 30 to 40-m 
high, for 50-Ci/kg feed) and the high tritium 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 Tr i t ium-System Des ign 

Based on the scoping analysis, a reference design was selected based on: 

• Water distillation for the detritiation and pre-ennchment of the low-tritium feed 
from the pool and air-cleanup systems, 

• Five-stage VPCE for transferring tritium into the hydrogen gas phase from the 
primary coolant and enriched water-distillation output, 

• Cryogenic distillation to separate the protium from the tritium. 

A block diagram of the tritium-recovery system is shown in Figure 18-4-2, giving the 
overall mass balance and the flow rates of the main forward and recyr 1 . streams within 
the tritium system. This design is larger than necessary and could remove 465 g/d of 
tritium (rather than 430 g/d) at 50Ci/kg. 

Tritium levels in the pool are maintained at less than 0.5 Gi/kg by processing 465 kg/h 
through a single water-distillation tower. The tower returns the water with 90% detri­
tiation, and forwards 5.4 kg/h at 50Ci/kg for mixing with the blanket-coolant water 
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Figure 18.4-2. 

5750 kg/h 

FLASH 
EVAPORATOR 

217 
Ci/kmol 

H2/HT 
Circulation 
892 kmol/h 

T2 Product 

19.4 g/h 

CRYOGENIC 
DISTILLATION 

Blanket tritium-extraction system for TITAN-II showing water and hy­
drogen flow rates and tritium level in the flows, based on extracting 
465 g/d of tritium at 50 Ci/kg. 

for processing. This tower is about 2.6 m in diameter and 30- to 4Q-n\ 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 13 kPa, pumps, surge tanks, piping, control, 
and instrumentation. Accounting for tritium decay in the pool, the peak tri t ium levels 
would actually be 0.37 Gi/kg and would only be reached after 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 144,000 kg/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-
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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 car­
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 resin 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 
8 M P a 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 lithium 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 
condenser. 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 H2/HT and separates the hydrogen 
isot-opes into 99+% T j product and an almost pure H2 stream. 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 compressed 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 2 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 360 kW for 
890-kmol/h feed. The tri t ium 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 B L A N K E T T R I T I U M - S Y S T E M 
CAPITAL COST A N D T R I T I U M I N V E N T O R Y 

(BASED O N E X T R A C T I N G 465 g / d of T at 5 0 C i / k g ) 

Process Unit Equipment Cost (MS 1987) Tritium Inventory (g) 

Purification 1.5 4.5 

Flash evaporator 1.0 25.4 

Water distillation 6.0 1.7 

VPCE ( a> 41.0 12.5 

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. 

(fc) Cost includes hydrogen-refrigeration unit. 

The characteristics of the TITAN-II blanket tritium system are given in Tables 18.4-VI 
and 18.4-VII. The process-equipment cap.tal cost includes engineering but not site prepa­
ration, structures and foundations, site services, installation, commissioning, 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 5) in the first and 
largest cryogenic-distillation column by separating I i 2 / H T rather than D2/DT. 

;i r« K 
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Table 18.4-VII. 

TITAN-II B L A N K E T T R I T I U M - R E C O V E R Y S Y S T E M 
( B A S E D O N E X T R A C T I N G 465 g / d o f T at 5 0 C i / k g ) 

Maximum tritium concentration 

Tritium-extraction rate 

Tritium inventory as water 

Tritium 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 

465 g /d of T 

4 4 g T 

550 g T 

93% per pass 

5.7 MWe 

5.7MWth at 300 kPa 

1 .2MWtha t 600 kPa 

8 . 5 M W t h a t 2 . 5 M P a 

1500 kg 

36,000 m 3 

The installed cost for the TITAN-II tritium system is estimated as 140MS (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 factors which will reduce costs. First, the actual system is about 
8% oversized relative to the final TITAN-II requirements. Second, the TITAN-II base 
year for costing is 1986. Consequently, the reference TITAN-II blanket 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, TITAN-II is a commercial reactor so 
there will be economies of production. Engineering costs (10% of Darlington, roughly 25% 
of the process-equipment cost) 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 pool tritium levels of 1 to 1.2Ci/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; ation. 
Radiolysis may be useful if a large amount of the tri t ium stays in the HT form, and if the 
system can control the consequences of the associated 0 2 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 substantial hydrogen over-pressure from the radiolysis. For an H 2 

pressure of 1 to 10bar, the permeation rate is 0.1 to lOg/d of hydrogen. Assuming 1 g/d 
of H permeation, a fuel-feed rate of 10 kg/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 building volume containing exposed primary-coolant circuit and blan­
ket tritium-system equipment is roughly 40,000 m 3 . 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 volume. 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 m 3 / h . 
In addition, some capacity is needed for other rooms (e.g., the fuel-purification room). 
In TITAN-II, tr i t ium is generally more in the water form and handled using the normal 
driers, so the additional emergency air-cleanup system has a capacity of 15,000 m 3 / 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-systems costs are given in Tables 18.7-1 and 18.7-II, respectively. 

The final design of the TITAN-II tritium system is based on 50Ci/kg in the blanket-
water coolant, and 0.37Ci/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 design. This 
level of tri t ium 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 18.7-11) 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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recovery system. Since tritium recovery in TITAN-II involves isotope separation of tri­
tium 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 chem­
ical exchange and distillation concepts. Costs for other tritium systems are similar to 
those for TITAN-I (note the larger air-drier capacity). Some costs are estimated from 
Reference [14]. 

The total tritium inventory in TITAN-II is 4 kg, roughly comparable to the inventory 
in some CANDU reactors at present. The largest inventory is in the primary circuit, 
which requires a larger blanket processing bystem. 

Table IS. 7-1. 

TITAN-II TRITIUM INVENTORIES 

System T Inventory (g) Form 

Primary heat-transport coolant 1420<a> 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 9 4 0 w HTO 

TOTAL 4000 

(o) Based on 274m 3 at 50Ci/kg. 

(b) Based on 22,640 m 3 at 0.4Ci/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 Oj 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 tri t ium releases are larger. Howe'^r, 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 fusion power core. Plasma-driven permeation is not a concern for 
TITAN-II, although the amount of protium back-diffusing to the plasma is significant. 

Table 18.7-IL 

TITAN-II T R I T I U M - S Y S T E M I N S T A L L E D C O S T S 

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. I N T R O D U C T I O N 

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 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-II 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 i>ower core (FPC) is submerged 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-I 
(Section 13.6) and thus are not repeated here. Section 19.5 describes the radioactive-
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 Commission (U. S. - NRC) 
on accidental releases, occupational doses, and routine effluents; 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 safety requirements foi fusion-reactor designs. The U. S. - 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 regulations and the corre­
sponding numerical dose limits are presented in Section 13.2 and are summarized in 
Tables 13.2-1 and 13.2.-II. 

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 tlo provide a relatively simple 
guide for designers who can use these definitions of different levels of safety to evaluate 
their designs or to improve on their safety features when appropriate. The following 
summarize the interpretation of these four levels of safety assurance as suggested by 
Piet. [4] (also see Reference [5]). 

Level 1 - "Inherent safety." Safety 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-safety assurance." Safety 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 asstirance." 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-cap able 
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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 radioactivity 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-boundary-release limit violations or reconfigurations 
by means of active safety 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 25 rem for accidental release for 
fission reactors (10CFR100 [3]) has been adopted. 

19.3. SAFETY-DESIGN FEATURES 

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 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 borated 
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-II, 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 primary-coolant system, 
and the steam generators are submerged in a 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 eneigy, the thermal energy of the hot loop, 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 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 will 
only rise slightly because of the much larger volume of the water pool. The pool also 
acts as a heat, sink for the decay afterheat in the structural material of the FPC. 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, 

AFTERHEAT REMOVAL LOOP 

AFTERHEAT 
HEAT 
EXCHANGER 

F i g u r e 19 .3 -1 . The TITAN-II "loop-in-pool" configuration. 
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the potential release of tr i t ium or other radionuclides in the primary-coolant loop to the 
public is significantly reduced. 

19 .3 ,1 . Safe ty Scenar ios 

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 . N o r m a l o p e r a t i o n 

Under normal operation, the FPC is actively cooled by the primary-coolant loop 
system. 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 34 MW after one full-power year (FPY) of operation 
at 1 8 M W / m 2 of neutron wall loading. Therefore, during the normal operation, 34 MW 
of thermal power is conducted through the steam generator vessel and primary-coolant 
piping walls to the pool. This power is then removed by separate heat exchangers in the 
pool. 

The pool temperature should be kept as low as possible to maintain an adequate 
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 pool 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 p r i m a r y - c o o l a n t 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-II 
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 p r e s s u r e 

Any sizable leakage in the primary-coolant circuit will result in loss of pressure in 
the primary-coolant circuit. In this case, 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 F P C . 
The thermal energy in the pool is then removed b} f the afterheat 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 t ime was provided from neutronics calculations considering 
key contributing isotopes: 5 6 M n , 5 5 F e , 5 4 M n , ^ C o , , 4 C , 3 2 S i , and 1 B 5 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 t ime 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 analysis, 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 31m. 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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function of time after shutdown. 



19-8 TITAN-II SAFETY DESIGN AND RADIOACTIVE-WASTE DISPOSAL 

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 ° 0 . These analyses show that the T1TAN-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 pr imary loop and pool conta inment 

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 tr i t ium inventory of the primary 
loop. At a tri t ium concentration of 50Ci/kg in the primary-coolant loop, the com­
plete release of the primary-loop water would amount to i .37kg of tritium, which would 
be higher than the allowable release of ~ 200 g [8] during severe hypothetical 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 ladioactivities 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 . Rout ine r e l ea se s 

For the TITAN-II design, routine tr i t ium releases and handling of 1 4 C waste are more 
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 level of tritium 
release and the costs of leakage control and the tritium-recovery system (Section 18-). The 
issues of routine handling of M G waste are discussed in Section 19.5. 

19.3 .2 . P i p e Break in the Poo l 

A potential accident for pressurteed-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, the TITAN-II DBA is postulated to occur in 
the hot leg at a location closest to the water surface in the pooJ. 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 exper ience 

Energy suppression and fission-product transport in pressure-suppression pools of 
boiling-water reactors were studied in the early 1970s [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 steam flow rate and water temperature. To examine the fission-product transport, 
iodine was dissolved in the steam. 

Pressure-suppression experiments were performed using steam mass-flow rates up to 
2.25 x 10 6 kg /h -m 2 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 (< 1 mm) at a rate which appeared to depend on the 
steam injection rate. These bubbles are highly undesirable since 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 size of the steam 
jet could be observed readily. Furthermore, for subsonic steam-flow conditions the L/D 
ratio is larger in non-degassed than in degassed water (a longer jet of steam). On semilog 
plots, the observed values of L/D showed a linear relationship with the steam mass-flow 
rate (<?), 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 
D 

= 0.492 In G - 4 . 4 5 (19.3-1) 
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for steam mass-flow rates below 8.35105 kg /h -nr , and 

— = 3.18 111(7-32.57 (19.3-2) 

for steam mass-flow rates above S.3510 B kg/h-m 2 . 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 6 kg/h-m 2 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 observed value of 2 in the 
experiments. 

10.3.2.2. M i n i m u m poo l height 

The TITAN-II poo! is designed to prevent blow throughs. To estimate the flow rate 
of steam from a coolant-pipe break in TITAN-II, simple empirical correlations for the 
critical flow rate are used. The critical Hovr 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 flow depends 
on the flow regime, i.e., it is a function 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 pool surface as possible. This means that the length of the discharge pipe 
would be much larger than the break diameter. 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 10 7 kg/h-m 2 from the 7-MPa TITAN-II coolant loop. Using the 
sonic-flow steam-jet correlation (Equation 19.3-2), the maximum jet L/D 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 7m 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 bottom of the tank. Therefore, applicability 
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 not 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. Because 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-II 
design to LOFA and LOCA are modeled using a finite-element heat-conduction code. 
The results of these analyses helped guide the engineering design of the reactor so that 
the maximum level of safety can be achieved. The principal concern of these analyses is to 
predict, the temperature history and pesi!f temperature of the torus assembly during the 
accident. Several heat conduction codes are available to model the thermal response of 
the system during LOCA and LOFA scenarios. Finite-element codes such as ANSYS [11], 
TAC02D [12], and TOPAZ [7] have sufficient flexibility to handle the time-dependant, 
nonlinear problem. For the safety analysis of the TITAN-II design, TAC02D is used and 
analytical checks have been performed, when possible, to verify the results. 

19 .4 .1 . A c c i d e n t M o d e l s 

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 the 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 [he configuration shown in Figure 19.4-3. The coarseness of this finite-element 
mesh appears, at first, to be inconsistent with transient-problem analysis. 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 th t time-dependance of the 
decay heat in the first wall are shown in Figure 19.4-4. The initial value of the decay 
heat at shutdown is 12 .7W/cm 3 and the heating rate in the beryllium is 2ero. 

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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Figure 19.4-1. The elevation view of the TITAN-II fusion power core. 
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Figure 19.4-2. Cut-away view of the TITAN-II fusion power core. 
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Figure 19.4-3. Finite-element model of the TITAN-II fusion power cc e used in LOFA 
and LOCA analysis. 
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second case is a LOFA with the pool. The final case is a LOCA with the pool in which 
the primary-coolant piping is assumed to have ruptured into the low-pressure pool. For 
all three accident scenarios, the plasma is assumed to have shut, clown 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 on the maximum coolant temperature 
{i.e., the coolant exit temperature, 330°C). 

19.4.2. LOCA wi thout the Pool 

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 io 
coolant can be trapped inside the FPC. The effect of finite drain time and finite plasma 
shutdown time are assumed to cancel out. Thus, (lie initial temperature foi the numerical 
analysis is set at 330 °C. The only heat-removal mechanism is radiation at the back of the 
vacuum boundary, which is behind the shield. The heat is radiated to the surrounding 
structure (ohmk-heating coils, coil supports, etc.) which are at ambient temperature, 

Figure 19.4-5 shows the temperature histories of the first wall and front of the shield 
as functions of time after shutdown. The peak temperatures 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 beryllium. 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 time 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 F P C to a complete LOCA without 
the pool as a function of time after the initiation of the accident. 

shutdown time. P ump coast-down time 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 2 - °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 heat removal inside the blanket is estimated at 
0.037 W/cm 2-"C. The initial bulk temperature of the pressurized, primary coolant is 
330 °C and the pool temperature is 60 °C. 

Figure 19.4-6 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 withstanding the loading 
conditions cf this accident scenario. 

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, complex. The accident is initiated with a guillotine 
break in the primary cold leg, below the level of the torus. The consequences of this 
accident have been broken into the following four basic phases. 

Phase I: Initial primary- loop d e - p r e s s u r i z a t i o n . At the onset of the accident, 
a very rapid (~ I s ) de-pressurizatioii of the primary loop occurs 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 required 
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-II 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: Pr imary- loop blow down. Following the initial de-pressurizatiou 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 sudden vohmie 
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 seconds, provided 
that no emergency core-cooling system is engaged. 

For accident, analysis of the TITAN-II FPC, the pipe break is assumed to be at the 
lowest point of the primary loop (t.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 fill 
the entire primary loop with a steam bubble. At lower pressures the 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 will 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 linearly decreasing to zero to reflect that 
the trapped steam does not have any heat capacity or natural circulation. The steam does 
provide a weak conduction path for heal flow from 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, But, 
as the temperature of the FPC structure increases, the radiation path plays an important 
role in the removal of the decay afterheat. 

Phase III: Pr imary- loop re-flood. During the re-flood phase, heat is lost from the 
primary loop (steam) to the surrounding pool and the steam trapped in the primary loop 
begins to condense. This occurs at the break interface and 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 minutes. 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 
rate of condensation). 

During the re-flood phase, the TITAN-H reactor torus is conservatively assumed to 
be filled with steam until all of the primary loop is filled with pool water. However, it 
is assumed that the steam temperature decreases linearly with time from 330 to 150 °C, 
which is the saturation temperature of pure water a< 0.S MPa. Since 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 
for here. 

Phase I V : Natural c i r cu la t ion . The final phase of the design-basis accident is the 
onset of natural circulation. The TITAN-II reactor is configured so that natural 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, natural circulation is assumed to be fully developed upon the completion of the 
primary-loop re-flood phase. 

Many assumptions, mostly 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 6 G) and would increase the rate of condensation 
inside the primary loop. The location of the torus relative to the pipe break is also 
important. In 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 t rap steam inside the FPC, and the reactor torus will, 
therefore, refill immediately following the blow down. 

Thermal response of the TITAN-II fusion power core to this accident scenario is shown 
in Figure 19.4-". The peak temperature of the FPC is 732°G 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 that 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 
F P C is also examined for a case that does not include re-flood, i.e., the steam bubble 
remains in the primary loop and only the radiation inside the blanket to the back of 
the 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 10,500 s 
(2.9 hours) which is 500 °C above the melting point of the ferrittc steel. The result of 
the accident with no re-flood can be used as a design curve 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 7 ,

m = 1129 K = 856°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 . D i scuss ion 

The necessity of the low-pressure pool is clearly evident from the results of the LOCA-
without-pool scenario. Peak temperatures welt in excess of the meltiug point of the 
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Figure 19.4-7. The thermal response of the TITAN-II FPC to a LOC'A with the low-
pressure pool as a function of time after the initiation of the accident 
with a re-flood time of 300 s (A) and with no re-flood (B). 
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structure are predicted, thus leading to damage to the FPG and potential release of 
radioactivity. The consequences of a LOFA with pool are minimal, primarily because of 
the natural circulation in the primary 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 initial decay 
afterheat, thereby ensuring adequate heat removal. 

A LOGA 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 chose" for TITAN-H; however, a small 
length of primary pipe is necessary below the torus to help the development of natural 
convection. 

19.5. RADIOACTIVE-WASTE DISPOSAL 

19 .5 -1 . R a d i o a c t i v e - W a s t e - D i s p o s a l I s sues 

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



19.5. RADIOACTIVE-WASTE DISPOSAL 19-23 

The limiting-specific activities for near-surface (Glass A, B, and C) disposal of nu­
clear waste were also specified in 10CFR61 regulations for the following radionuclides: 
B 9 Ni , M N b , " T c , , 2 % ^Sr , , 3 r C s , and alpha-emitting transuranic nuclides with lialf-
lives greater than five years. These linnting-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 4 2 A r (half-life 33y), 
1 0 8 m A g (127y), and 1 8 6 m R e (2 x 10 s y), may be produced by fusion reactors in the ele­
ments constituting the structural alloy, the divertor collecting plates, and imp'uities 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 nuclides were made based 
on 10CFR61 values. A complete work was recently performed by Fetter [14] providing 
limiting-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-disposal analysis of the TITAN reactors. 

19.5 .2 . R a d i o a c t i v e - W a s t e - D i s p o s a l R a t i n g s of T I T A N - I I R e a c t o r 

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-II 
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-II summarizes the max­
imum allowable concentration 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-II, the allowable concentration 
levels for Nb, Mo, Ag, Tb , and Ir impurities are, respectively, 0.6, 2.6, 0.33, 0.2, and 
0.05appni iii the reduced-activation ferritic-steel structural alloy of the TITAN-II FPC. 
These levels are, in general, factors of 2 to 10 lower than the allowable concentration of 
the same elements in the TITAN-I FPC components. This is mainly caused by the softer 
neutron spectrum in TITAN-U (because of the presence of better neutron-moderation 
materials, beryllium and water) which results in a higher neutron-capture reaction rate 
in the T1TAN-11 F P C components. 
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Table 19.5-1. 

N E U T R O N S P E C T R U M I N T H E T I T A N - I I F P C 

Neutron Flux Flux-Reduction Fast-Neutron 

Component 1"' (n /cm 2 ) Factor"" Fraction^' 

First wall & Be zone 5.3 x 10 1 5 - 59% 

Breeder zone 8.0 x 10 1 4 7.9 54% 

Hot shield 3.8 x 10 1 4 1.9 61% 

T F coils 1.8 x 10 1 4 2.3 57% 

(a) Flux values at the 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 En > 0 . l M e V . 

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 "aver­
aged" TITAN-II FPC are shown in Table 19.5-II 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, 1 8 a m R e (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-II. 
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The "averaged" allowable concentration level of tungsten is 11.0%, more than two or­
ders of magnitude larger ihan the present tungsten level in the reduced-activation ferritic 
steels (0.89%). 

The waste-disposal ratings of the TITAN-II FPC with riomiiial 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-I1I. 
These waste-disposal ratings were estimated for the irradiated blanket-lobe assembly av­
eraged after 1 FPY at 18 M W / i n 2 of neutron wall loading. It can be seen that with 

Table 19.5-II. 

M A X I M U M C O N C E N T R A T I O N LEVELS O F K E Y I M P U R I T I E S 
I N TITAN-II R E A C T O R C O M P O N E N T S 

T O Q U A L I F Y AS CLASS-C WASTE<"> 

Major Nuclide 

(Activity Limit) 

Maximum Concentration in Component'''1 Nominal 

Element 

Major Nuclide 

(Activity Limit) FW & Be Zone Breeder Zone Shield Average Level''* 

Nb 9 « N b ( 0 . 2 C i / m 3 ) 0.6 1.7 7.7 2.4 0.1% 

Mo w T c (0 .2Ci /m 3 ) 
9 4 N b ( 0 . 2 C i / m 3 ) 

2.6 53 588 22 1.0% 

Ag 1 0 8 m A g ( 3 C i / m 3 ) 0.33 0.83 4.2 1.3 1 

Tb l S , T b (4Ci /m 3 ) 0.2 1.0 2.4 0.85 5 

Ir l M m I r ( 2 C i / m 3 ) 0.05 0.09 0.2 0.13 5 

W 1 8 6 m R e ( 9 C i / m 3 ) 1.9% 9.1% 116.0% U.0% 0.9% 

(a) Based on operation at l S M W / m 2 of neutron wall loading for 1 FPY. 

Note that a conservative lifetime fluence value of 1 5 M W y / n r is used for the 

TITAN-II reference design (0.8 FPY at ! 8 M W / m 2 ) . 

(f>) All concentrations in appm expect those noted in atomic percentage. 

(c) From Reference [16], 
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Table 19.5-III. 

W A S T E - D I S P O S A L R A T I N G S FOR 
T H E " A V E R A G E D " T I T A N - I I BLANKET'"' 

Element 

Present Case 

Nominal Level ( c > Class-C 

(appm) ( ( ° Rating 

Controlled Case 

Controlled Level t'lass-C 

(apptn) | f c ) Rating 

Nb 0.1% 8.33 

Mo 1.0% 0.27 

Ag 1 0.054 

Tb 5 1.06 

Ir 5 0.0077 
W 0.9%*') 0.081 

](rf) 0.42 
6(rf) 0.30 

0.07 0.054 

0.1"" 0.10 

0.001 0.0077 

0.9% 0.081 

TOTAL 9.78 0.96 

x a) Based on operation at 1 8 M W / m 2 of neutron wall loading for 1 FPY. 

Note that a conservative lifetime fluence value of 15 M W y / m 2 is used for 

the TITAN-II reference design (0.8 FPY at 18M\V/m 2 ) . 

(b) All concentrations in appm expect *hose noted in aioniic percentage. 

(c) From Reference [161. 

(rf) 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 T1TAN-11 FPC, with main contributing elements Nb (85%), Tb (11.0%), 
anci Mo (2.8%). These elements should be controlled to levels below those presently avail­
able in the structural alloy. In the controlled case of Table 19.5-IH, we have presented 
a possible case for the impurity control: Nb (from 20 to l appm) , and Tb (from 0.9 to 
O.lappm). The resulting waste-disposal rating is about 1.0 for this controlled case. 

Assuming that the structural alloy meets all required levels of impurity and alloying el­
ements a> siiowr. in the controlled case in Table 19.5-IH, estimates are made the TITAN-II 
reactor materials and related waste quantities for Class-C disposal. The divertor-shielcl 
coverage is taken as 13% in the TITAN-II design, identical to the TITAN-I design. The 
results are presented in Table 19.5-IV. The annual replacement mass of TITAN-II FPC' 
is estimated at about 71 tonne/FPY (9.1 m 3 ) , ussuming that the entire blanket lobe and 
the divertor shield are replaced every FPY. Note that a JViscrvative lifetime fluence of 
1 5 M W y / m 2 is used for the TITAN-II reference design (0.8 FPY at 1 8 M W / m 3 ) . hi ad­
dition, Table 19,5-IV is for a modified design with a 0.03-m 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 refer­
ence design. The reduced shield thickness in this design decreases 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 lifetime (30 FPY) components in the TITAN-II design are the T F , ohmic-heating 
(OH), and equilibrium-field (EF) coils, ?nd 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-IV and is estimated to be about 25tonne/FPY (3.1 m 3 ) . Thus, Ihe averaged 
annual replacement mass of the entire TITAN-II 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 is similar to that of the TITATJ-I design. 

In addition to the Class-C waste disposal 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 uon-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-II reactor is also producing ! 4 C 
from I 4 W (n,p) reactions. The annual production rate of 1 4 C is about 5.2 x 104 C'i. Using 
the present 10CFR61 regulations, where the allowable concentration of 1 4 C for C3ass-C 
disposal is 8 C'i/m 3 and if 1 4 C remains in the aqueous-solution coolant, (lie coojanl should 
be replaced at a rate of 7 x 10 3 tonne/FPY (6.0 x 10 3 in 3 ) . The replacement mass of the 



19-28 TITAN-II SAFETY DESIGN AND RADIOACTIVE- WASTE DISPOSAL 

Table 19.5-IV. 

SUMMARY OF TITAN-II REACTOR MATERIALS AND RELATED 
WASTE QUANTITIES FOR CLASS-C WASTE DISPOSAL1"' 

Annual 

Lifetime Volume Weight Replacement Mass 

Component Material ( F P Y ) ( o ) (n. 3 ) (tonne) ( tonne/FPY) 

First wall Ferritic steel (S-C) 1 0.28 2.0 2.0 

Be zone Ferritic steel (9-C) 1 2.5 19.7 19.7 

Breeder zone Ferritic steel (9-C) 1 2.0 15.3 15.3 

Shield 
1.-

Ferritic steel (9-C) 1 3.9 30.5 30.5 

T F 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 

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 steel 1 0.48 3.78 3.78 

TOTAL CLASS-C WASTE (lifetime) 334. 2643. 88.1 

(a) Based on operation at 18MW/m 2 of neutron wall loading for 1 FPY. 

Note that a conservative lifetime fluence value of 15 MW y/m 2 is used for 

.he TITAN-II reference design (0.8 FPY at I8MW/1112). 
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coolant, can be reduced to about 80tonne/FPY, if Fetter's evaluation [14] is used as the 
limiting value (TOOCi/m3). Because of the large quantities of aqueous solution to be 
disposed of annually and uncertainties in the transport of the I 4 C isotope in the primary 
loop, extraction of the 1 4 C activity from the coolant and disposal of the concentrated 
quantity as non-Class-C waste should be considered. 

19.6. SUMMARY A N D 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 a«d 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-1 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 safety assurance. 

The key safety feature of the TITAN-II design is the low-pressure, low-temperature 
wat«-T pool that surrounds the FPC and the entire primary-coolant system. Detailed 
safety analyses have been performed which show that the TJTAN-I1 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 
T1TAN-11 design can be rated as a Ievel-2 of safety assurance design [5,4], The potential 
safety concerns are the control of routine tritium releases and the handling of 1 4 C waste. 

Plasnia-accideirt 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 design so that the accidental release of plasma and 
magnetic energies '•an be distributed without leading to major releases of radioactivity. 
Activities in this area need to be continued, especially for high-power-densit.y 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 impact 
on public safety. This characteristic is again, a Tesult of the presence of the large pool of 
water that allows the passive protection of the public. 
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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 fov 
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 committment to service. Furthermore, 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: (I) no adverse effects resulting 
from 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 the 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 IGOOtonnes). 

The lifetime of the TITAN-II reactor torus (including the first wall, blanket, shield, 
and divertor modules) is estimated to be in the range of 15 to 1 8 M W y / m ? , and the 
more conservative value of 1 5 M W y / m 2 will require the change-out of the reector torus 
(including the toroidal-field coils) on a yearly basis for operation at 1 8 M W / m 2 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, L i N 0 3 . 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 performed 
(Section 19) which show that the T1TAN-11 pool can contain the afterheat energy of the 
FPC and will remain at a low enough temperature such that tri t ium 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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FEEDWATER 
INLET 

TITAN-II 
FPC 

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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OH COILS T 

BLANKET LOBE 
CUTAWAY" 
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FOR INBOARD OH-COIL STACK 

•EF COIL 

•END PLATE 

Figure 20.2-2. Poloidal cross section of the TITAN-TI fusion power core illustrating the 
major components and coolant flow paths. 
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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 20 cm behind the first wall. The blanket lobes are 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 20.2-4 and 20.2-5. Twelve blanket modules and three divertor sections are assem­
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 T F 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-normal events. 

PIERCED CHANNEL MANIFOLD RING 
BRAZED BETWEEN J PLATES 

J PLATE 

SECTION OF PLATE 
PAIH BEFORE BRAZING 

PLATES MAY REQUIRE 
MULTI-STAGE 
HOT PRESSING BRAZE 

J PLATE & ALTERNATE DETAIL 
U PLATES CAN BE 
STRETCH FORMED 

F i g u r e 20 .2 -3 . The TITAN-II blanket lobe, J-plate design. 
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WATER-COOLED 
BLANKET SECTOR 

DIVERTOR SHIELD 
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Figure 20.2-4. Cross section of a TITAN-H blanket module. 
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Figure 20.2-5. Isometric view of a TITAN-II blanket module. 
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Figure 20.2-6. Illustration 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 perform 
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. Examples of powered 
joints [2] are shown in Section 14.3. 
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One of the unique aspects of the TITAN-II maintenance procedures is the presence 
of the large water pool surrounding the FPC. Three maintenance options are available: 

1. Perform all required 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 case, only the central portion of the pool 
would be pumped out prior to maintenance. This approach also does not require 
double valves t o prevent water infiltration 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 annual, scheduled maintenance of 
the TITAN-II fusion power core. These steps are listed in Table 20.3-1. Tasks that wit] 
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). Another 
potential benefit of the single-piece maintenance approach is that tli ? 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 components lifted during TITAN-II maintenance are the reactor torus 
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Table 20.3-1. 

P R I N C I P A L T A S K S 
1 - U R I N G T H E TITAN-II M A I N T E N A N C E P R O C E D U R E 

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 convection cooling in the atmosphere; 
3. During the cool-down period: 

a. Continue vacuum pumping until sufficient tritium is removed from the FPC, 
b. Valve-off a]] 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, 

c. Disconnect electrical and coolant supplies from the upper OH-coil set, 
d. Break vacuum; 

4. Drain primary coolant from FPC; 
5. Lift OH-coil set and store in the lay-down area; 
6. Disconnect primary-coolant supplies at ring headers;' 0^ 
7 Lift the reactor torus and move to the hot eel];'"' 
8, Inspect FPC area; 
9. Install the new, pretested torus assembly;' 0 ' 

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 system; 
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. 

(£>) 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 
stationary primary-coolant supplies. 

A simple comparison of modular and single-piece maintenance approaches can be 
made using Table 20.3-1 by assuming a modular design for T1TAN-I1 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 likely 
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 iotal 
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 modules 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-II 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-consistent 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 various 
components of the reactor. Recovery from a major event will be shorter with the single-
piece maintenance approach. It 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. 

20.4. SUMMARY 

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. 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 FTC have been 
identified. Single-piece maintenance of the reactor torus (including the first wall, blanket, 
shield, T F coils, and 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 maintenance 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, 
etc. would be corrected by using rapid and inexpensive hands-on repair procedures 
prior to committing the FPC nuclear service; 

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

4. Ability to modify continuall)' the FPC as may be indicated or desired by reactor 
performance and technological 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 modules 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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B.l. TABLE OF TITAN-H REACTOR PARAMETERS 

1. CHARACTERISTIC MACHINE DIMENSIONS 

1.1. Reactor Envelope ( 1 _ 1 > 
1.1.1. Height 
1.1.2. Outside diameter 
1.1.3. Circumference 
1.1.4. Volume 

1.2. Plasma Chamber 
1.2.1. Major toroidal radius, RT 
1.2.2. Plasma minor radius, r p 

1.2.3. First wall minor radius, rpyy 
1.2.4. Plasma, volume, Vp 

1.2.5. Plasma chamber volume 
1.2.6. First wall surface area < 1 - a> 
1.2.7. Number of sectors <1~,> 

1.3. Reactor Pool I1-*) 
1.3.1. Average height 
1.3.2. Outside diameter 
1.3.3. Wall thickness 
1.3.4. Circumference 
1.3.5. Volume 

2. P L A S M A PARAMETERS 

2.1. Fuel Cycle DT/Li 

2.2. Plasma Dimensions 
2.2.1. Major radius, RT 3.90 m 
2.2.2. Minor radius, r p 0.60 m 
2.2.3. Plasma cross 3ection circular 

5.52 m 
12.47 m 
39.18 m 

674. lfl m* 

3.90 m 
0.80 m 
0.66 m 

27.71 m" 
33.53 m« 

163.25 m a 

3 

33 m 
38 m 

1 ro 
119 m 

29,600 m« 
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2.3. Electron Density, n, ( a _ l ) 

2.3.1. Average electron density 9.3 x 1 0 a o m _ s 

2.3.2. Central electron density 1.4 x 1 0 a l m - s 

2.4. Ion Density, tij f3"1' 
2.4.1. Average ion density 8.9 X 1 0 a o m - 8 

2.4.2. Central ion density 1.3 x 1 0 a i ro-8 

2.5. Average Alpha-Particle Density, n„ < ! - a > 4.5 x 1 0 1 9 m - 8 

2.6. Ion Temperature, Tj ( a _ 1 > 
2.6.1. Average ion temperature 10 keV 
2.6.2. Central ion temperature 15 fceV 

2.7. Electron Temperature, T, <*-l> 
2.7.1. Average electron temperature 10 keV 
2.7.2. Central electron temperature 16 keV 

2.8. Average Alpha-Particle Energy, Ea ( a _ a > 68 keV 

2.9. Effective Plasma Ion Charge, Zt}t

 ( a - 8 ) 1.690 

2.10. Global Energy-Confinement Time, rg ' a - 4 > 0.22 s 

2.11. Effective Global Thermal Diffusivity, XB = (3 /16)r | /T S <*-«> 0.31 m > 

2.12. Electron Energy-Confinement Time, TE, ^~A) 0.28 s 

2.13. Particle Confinement Time at Burn, rp 

2.13.1. Without recycling <a-B> 1.10 s 
2.13.2. With recycling <'-"> 

2.13.2.1. Fuel ions (average) 
2.13.2.2. Helium 

2.14. Lawson Parameter, nj-rjj t a _ 4 > 

2.15. Plasma Toroidal Current, 1+ ( a - T ) 

2.16. Average Toroidal Current Density, j * ( a - T > 

3.68 s 
1.52 s 

1.92 x l O 1 9 s /m 8 

17.8 MA 

15.7 MA/m s 
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2.17. Toroidal Field, B + < J- l> 
2.17.1. Average 
2.17.2. At plasma edge 
2.17.3. At plasma axis 
2.17.4. Peak field on the coil <a-»> 

2.18. Poloidal Field, Be " " ^ 
2.18.1. Average 
2.18.2. At plasma edge 

2.19. Vertical Field, 
2.10.1. At plasma axis 
2.19.2. Decay index, n 
2.19.3. Stray field at startup 

2.20. Poloidal Beta, fc = 2«ip/fl|(rp) 

2.21. Toroidal Beta/3 = 2nop/ <B+>X 

2.22. Engineering Beta <2~9) 

2.23. Reversal Parameter, F P-O.^-ic) 
2.23.1. Mean value at burn 
2.23.2. During OFCD o9ciU»*.on 

2.24. Pinch Parameter, 6 <s-7).<*-«) 
2.24.1. Mean value at burn 
2.24.2. During OFCD oscillation 

2.25. Safety Factor, q = rBt/RBe 
2.25.1. On axis 
2.25.2. At plasma edge 
2.25.3. Radius of reversal surface (q = 0) 

2.26- Streaming Parameter, j'^/n 
2.26.1. During startup (maximum value) 
2.26.2. At burn 

2.27. Electron Streaming Parameter, £ = t>r>/"th 
2.27.1. During startup (maximum value) 
2.27.2. At bum 

3.90 T 
0.38 T 

11.85 T 
5.1 T 

6.21 T 
5.93 T 

1.66 T 
0.40 
2.30 T 

0.22 

0.52 

7.75 

-0 .1 
0.03 to -0.17 

1.56 
1.60 to 1.62 

0.11 
-0.01 
0.65 m 

6.5 x 1 0 - " A-m 
1.8 x 1 0 - M A-m 

2.0 x i o - 3 

1.9 x 10~ s 
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D 
2.28. Radiation Fraction ( a _ s ) 

2.26.1. Core plasma 
2.28.2. Scrape-off layer 
2.28.3. Divertor plasma 
2.28.4. Total radiation fraction 
2.28.5. Radiation fraction to first wall, / JUD 
2.28.6. Radiation fraction to divertor plate 

2.29. Current Drive < 3- 1 1) 
2.29.1. Method 
2.29.2. Frequency, / 
2.29.3. Toroidal-flux swing, 6<p/4>a 

2.29.4. © variation 
2.29.5. F variation 
2.29.6. Input power (toroidal/poloidal circuits) 

2.29.6.1. Real (supplied) power <3-"> 
2.29-6.2. Reactive power 

2.29.7. Power-supply dissipation ( a - 1 2 > 
2.29.8. Current-drive power <'-"> 
2.29.9. Efficiency, fy/PcD ( 3 ~ l s ) 

2.30. Plasma Heating Method Ohmio 

2.31. Plasma Ohmic Dissipation 28.5 MW 

2.32. Plasma Energy Gain, Qp = P//Pn ( 2 " 1 4 ) 80.2 

3. POWER OUTPUT 

3.1. Plasma Fusion Power, Pf 
3.1.1. Neutron power, Pn 

3.1.2. Alpha-particle power, P0 

3.2. Blanket Energy Multiplication, M 

3.3. Nuclear Power (AfP„ + Pa) 

3.4. Ohmic Heating Power, Pa <"-l> 

0.70 
0.23 
0.04 
0.67 
0.95 
0.02 

OFCD 
25 H* 

0.035 
1.50 to 1.62 

-0 .03 to -0 .17 

38.23/4.61 MW 
1285.71/249.15 MVA 

15.34 MW 
54.64 MW 

0.33 A/W 

2289.8 MW 
1831.3 MW 
458.5 MW 

1.36 

2949.1 MW 

28.5 MW 
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462.7 MW 

38.6 MW 
258.4 MW 

ml 
i2.5 MW 

770.2 MW 

3.5. Power to First Wali 
3.5.1. Surface heating, }MD(P<. + Pn) 
3.5.2. Nuclear heating 

3.5.2.1. Structure 
3.5.2.2. Coolant 

3.6.3. OFCD heating (eddy currents) <* - J) 
3.5.4. Coolant-pumping, power (•"') 
3.5.5. Total thermal power, Ppyy 

3.6. Power to Multiplier Zone 
3.6.1. Nuclear netting 

3.6.1.1. Sbucture 214.5 MW 
3.6.1.2. Oolant 690.9 MW 
3.6.1.2. beryllium 819.9 MW 

3.6.2. OFOD heating (eddy currents) f 8 _ 2 > 0.1 
3.6.3. Coolant-pumping power <*"*) 28.2 MW 
3.6.6. Total thermal power, PMZ 1763.6 MW 

3.7. Power to Breeder/Reflector Zone 
3.7.1. Nuclear heating 

3.7.1.1. Structure 27.9 MW 
3.7.1.2. Coolant 281.2 MW 

3.7.2. OFCD heating (eddy currents) <»-*) 0.1 
3.7.1. Coolant-pumping power <a~*> 5.1 MW 
3.7.6. Total thermal power, Paz 314.3 MW 

3.8. Power to Hot Shield 
3.8.1. Nuclear heating 

3.8.1.1. Structure 
3.8.1.2. Coolant 

3.8.2. OFCD heating (eddy currents) <8-a> 
3.8.3. Coolant-pumping power '*~ s' 
3.8.4. Total thermal power, PHS 

3.9. Power to Divertor Plate 
3.9.1. Surface heating, (1 - fru.D)(Pa + Pn) 
3.9.2. Nuclear heating 

3.9.2.1. Structure 
3.9.2.2. Coolant 

3.9.3. Coolant-pumping power < s~ a' 
3.9.4. Total thermal power, PDP 

148.9 MW 
8.3 MW 
nil 
2.6 MW 

159.8 MW 

24.3 MW 

2.8 MW 
1.2 MW 
0.5 MW 

28.8 MW 
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3.10. Total Reactor Thermal Power, Pth 
3.10.1. First wail thermal power 
3.10.2. Multiplier-'.one thermal power 
3.10.3. Breeding-zone thermal power 
3.10.4. Hot shield thermal power 
3.10.5. Divertor plate thermal power 
3.10.6. Total 

3.11. Thermal-Cycle Efficiencies, rfth 

3.12. Gross Electric Power, ffer 

3.13. Recirculating Power 
3.13.1. TF joule losses 
3.13.2. Divertor joule losses 
3.13.3. OFCD system (*-*) 
3.13.4. Coolant-pumping power 
3.13.6. Auxiliary power ( 3 - B > 
3.13.6. Total 

3.14. Recireulating-Power Fraction, e 

3.15. Engineering Q (— l/c) 

3.16. Net Electric Power 

3.17. Net Plant Efficiency, TJ, = ijj h(l - e) 

3.18. Mass Power Density, MPD ( * - < " 

770.2 MW 
1753.6 MW 
314.3 MW 
159.8 MW 
28.8 MW 

3026.7 MW 

0.350 

1059.3 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 

3.19. Plasma Power Density, PsfVv 83 MW/m* 
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4. REACTOR COOLANT SYSTEM 

4.1. First Wall System <*"1' 

4.1.1. Coolant 
4.1.2. Structural material 
4.1.3. Channel outer diameter * 4 - 1 > 
4.1.4. Channel inner diameter <-4~1'1 

4.1.5. Erosion allowance 
4.1.6. Number of channels 
4.1.7. Structure volume fraction 
4.1.8. Coolant volume fraction 
4.1.9. Void volume traction 
4.1.10. Structure volumetric heating 
4.1.11. Coolant volumetric heating 
4.1.12. Outlet temperature 
4.1.13. Inlet temperature 
4.1.14. Outlet pressure 
4.1.15. Inlet pressure <4-2> 
4.1.16. Pressure drop 
4.1.17. Maximum primary stress 
4.1.18. Maximum secondary stress 
4.1.19. Maximum wall temperature 
4.1.20. Coolant now rate (total) 
4.1.21. Coolant flow velocity 
4.1.22. Reynolds number, Re 
4.1.23. Nusselt number, Nu 
4.1.24. Prandtl number, Pr 
4.1.25. Critical heat flux 
4.1.26. Subcooling at exit 

4.2. Multiplier-Zone System <4-'> 

4.2.1. Coolant 
4.2.2. Structural material 
4.2.3. Multiplier Material 
4.2.4. Lobe width 
4.2.5. Zone radial dimension 
4.2.6. Lobe wall thickness 
4.2.7. Number of Lobes 
4.2.8. Structure volume fraction ( 4 ~ 8 ) 

4.2.9. Coolant volume fraction < 4 _ 3 ) 

4.2.10. Multiplier volume fraction < 4 - 3> 

Semi-circular channels separated from blanket lobes 
single-pass, poloidal coolant flow 

Aqueous LiNO* Solution (Au = 6.4%) 
Ferritic Steel (9-C) 

30.0 mm 
27.0 mm 
0.25 mm 
840 

0.17 
0.62 
0.21 
202 MW/m 8 

270 MW/m 3 

603 K 
571 K 

7 MPa 
8 MPa 

0.5 MPa 
98 MPa 

363 MPa 
776 K 

1150 kg/s 
22.6 m/s 

1.49 x 10 9 

2360 
16.5 
8.3 MW/m J 

16.5 °C 

First zone of the blanket lobes 
single-pass, poloidal coolant flow 

Aqueous LiNOa Solution (AIA = 6.4%) 
Ferritic Steel (9-C) 

Beryllium 
30,0 mm 

200.0 mm 
1.4 nun 

840 
0.12 
0.29 
0.59 
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4.2.11. Structiue volumetric heating <4-*> 180 MW/m 8 

4.2.12. Coolant volumetric heating t 4 _ 4 ) 140 MW/m» 
4.2.13. Beryllium volumetric heating ( 4 - 4 > 240 MW/m 1 

4.2.14. Outlet temperature 603 K 
4.2.15. Inlet temperature 571 K 
4.2.16. Outlet pressure 7 MPa 
4.2.17. Inlet pressure <*-*> 8 MPa 
4.2.18. Pressure drop ( 4 _ 4 > 1 MPa 
4.2.19. Maximum beryllium temperature 846 K 
4.2.20. Coolant flow rate (total) 2.6 x 10 4 kg/s 
4.2.21. Coolant flow velocity < 4 - 4 ) 14 m/s 
4.2.22. Reynolds number, Re < 4 _ 4> 2.7 x 10* 
4.2.23. Nusselt number, JVu f 4" 4) 601 

4.3. Breeder/Refelector-Zone System ( 4 _ I ' Second zone of the blanket lobes 
single-pass, poloidal coolant flow 

4.3.1. Coolant Aqueous LiNOg Solution (Au = 6. 
4.3.2. Structural material Ferritic Steel (9-C) 
4.3.3. Lobe width 30.0 mm 
4.3.4. Zone radial dimension 100.0 mm 
4.3.5. Lobe wall thickness 1.4 mm 
4.3.6. Number of Lobes 840 
4.3.7. Structure volume fraction 0.09 
4.3.8. Coolant volume fraction 0.91 
4.3.9. Structure volumetric heating 40 MW/m* 
4.3.10. Coolant volumetric heating 40 MW/m" 
4.3.11. Outlet temperature 603 K 
4.3.12. Inlet temperature 671 K 
4.3.13. Outlet pressure 7 MPa 
4.3.14. Inlet pressure <4-*> 8 MPa 
4.3.15. Coolant flow rate (total) 4660 kg/s 
4.3.15. Pressure drop 5.0 x : 1 0 - 4 MPa 
4.3.16. Maximum wall temperature 621 K 
4.3.18. Coolant flow velocity 1.0 m/s 
4.3.19. Reynolds number, Re 1.5 x lO* 
4.3.20. Nusselt number, Nu 376 
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4.4. Hot Shield System <4-x> 

4.4.1. 
4.4.2. 
4.4.3. 
4.4.4. 

4.4.5. 
4.4.6. 
4.4.7. 

4.4.S. 

4.4.9. 

Coolant 
Structural material 
Radial thickness 
Channel inner diameter 
4.4.4.1. 1st tow 
4.4.4.2. 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 
4.4.8.2. 2nd row 
Outlet temperature 

4.4.10. Inlet temperature 
4.4.11. Outlet pressure 
4.4.12. Inlet pressure <*-*) 
4.4.13. Pressure drop 

4.4.13.1.1st row 
4.4.13.2.2nd row 

4.4.14. Maximum wall temperature 
4.4.14.1. 1st row 
4.4.14.2. 2nd row 

4.4.15. Coolant flow rate (total) 
4.4.16. Coolant flow velocity 

4.4.16.1. 1st row 
4.4.16.2. 2nd row 

4.4.17. Reynolds number, Re 
4.4.17.1.1st row 
4.4.17.2. 2nd row 

4.4.18. Nusselt number, JVu 
4.4.18.1. 1st row 
4.4.18.2. 2nd row 

Two-piece shield, welded to from blanket container 
with two rows of coolant channels 
single-pass, poloidal coolant flow 

Aqueous LiNOs Solution (An — S.4%) 
Ferritic Steel (8-C) 

100 mm 

12.7 mm 
19.0 mm 
0.90 
0.10 

22 MW/m» 
9 MW/m* 

10 MW/ra 8 

5 MW/m' 
603 K 
671 K 

7 MPa 
8 MPa 

2.2 10" a MPa 
4.7 x 10-» MPa 

682 K 
700 K 

2440 kg/s 

6.6 m/s 
3.7 m/s 

3.3 x 10* 
2.8 x JO5 

706 
619 
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4.5. Divertor Plate System <4_B> 

4.6.1. Coolant 
4.5,2. Structural material 

4.5.2.1, Armor 
4.5.2.2. Coolant tube 

4.6.3. Coolant-tube outer diameter 
4.5.4. Coolant-tube inner diameter 
4.6.6. Armor thickness 
4.5.6. Outlet temperature 
4,5.7. Inlet temperature 
4.5.8. Outlet pressure 
4.5.9. Inlet pressure <*_8> 
4.5.10. Maximum primary stress 
4.5.11. Maximum secondary stress 
4.5.12. Maximum wall temperature 
4.5.13. Coolant flow rate (total) 
4.5.14. Maximum coolant flow velocity ' 4 ~ 7 ' 

The armor is braced to 
a bank of circular tubes with 

multiple-pass, radial/toroidal coolant flow 
Aqueous LiNOs Solution (An =s 6.4%) 

W-26Re 
W-26Re 

10.0 mm 
8.0 mm 
1.0 mm 
618 K 
591 K 
14 MPa 
15 MPa 
83 MPa 

505 MPa 
1052 K 
433 kg/s 
20 m/s 

4.6. Coolant-Circulator Type 
4.6.1. First wall, blanket, hot shield 
4.6.2. Divertor Plate 

4.7. Power Input to Each Circulator (*~ 8 ) 

4.7.1. First wall, blanket, hot shield 
4.7.2. Divertor Plate 

Single-stage centrifugal pump 
Double-stages centrifugal pump 

48.4 MWe 
0.5 MWe 

4.8. Thermal-Energy Storage not required 

4.9. Peak Temperature During a Loss-of-Flow Accident (LOFA) <*"*> 
4.9.1. First wall 621 K 
4.9.2. Beryllium tone 617 K 
4.9.3. Hot shield 613 K 

4.10. Peak Temperature During a Loss-of-Coolant Accident (LOCA) <*-la> 
4.10.1. First wall 1005 K 
4.10.2. Beryllium *one 754 K 
4.10.3. Hot shield 603 K 
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5. INTERMEDIATE COOLANT SYSTEM <*-" 

5.1. Secondary Coolant none 

6. S T E A M G E N E R A T I O N S Y S T E M 

6.1. Steam Outlet Temperature 

6.2. Steam Outlet Pressure 

6.3. Total Steam Flow Rate 

6.4. Feedwater Inlet Temperature 

6.6. Number of Steam Generators per sector 

6.6. Gross Thermal-Power Efficiency 

6.7. Gross Electric Output 

581 K 

7.2 MPa 

1466 kg/s 

614 K 

1 

0.360 

1059.3 MWe 

7. SHIELD C O O L A N T S Y S T E M I 7 - 1 ' 

7.1. EFC-Shield (7~7) None 

8. R E A C T O R A U X I L I A R Y S Y S T E M 

8.1. 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 <* - I ) 

8.1.2. Temperature of neutral gas 
8.1.3. Plasma chamber volume 
8.1.4. Vacuum chamber volume < 8 - 2 ' 
8.1.6. Particle throughput C - 8 ' 

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 (»-«)-(»-s) 
8.1.9. Helium pumping speed (per pump) ( 8 ~ a > 

1CT5 mtorr 
2 0 - 1 0 0 mtorr 

700 K 
33.6 m 8 

110. m 3 

6.7 x 10" s - ' 
8.2 x 10*° s _ 1 

216 m 8 / s 
224 m s / s 

Turbo-molecular 
16 
20 m a / s 



B-12 APPENDIX B 

8.2. Magnet Cooling System 
8.2.1. Toroidal-field coils (*~7> 

8.2.1.1. Coolant Water 
8.2.1.2. Cooling load 19.6 MW 

8.2.2. Divertor-field coils < 8 _ 7 ) 

8.2.2.1. Coolant Water 
8.2.2.2. Cooling load 14.1 MW 

8.2.3. Ohmic-heating coils * s _ 7 ' 
8.2.3.1. Coolant Water 
8.2.3.2. Peak Cooling load during startup 200 to MW 
8.2.3.3. Cooling load during normal operation 2.T MW 

8.2.4. Equilibrium-field coils (*~*> 
8.2.4.1. Coolant 
8.2.4.2. Cooling Joad<»- 9' 

Liquid helium 

8.3. Plasma-Fueling System I*- 1 0 ' 
8.3.1. Type 
8.3.2. Fuel composition 
8.3.3. Fueling rates 
8.3.4. Pellet diameter 
8.3.5. Pellet speed 
8.3.6. Pellet injection frequency 

DT pellet 
50% D, 50% T 

0.035 g/s 
3.4 mm 
2.1 km/s 

6.25 a - 1 

8.4. Tritium-Processing and Recovery System 
8.4.1. Type 
8.4.2. Total tritium inventory ( 8 _ 1 1 > 
8.4.3. Tritium handling rate 
8.4.4. Water processing rate 
8.4.G. Primary-coolant tritium concentration 
8.4.6. Blanket detritiation factor 

Vapor-phase catalytic exchange 
4.00 kg 
0.46 kg/d 

9 .64x10* kg/d 
50 Ci/kg 

0.93 per pass 

9. R E A C T O R C O M P O N E N T S 

9.1. First wall, Blanket, and Shield < B _ 1 ) 
9.1.1. Structural material Ferritic Steel (9-C) 
9.1.2. Breeding material <»-'> Aqueous LiNOg Solution [Au ~ 6.4%) 
9.1.3. Neutron multiplier material Beryllium 
9.1.4. Tritium breeding ratio (TBR) ( 0 - 8 > 1.22 
9.1.5. Number of modules <""*> 1 
9.1.6. Weight of modules 180 tonnes 
9.1.7. Largest single component ' * - 4 ' 

9.1.7.1. Weight 180 tonnes 
9.1.7.2. Dimensions (diameter xheight) 10.0 x 2.3 m 

9.1,9. Lifetime <»-*> i y 
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9.2. Divertor 
9.2.1. Type 
9.2.2. Number of divertors 
9.2.3. Neutraliier plate 

9.2.3.1 Armor 
9.2.3.2 Coolant tube 
9.2.3.3 Coolant 

9.2.4. Weight of each diveitor 
9.2.5. Dimensions (diameter x height) 
9.2.6. Lifetime <B-B> 

Toroidal-field divertors 
3 

W-26Re 
W-26Re 

Aqueous LiNO* Solution (Au = 6.4%) 
10 tonnes 

3 x 3 m 
1 y 

9.3. Magnets 
9.3.1. Ohmic-heating coils ("-'l.C"7) 

9.3.1.1. Type 
9.3.1.2. Number 
9.3.1.3. Conductor 
9.3.1.4. Structure 
9.3.1.5. Insulator 
9.3.1.6. Coolant 
9.3-1-7. Operating temperature 
9.3.1.8. Maximum stress in coil 
9.3.1.9. Mean coil radius 

9.3.2. Equilibrium-field coils l *~^ 
9.3.2.1. Type 
9.3.2.2. Number 
9.3.2.3. Conductor 
9.3.2.4. Structure 
9.3.2.5. Stabilizer 
9.3.2.6. Coolant 
9.3.2.7. Operating temperature 
9.3.2.8. Mean stress in coil <*-«> 
9.3.2.9. Mean coil radius 

9.3.3. Toroidal-field coils I*-5-1 

9.3.3.1. Type 
9.3.3.2. Number 
9.3.3.3. Conductor 
9.3.3.4. Structure 
9.3.3.5. Insulator 
9.3.3.6. Coolant 
9.3.3.7. Operating temperature 
9.3.3.8. Mean stress in coil <9-B> 
9.3.3.9. Mean coil radius 

Normal 
13 

Copper 
Steel 

Spinel (MgAliO«) 
Water 

20 - 80 e C 
33 MPa 

2.42 - 5.66 m 

Superconducting 
2 

Nb-Ti 
Steel 

Copper 
Liquid helium 

4 K 

5.94 m 

Normal 
30 

Copper 
Steel 

Spinel (MgAl 3 0 4 ) 
Water 
20-80°C 

1.12 m 
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9.3.4. Divertor-field coils 
9.3.4.1. Type Normal 
9.3.4.2. Number 9 
9.3.4-3. Conductor Copper 
9.3.4.4. Structure Steel 
9.3.4.5. Insulator Spinel (MgAl 20«) 
9.3.4.6. Coolant Water 
9.3.4.7. Operating temperature 20 - 80 °C 
9.3.4.8. Mean stress in c o i l ( 9 _ B ) 

9.3.4.9. Mean coil radius 0.8 m 
9.3.5. Maximum force transmitted 

to building ( 9 - 1 0 > 
9.3.6. Maximum toroidal field 

9.3.6.1. At plasma axis 
9.3.6.2. At plasma edge 
9.3.6.3. At TF coil 

9.3.7. Total stored energy < 9 - u > 
9.3.7.1. Poloidal field 
9.3.7.2. Toroidal field 

9.3.8. Largest single component ( 9 - l a > 
9.3.8.1. Weight 
9.3.8.2. Dimensions {diameter x height) 

9.4. Energy Transfer and Storage None 

Ohmic 

35 MW 

5 MW 
500 MW 

9.5.10. Heating time <°- l s> 11 s 

11.85 T 
0.38 T 
0.38 T 

3.6 GJ 
0.7 GJ 

250 tonnes 
5.9 x 0.80 m 

9.5. Plasma Heating 
9.5.1. Type 
9.6.2. Frequency 
9.5.3. Power to plasma (* - 1 8 ) 
9,5.4. Transmission method 
9.5.5. Power reflected from plasma 
9.5.6. Power loss in transmission 
9.5.7. Power lots in amplifiers 
9.5.8. Power loss in power supplies ( ° - M ) 
9.5.9. System input power < 9 - 1 *) 
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500 MW 

None 
16.0 MW 
9.8 MW 

54.8 MW 
48.4 MW 
0.5 MW 

30.0 MW 
159.3 MW 

10. ELECTRICAL-POWER REQUIREMENTS 

10.1. Cold-Plasma Startup Power from Grid ( I 0 _ 1 ) 

10.2. Auxiliary Power Requirements (Normal Operation) 
10.2.1. Electrical energy storage 
10.2.2. Toroidal-field coils 
10.2.3. Dirertor-fleld coils 
10.2.4. OFCD < 1 0- a> 
10.2.5. First wall, blanket, and shield coolant circulators 
10.2.6. Divertor plate coolant circulators 
10.2.7. Other auxiliary systems ' 1 0 _ * ' 
10.2.8. Total 

11. B U I L D I N G S 

11.1. Reactor Pool f 1 1 " 1 ) 
11.1.1. Characteristic dimensions 

11.1.1.1. Outside diameter 38 m 
11.1.1.2. Height 33 m 

11.1.2. Enclosed volume 26600 m* 
11.1.3. Minimum wall thickness 1 m 
11.1.4. Internal pressure 1 a tm 
11.1.5. Containment atmosphere Air 

11.2. Turbine Building <"- 3> 
11.2.1. Characteristic dimensions 

11.2.1.1. Length 86 m 
11.2.1.2. Width 40 m 
11.2.1.3. Height 32 m 

11.2.2. Total enclosed volume 2.64 x 10" m 8 

11.3. Reactor Service Building 
11.3.1. Characteristic dimensions ( n ~ 8 ) 
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12. REACTOR MAINTENANCE 

12.1. First Wall, Blanket, Shield, and Divertor 
12.1.1. Lifetime 1 y 
12.1.2. Weight 180 tonnes 

12.2. OH and BF Magnet 
12.2.1. Lifetime t 1*- 1' 40 y 
12.2.2. Weight 332 tonnes 

12.3. Radioactive Material Storage for Life of Plant t " - 1 ' 
12.3.1. Total Class C <1J-a> 

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 

2642 tonnes 
328 m» 

U tonnes 
1 m* 

12.4. Overall Plant Availability 0.76 
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FOOTNOTES TO TABLE B . l 

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 plasma-facing area is — (2iri!r) 2K{TFW + 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 consist* 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 reactor vault. 

1-4) The TITAN-II fusion power core is submerged in a pool of water (1 atm) to achieve s high level 
of safety assurance. 

2-1) During the startup, plasma profiles are assumed to be 

n(r) /n . = ( l - r / r p ) 3 8 

T(r)/T0 = ( l - r / r p ) < 

p(r)/Mo = ( I - r / r , ) ' . 

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: 

n{r)/n„ = 1.00 - 0.86(r /rp)iA* 

( 1.00 ~ 3.26(r/r 3 1) :» w for 0.00 < r / r p < 0-2& 
T{r)/T„ = I 1.12 - 0.71(r/rP) for 0.25 < r / r p < 0.83 

I 0.56 - 0.55(r/rj,) 1 4 ° 3 for 0.83 < r / r p < 1 

fi{T)/tn0 = l . T O - 0 . « ( r / r , , ) 6 - 0 . W ( r / r ( , ) 8 . 

2-2) Averaged value over both fast and thermal components. 

2-3) The TITAN-I1 design operates with a highly radiative plasma by deliberately doping the plasms 
with xenon impurities. 

2-4) Assuming a beta-limited confinement time of the form rg = c^Rr^f^f). 

2-5) Assumed to be TP ~ 4TE, . 

2-6) Based on self-consistent core-piasma, edge-plasma, and neutral-particle transport calculations. 

2-7) Represents the mean value during the OPCD cycle (see item 2.29). 

2-8) Including the poloidal field. The field produced by the coil is 0.4 T. 

2-6) The engineering beta is defined as the ratio of the average plasma pressure to the maximum field 
strength on the toroidal-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 
diveitor coils which should be also oscillated to keep the separ&trix 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
veitor 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, Q = 100. 

2-13) A "wall-plug" efficiency including power-supply losses and the power to the divertoi 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 cunent-drive power deposited in the plasma appears as ohmi? beating 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 2-10). 

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, co :ls, and related structure. 

4-1) The first wall and blanket of the TITAN-II are integrated in the form of blanket lobes. The first 
20 cm of the blanket lobe behind the first wall region (the multiplier zone) include 7 beryllium 
rods (diameter of 26 mm) clad in fenitic steel 3-C (cladding thickness of 0.25 mm). The last 10 cm 
of the blanket lobe is the breeder/reflector tone. 70 blanket lobes are staggered side by side to 
form a blanket module. Four blanket modules ere assembled 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 s Li 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 system for all 
components. 

4-3) Averaged over the entire system. 

4-4) Values for the first multiplier cell. 

4-5) 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. 
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4-6) 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 MPs 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 90%. 

4-9) In the presence of the low-pressure pool. Peak temperatures are reached 355 seconds after the 
initiation of the tccirient. 

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 300 s is assumed). 

5-1) Because the pressure in the steam generator (7.2 MPa) is larger than the primary coolant pres­
sure (7.0 MPa), an intermediate heat exchanger deemed unnecessary. The divertor plate power, 
however, are deposited in the primary coolant circuit through a heat exchanger. 

7-1) Pw«r is recovered from the hot shield (see item 4.3.) 

7-2) 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 'Calculations (Section 5.5). Particle throughput is enriched by about a 
factor 3 in He (with respt i to DT throughput) and also by a factor of about 3 in D (with respect 
t o T ) . 

3-4) The turbo-molecular pumps are backed by 12 scroll pumps with pumping speed of 600 m 8/hr, 
operating between 50 mtorr and atmospheric pressure. 

8-5) Based on the required total pumping speed of 260 m 8 / s , only 13 pumps are needed. The additional 
3 pumps are in reserve. 

8-yj Assuming out-gassing rate of 1 0 - 1 1 to 10~ 1 J torr-l/s, the required pumping speed to maintain the 
base pressure in the plasma chamber is in the range 3 to 35m a / s , much lower than the required 
pumping speed of 260 m s / 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. Cooling 
loads for these coils are included in item 8.2.3. 

8-9) 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) 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. 

8-11) Including tritium in storage (1 kg) and in the low-pressure pool (0.94 kg). 

9-1) The first-wall and blanket of the TITAN-II are integrated in the form of blanket lobes. The first 
20 cm of the blanket lobe behind the first wall region (the multiplier zone) include 7 beryllium 
rods (diameter of 26 mm) clad in ferritic steel 9-C (cladding thickness of 0.25mm). The last 10cm 
of the blanket lobe is the breeder/reflector tone. 70 blanket lobes are staggered side by side to 
form a blanket module. Four blanket modules are assembled 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 *Li enrichment level in the coolant is 12%. 

9-2) With a *Li enrichment level of 12% in the coolant. 

9-3) Based on 1-D neutronics calculations of the final design. 

9-4) The reactor torus is assembled on-site from 3 pre-fabricated sectors interlinked by the 3 divertor. 
The reactor torus is installed and removed as one single piece. 

9-5) Based on a lifetime of 15 MW-y/m 1 . 

9-6) Also act as the driver coils for the OFCD system. 

9-7) Includes a pair of normal-conducting, EF trim coils which are used during startup and OFCD 
cycles. 

9-8) The EF coils are based on present day technology with Nb-Ti conductor. Detailed design for 
these coils, therefore, was not performed. 

9-9) The TF and divertor coils ire based on present day technology with water-cooled copper conduc­
tor. Detailed design for these coils, therefore, was not performed. 

9-10) Primarily caused by the weight of the FPC. 

9-11) Including the plasma stored energy. The poloidal magnetic energies stored in the system are 
0.3 GJ internal to the plasma and 3.2 GJ external in the plasms, noting that the plasma current 
add the EFC current are flowing in opposite directions. The toroidal magnetic stored energy 
internal to the plasma is 0.4 GJ and external to the plasma is 0.02GJ. 

9-12) The largest component is the EF coil, including the EFC shield. 

9-13) Maximum value during startup. 

9-14) Assuming an efficiency of 99% for power supplies. 

9-15) Time from cold startup to ignition. 

10-1) Maximum va? le during startup. 

10-2) Including the losses in the divertor coils (see footnote 2-10). 
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10-3) Includes the refrigeration systems, vacuum systems, tritium-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 (1 atm) 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 
et a!., Lawrence Livermore National Laboratory 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 diveitor target plates, if they have to be disposed of separately. 
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B.2. SYSTEMS CODE PARAMETERS OP TITAN-II 

1 TITAN Keversed-Pield Pinch Reactor calculations 
1 1 0 0 0 0 1 1 0 

(ver. 9.q) 
01/12/88 

plasaa parameters 
plasma aspect ratio, A 
plasma ainor radius (•) 
plasma toroidal major radios (a) 
plasma volume (if 3) 
plasma/first-vall radius ratio, x 
plana current (HA) 
toroidal current density (MA/m*2) 
plasma ion temperature (keV) 
plaaaa electron temperature (keV) 
plasma fus. prod, tespereture (keV) 
plasaa impurity temperature (keV) 
Uvson parameter * t2 (1.0*22 s keV'2/m*3) 
Lavson parameter (1.0e20 s/m"3) 
plasma (total) ion density (1.0e20/»i*3) 
plasma electron density (1.0e20/m"3) 
ion (D,T,He3,He4,Xe) density fractions: 

0.4B484 0.48484 0.00000 0.03000 
effective plasma charge, Zeff 
energy confinement tine (s) 
alpha ion particle confinement tiae (steady state) (s) 
thermal diffusivity (m'2/s) 
dt fusion pover density (HV/m*3) 
fusion power, Ff (HV) 
alpha power (HV) 
breasstrahlung pover (HV) 
poloidal beta (incl. fus. prods, and imps., Ze£f>1.0) 
poloidal beta (only fuel ions and electrons, Zeff.1.0) 
pinch parameter, theta 
reversal parameter, |F| 
streaming parameter (1.0«-14 A m) 
streaming function (1.0e-3) 
plasma ohaic dissipation during burn (HV) 
plasma loop voltage (V) 
gdt, gohm, gbr . 1.403 2.924 1.172 
OFCD plasma Foynting power (tor/pol) (HV) 3947.656 
OFCD FV dissipated pover (tor/pol) (HU) 0.000 
OFCD blanket dissipated pover (tor/pol) (HV) 0.011 
OFCD coil dissipated pover (OHC/TFC/PEFC/SEFC) (HV) 

0.171 18-804 0.000 2.482 
OFCD total dissip*t«d pover (tor/pol) (HV) 18.815 
OFCD terminal real(lcst) power (OBC/TFC/PEFC/SEFC) (HV) 

1.147 32.930 0.000 3.450 
OFCD pover-supply dissipated pover, pcdps (HV) 
OFCD total dissipated pover, pcdd (HV) 
OFCD terminal reactive pover (OHC/TFC/PEFC/SEFC) (HV) 

101.674 744.569 0.000 146.706 
OFCD total reactive pover, pcdr (HV) 
OFCD power-supply q-value» Q(PS) 
OFCD circuit c-value, Q(C) 
OFCD q-value, 0(CD) 
OFCD efficiency figure of merit (A/V) 

6.500 
0.600 
3.900 
27.714 
0.909 
17.797 
15.736 
10,000 
9.500 

65.000 
10.000 
1.917 
1.917 
8.912 
9.309 

0.00033 
1.690 
0.215 
0.857 
0.314 

82.623 
2289.807 
458.482 
131.824 
0.220 
0. 
1. 
0. 
1. 

.200 

.556 

.100 

.766 
1.858 

28.462 
1.599 

246.545 
0.011 
0.191 

2.855 

9.929 
46.436 

992.949 
100.000 
21.383 
1.632 
0.383 
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poloidal field quantities 
OH-coil thickness (a) 
average ainor radius of coil (a) 
OH coll center offset 
vertical field <T) 
•agnatic field level at the coil (T) 
aagnetic field level at the p l u m surface (T) 
OH c&il back-bias power ratio, fgridp-<I0R+/I0H->-2 
OH coil factor for resistive flux dissipated in startup 
OH coil factor 
OH-coil current suing (HA) 
OH- coil current (HA) 
OH- coil current density (HA/a'2) 
coil stress (HPa) 
0H+ coil current (HA) 
0H+ coil current density (MA/n'2) 
OH coil power supply requirement (HVA) 
•ass of OH coil set (tonne) 
ohaic dissipation during back-bias (HV) 
voluaetric heating during back-bias (HV/e'3) 
EF coil current (HA) 
EF coil current density (HA/«"2) 
EF coil pover supply requirement (HVA) 
aaas of EF coil set (tonne) 
aagnetic energy stored in coil (MJ) 
ohaic dissipation during burn (HV) 
voluaetric heating during burn (MV/«"3) 
plaaas startup rlsetiae (s) 
Ref,ief,delef (a) . 5.9363e+00 2.3622e+00 6.7303e-01 

.373 

.365 

.439 

.560 

.608 

.932 

.000 
109 
.391 

42.685 
21.342 
9.233 
73.850 
21.342 
9.233 

387.482 
413.473 
107.153 
1.892 
18.621 
20.554 
312.278 
246.666 

4159.053 
0.000 
0.000 
8.000 

0 toroidal field quantities 
TF-coil thickness (a) 
average minor radius of coil (a) 
•ass of coil (tonne) 
Initial toroidal bias field (T) 
reversed-toroidal field during the burn (T) 
•agnatic energy stored in the coil (HJ) 
TF-coil current (HA) 
TF coll current density <«A/»"2) 
ohaic dissipation during burn (KV) 
voluaetric heating during burn (HW/a"3) 

0.046 
1.105 

40.832 
3.406 
0.361 

434.327 
7.436 
9.233 
13.625 
2.436 

iapurity control 
first-vail surface area (a*3) 
total divertor plate surface area (n'2) 
flrst-vall/divertor surface heat flux (HV/n"2) 
radiation fraction, frad 
xcrape-off thickness (a) 
DF-coil current (HA) 
DF coil current density (HA/a'2) 
•ass of coil (tonne) 
ohaic dissipation during burn (KV) 

R. 3 
4.552 

101.617 
6.965 
3.495 
0.950 
0.060 
0.596 

35.700 
1.960 

11.979 



1 engineering auaaary 
thermal conversion efficiency 0.350 
auxiliary alt* power fraction of tg, faux 0.060 
primary loop pimping pover fraction of Fg, fpnp 0.010 
engineering q-value, QE 7.198 
recirculating pover fraction, ep*.l/QE 0.139 
net plant efficiency 0.301 
ohMlc q-value, Qt 41.453 
plasaa q-value, Qp 80.452 
total thermal Dover, Pth (hV) 2986.301 
fusion pover, Pf (HV) 22B9.B07 
tritiua burnup (kg/day) 0.352 
fractional burnup 0.057 
tritiua thru-put (no recycle) (kg/day) 6.192 
blanket LK *Li enrichment 0.300 
14.06-HeV neutron load, Iv (HV/a'2) 18.022 
14.06-KeV neutron energy multiplication in blanket, H 1.360 
2.45-HeV neutron load (Hv/a'2) 0.000 
2.45-HeV neutron energy Multiplication in blanket, M 0.000 
first-vall radius (a) 0.660 
FV/SV/blanket/gap/reflector/gap/shield thickness (a) 0.412 
shield/coll gap thickness (•) 0.010 
TF-coil thickness <m) 0.046 
TF-coil/OH-cail gap thickness (m) 0.050 
OB-coil thickness (n) 0.373 
•inor radius of aystea (•> 1.552 
blanket volume (a'3) 19.744 
reflector voluae (a*3) 14.203 
shield voluae (a'3) 13.067 
BP-coil shield voluae (a'3) 47.726 
TF-coil voluae (a'3) 5.593 
OH-coll voluae (a'3) 56.640 
EF-coil voluae (a'3) 33.790 
DF-coil voluae (a'3) 0.269 
aass of PV/SV/blanket (tonne) 21.265 
mas* of reflector (tonne) 14.750 
ma** of OBC shield (tonne) 91.140 
nasi of EFC shield (tonne) 286.356 
aass of TF coil set (tonne) 40.832 
moss of OB coil set (tonne) 413.473 
aass of EF coil set (tonne) 246.668 
•ass of OF coil set (tonne) 1.960 
total coil-set mas* (tonne) 702.934 
FPC (Ftf/SH/B/K/S/C) mass (tonne) ' 1116.855 
aaas power density, MPO (kVe/tonne) 805.835 
systea pover density (HVt/a'3) 16.114 
aass utilisation (toime/KVt) 0.374 
aaas of FFC structure (tonne) 466.208 
blanket pover density (HV/a'3) 54.280 
magnetic energy recovery time (*) 1.531 
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B.3. COST SUMMARY OF TITAN-II REACTOR 

fualea raactar acaaaaie aaaluatlaa (var. 4.5) 

•1/13/11 

ace. 
1. 
2. 

aecavat tltla 
" laad i privllaf* acquiaitioa 

caUcatlaa »f kolldlaai. utilitiaa, hlakvaaa, ate. 
laad » U a d rifkta 

(•natal yard lapravaaaaea 
watarftaac lapraraaaat* 
tiaaaraftatla* aecaaa (oft alta) 

alta lariaaaaaata t racllltiaa 
kaaic kaildlM itfuctutai 
kaildlaf aarvicaa 
caatalaaaat acruecuraa 
arckltactaral 

raactai aalldiaf 

aaale bulldlaa. atcuctucaa 
kwlldla* aaralca* 
arckltactaral 

tatklaa aaildlaf » 
lataka atr«ct«t*a 
dlackat*;a atractafaa 
uaa>caaattEla«d Lata** a dlachaffa eoadulta 
•acifeulatlaf atracttieae 
caallaa: tavar ayataaa 

eaallaja, afata* lttaeturaa 
kadlc kalldlaa attuctarai 
kalldtaa aataicaa 
atcaltactiiral 

aavar auaalr t aanrjr ataraaa buildla* 
raactar aaalllarlea kulldiaaj lad. avitckaaar kay> 
kat call kaildlaf. 
tual atata** kalldla* 
caat'al taaa kaildlaf 
dlaaal faaaratac kaildlaf 
adainlatratlaa kaildlaf 
aacaica kaildiaf 
ctyafaalca kalldlaf 
aiacaliaaaaaa atructuraa * buildlaf waca, 

alaeallaaaava kulldlaf* 
•aatllatloa ataek 

allllaa dallara U)li| 
4. Sit 
• •ltd 

3. fid 

15.1M 
at.101 
2.Mi 

41.4«i 
Id.lit 

122.1SS 
4*.441 

Z.tU 
2.»22 

4».i«» 

10.02a 
0.715 
0.101 

u.JJa 
4. Hi, 

1I.14S 
11.Mi 
t.nt 
2.7(4 
1.171 
2.4M 
1.217 
1.4ll 

101.137 
1.44D 

1 1 . itcactmat t aita tactJitlaa 
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braadlap aatarialllacl. tritlaa braadiaal 
first *(U i atructural aatarlal 
attaaaatara, raflactars, a aaltipllari 
•rail aadifiarB(csatin«a, Uaara, llattara, ate.) 
taflactat 
etkar 

rwypayklaakat/rariactar 
priaary 
aaeaadarr 

aklald 
taraldal fiald caila 
•aaic-aaatla* call a 
aajall lkriM f iald ccila 
ditrartar Ciald caita 
athar caila 

aaaaata 
feaaa kaatlaatasutral, 
it kaatiaa 
laaar fcaatiaa 
atbar kaatlap ayataaa 

loo or *iaett«a| 

raactar atructara 
aqaipaaat aappart atructura 

prlaary itractara a auppact 
plaaas ekaakar •icnailid. puapa/CBap./plpa) 
*>f»»t damr vacanallacl. puapa<rcaap./plpal 
aappl. kaatiaf vacauallncl. pvapa/caap./pipal 
diract ceaaartar vacuuatiacl. puapa/caap./pipal 
raactar aaeaaa arataadoa fradal 
raactar vacava vail 

caactaf »lc««a apataaalualasa iataaral alaaakaral 
IP-call pawar aappliaa 
6M~cail paaar aapplias 
tr-eall pavar tappllai 
Dr-call pawpr suppliai 
•tfcar pamr aappllaa 
currant drlaa pavar auppllaa 
caatral arataa 
caatral aaarff atoraga 
attar iacl. kaafcara 

paaar aupplT> "ltehia* « tnaray itoraaa 
iaparity caatral 

vacuua tank 
diract eaavartac aadulaa 
tkaraal paaala 
pewar caadltlaaiaa aqulpaaae 

diract aaarar caavarilaa ayataa 
acrfci kraafcdawa afataa 

raactar aaaapaaat 

O.MJ 
l.MJ 
• .<•< 

».i§» 
«,7*1 
«.05l 
1.3M 
14.13* 
13.1)1 
o.iu 

0.080 

11.141 

it.II* 
*.*$• 
».ftl 
4.411 
*.9I» 
l.l« 

tt.ti* 

71.117 
a.191 

• 141 
211.441 
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puapi ( aatac dtiaaa(aodalar • naaaadulail 
»lpi«» 
kaat aackaaaaaa 
taakafduap.Baka-up.claaa-up.trit..hot ataraqal 
cLaaa-*p ayataa 
tharaal iaawlatlon, ptpina t aqulpaant 
tritlua aatractlon 
praaauriiar 
atkar 

priaaiy cealaat ayttaa (1.131 
paapa • aatar drivaalaodular a noaaadular) MUM 
M a t aackaaaara 
taaka(<uai,aaka-aaiClaaa-UB,tcie.iB«t atatMa I 
claaa-ita ayacaa 
tkataal la-alatlsa. piplaa a aquipaiat 
trltlua aatractloa 
praaaariiar 
attar 

lataaaadiita cal.at ayataa 
paapa t aatac dil*aa(aadular > aaaaadalarl 
•iplaa 
kaat aackaaajara 
taaka(daapJaaka-ap,claaa-.iip,trlt. ,kat atoraaa} 
claaa-ap ayataa 
tkaraaj laaalatlaa, plp.'.ay ( aqulpaaat 
trltlaa aatiactiaa 
ptttaatlaar 
atkaa 

aacaadary caalaat ayataa o.oao 
aala kaat traaifar a txanaport ayataaa 13.{35 

rafclfatatiaa 
plplua 
flaid elccalatlaa driviaa ayataa 
taaka 
•alKLcatlaa 

aaaaat caallaa ayataa 
caCrifaratiaa 
Pipiaa 
flaid circulation d^ivino ayataa 
taaka 
parl t lcat laa 

aklald a •tructacu coolin* arataa 2.691 
tadlaatat iaa 
piplaa 
flaid circulation drivina ayataa 
taaka 
purification 

aapplaaaatal kaatiaa ayitaa caollna ayataa 
tafilaatatloa 
ptpla* 
(laid cltculatica dciviai ayataa 
taaka 
piirlficatiaa 

paaac aapply caallaf ayataa 
atkac caallaa ayataaa <fCc>> 100.009 

aualllaKy caallaa ayataaa 102.707 
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10 o i l 
13 « ] ( 

1 • 0* 
1 l i t 

119 94* 

UO ] » 

llqaid aaala ptaeaaalaa & aqaipaaat 
aataaai vaitaa a aft-aaa pracaaaiaf tyataa 
••lid aaata pracaaatna aqalpaaat 

radiaactlva vaata traataant a diapaaal 
dial iajactiaa ayataaa 
rual praeaaaiaa tyitaaa 
Cual atataaa 
ataaapkaric trltlua racovarv 
water trltiua raeovary ayataaa 
blaakat trltlua raeovary ayataat 
etkat 

rual kandlle? a stocaqa lyataaa 

blaakat « call aatatananea aqulpaaat 
eaapaaaata ratitad lnts aaraica to alloa at lot. 
ataar Aalataaaaca mquigumut 

aataSaaaaca aauipaaat 
•pacial kaatlaa ayata»a<it*rt-ua,traca, ate.| 
caalaat racalvlaa. atoraga t aaka-ua ayataai 
«aa ayataaa 
kuildlaa. aacuva ayataaa 

athar caactar plaat aewipaaat 44.141 
raaetar lac aa;asp-(kura caatralt diaaaaatica, ate. 
radiatiaa aaaltariaa; tyataaa 
iaalatad ladlcatlaa t racardlaa taaaaa, ate. 

iaatrafastatlaa 1 eaatialtltel 31-541 
apara parti allaaaaca 
eaatlafaaey allawaaca 

raactar plaat afalpaaat dCl.TCl 
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tucbiaa-faaaratora i accaaaarlaa 
fauadatiaaa 
ataaday »«eitara 
labrlcatlaa ayttaa 
«*a ayataaa 
cabaatar* 
*fei#ldlaff 

" v«ata*r-*roef houala? 
tur»ia«~9«a«ratora 

aaia ataaai (or othar fluid I ayataai 
vatar 1staha eaaaoa facilltiaf 
dceulatlaa. *atat ayataaa 
eeallaa tovata 
athac ayataai which tajact haat to tHa ataoaphara 

haat rajactiaa ayataaa 
coadanaara 
eaadaaaata ayataa 
yaa raaovai ayitaa 
turbiaa by-paaa ayataaa(aael. 

coadaaaiag ayataaa 
Plpinqj 

ia«aaarat«ra 
puapa 
tank a 

a racuporatora 

t * i p l a a m a i U a r J * * 
a m c i l i a r l a a cooliaa. * y t t * a t « f c c l . p i p i n g 
aaka-up t r a a t . ayataaUaael* p i p i n f ) 
caaaieal t r a a t * fc c«adans*t* p u r i f i c a t i o n ayataaa 
c a a c r U labr icactaa ta rv ica «yataa<aaci . piaift?) 

otfcat tu tb ina p lan t a^uipaant 

laatcuaaataelon a d o n t r a K l t d «<|uL$awvt-

•para pare* allawanea 
eantlnaaacy al lovajrc* 

tutfalsa p iaa t aquipaant 

i c . m 

5 C . I 3 0 
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u. 1 . 1 
2 4 . 1 . 1 
3 4 , 1 . 

2 4 . 2 . 
2 4 . 2 . 
1 4 . 2 . 
2 4 . 2 . 
2 4 . 2 . 
2 4 . 2 . 
1 4 . 2 . 

2 4 . 3 . 1 
2 4 . ). 2 
2 4 . 3 . 

2 4 . 4 . 1 
2 4 . 4 . 

2 4 . 3 . 1 
2 4 . S . 2 
2 4 . 3 . 1 
2 4 . 5 . 4 
2 4 . 5 . 

2 4 . f . 1 
2 4 . I . 2 
2 4 . (. > 2 4 . t. 4 
2 4 . 1 . 3 
2 4 . t. 

2 4 . 7 . 1 
1 4 . 7 . 1 
2 4 . 7 . I 
2 4 . 7 . 4 
2 4 . 7 . 3 . 
2 t . 1. «. 2 4 . 1 , 7 . 
2 4 . T. 

2 4 . • 1 . 
2 4 . >*. 

faaeratet clrcaita 
staclaa aarvica 

••itckfaac 
atatiaa aatvica 4 atartup traaafarpara 
laa agitata aalt infestation t li^htlo* tcanafaraai 

_ kattar* ar/ataa 
•iatal aaflaa faaaratara 
«as tacaiaa taaacataca 
•atar faaacatar aata 

ataclaa aarvlca.aquipaaat 

•ala coatral baard for alactrlc arataa 
aaiillacr paaat l tiaaal baarda 

aaltckkaacda liacl. haat ttaciaf) 

4*a. atatiaa a.taakdia« iy>. i catbodic protactisa 
pratact&Ta ajaipaaat 

caacrnta cabla tvaaala. traaekaa i aavalapai 
eabl* traya • aappart 
eaadait 
atkar atructaraa 

alactrlcal atructuraa 4 virlaa. caBtaiaara 
fBBaratar cltcalta atria* 
atatlaa aaralca pavar itlriaa 
caatral viriat 
laattaaaat alxlaa 
eaatalaaaat paaatraBleaa 

aaaar A eaatral wlriaa. 

raactar taildiat llabtlaa. 
tatklaa Mlldta; lipktla* 
taaEtar aaailiariaa baildiaj iifhtlaa, 
radtaactiva vaata baildia? lia>e.iaa. 
taal *tataa.a feuildiat liajitia* 
aiacallaaaaaa fculldiaai Liqhtliw 
r«rd llfktla* 

alacttlcal liaktlaa 

20.001 

7.(01 

1.443 

apara pacta allavaaca 
eaatlBfaaer allanaaea 

•lactflc plaat ataipaaat lit.SOS 
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3 * . 1 . 1 
19. 1 . 1 
35. 1 . 3 
». 1 . 4 
13. 1. 3 
M . 1. 

I S . 1 . 1 
i s . 1 . 1 
19 . 1 . 9 
I S . 1 . 

I S . 1 . 1 
I S . J . 1 
19. i. 

I S . 4 . 1 
I S . 4 . 1 
» . 4 . 1 
I S . 4 . 4 
I S . 4 . 5 
I S . 4. t 
I S . 4. 

I S . t*. 
I S . t l . 

ccaaaa, aetata, aaaaralls, a caaaayara 
railway 
r«aa*vay afaipaaac 
n u i c n f t 
vaklcl* aaiataaaaea ifuiKiiBt 

tfHapartatlaa a liftla* aeuipaaat 
air ayataaalaxcl. pipiail 
nttl *yatm<*«cl. aipiaa) 
(Miliary kaatia* kaijaralaxcl. piping) 

ait t «atai • •rrii.a ayataaa 
lacal caaanaieatioaa aritaaa 
aiaaal ayataaa 

aataty a«aipa*at 
akap, lakacatary. a tait aquipaaat 
aftica aajaipaaal a tuTaiahinqa 
ckaafa raaa aquipaaat 
aavitaaaaatal aoaitflcing aquipaaat 
dlaiaa Zacilltiaa 

fataiiklaia • fixtaras 
apata aarta Allavaaca 
caatlaaaacy allavaaca 

47.714 

3« 1 . 

I t 1 . 

2 * . 1 . 

2C 4. 

1 * . «. 
It 
I f 

raactar caolant 
iBt*r»4iat> coolant 
t*irfela« cyd* work in*, fluids 
othar ••t*fl*l* 
ht raactar-fculldi**) covit <jmm 

apac* pacts allowance 
coHtiBf'acr allavaaea 

apacial attarlala 
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&oi klaaaa fualoa taactar acaaaaic avaluatiai l¥*t . 4.SI 

O V I J / U 

accou&t tltl* 
faad t laad rlfkta 
atractntaa > aita tacllitiaa 
raactat pint aqalpaaat 

r»/nv»la*k«c/r*flactor 
akiald 
aaaaata 
aafplaaaatal kaatiaa ayitaaa 
priaary mcractara 4 aupport 
caaetat T I C H B ayitaaalunlaaa intavral alsavbara) 
pawaf aupply, avltcniaa t anatay atoraaa 
iaparlty eeatral 
dlract aaarar canvaralon ayataa 
acrk btaakdava ayataa 

raactar aaalpaaat 
turktaa alaat aqaipaaat 
alactiic plaat aaaipaaat 
aiacallaaaaaa plaat aqulpaant 
aaaetat aatarsal* 

diraet coat (Bat lacl. aparau aad contiaaancy) 
eoaatructlaa aarvlcaa a aquipaaat 
hoaa atfie* aaalaaailaa 1 lamicaa 
ffiald afflca aaalaaatiaa. t aarvlcaa 
omar'a coat 
s i o j a c t eoutaaaacy 

iataraat durlaa caaatructlon (1DC1 

tota l caat 

a i l l i o a dollar* ( l * l f | 

5.1*1 

l i t . 1 0 1 

443.742 
14.332 
24.444 
13.224 

a. 00* 
11.7*3 
1 0 . m 
71.127 

4.111 
0 .40* 
2.142 

221.(41 
223.454 

114.SO) 

47.714 

17.231 

tkaraal p a w (mtk) 

aroa* a lae tr i c povar fiwal 

nat a l a c t t l c pevar tfOSal 

1414.10 
1*43.11 
400.40 

1/raclccmatiaa pamr fraetlaa 01- 7.114 
pttat availability faetar > t.711 
caaatcuctlaa* 4 y»t caaataat tha*-c«r«a*t 

PC*. t.llt* 4.114* 
tttCm 0.1124 0.244* 
rlPCa ••*•(• 0.214* 

uait diract coat (5/kira) [401-
uait bala eait (S/kHa) l»4l-
tinlt total coat ($/kWa| l'»l-
capital tatuu lalll/kHab! • 
01)1(2.001) lalll/lcVaht 140-O,il |. 
tt/a/k taplaca. laill/kaak) |So)-
dacaaiaaiaaiaf allawaaca • 
daataclua fual falU/kaakl 1021-
CO( (aill/kwab) -

1)41.25 
114.42 
114.42 
114.12 
41.41 
111.12 
224.25 

2221.23 
conataat 
1S42.11 
2214.44 
24*4.11 

21.14 
4.73 
1.23 
0.14 
0.13 
17.14 

thaa-cittrant 
1542.51 

2214.44 

3401.31 

44.75 
1.34 
1.7* 
« . * • 
0 . ( 3 

11.12 
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B.4. COST DATA BASE FOR TITAN-II REACTOR 

cot t data k m I r a t . 4 . M 

* a t a : » l / l ] / l l 

accauat t t t l a U C I l M t ) • l . J t l I OctlJIft l u n i t c u t l l t l O l a a . at a a l t a f a f a . a a . 

ft. ft l««d t n t i v i l a i a a c q u l a l t i a n y 
ft. I r e l o c a t i o n af b u l l d l a f a , u t l l i t l i i , b i t b n r a . a t e . 1 
I . • l a i d > land riafcta ft 
1 . • a.aaataL j n t d t w i m r n u ft 
2. • watarfraat iaarnanasiftta 0 
3 . ft traaapartatiaa accata (oft alta) ft a . * ait* l i r w w M i a f.ellitt.. I 1. 0 baale kaildlaf atructuraa 3 1. • baildlaa ••trlcaa 2 
3. 0 c»tila«it itiactutaa 3 
4. 0 arcbltattaral 7 ft. ft raactar kuildlaa 0 
1. 0 baale kalldiaa, atruetvtaa > 
2 . ft balldiaa. aarTicaa I 
3 . ft arcbitactural 1 ft. I turklaa kulldlaa. ft 1. * Intaka atractaraa ft 
2 . ft diajfcarfa atructuraa ft 3 . ft naaraaanriaad intaka a dlaeharaa caddulta a 
4 . ft raclccalatiaft atrictacaa ft 5 . ft caaliBf tawar arataaa ft ft. ft coaling; avataa ntrrcturaa ft 1 . ft fcaalc building, atructuraa ft 1 . ft kaildlaf aatvlcaa 5 3. 0 arckitactaral « D. 0 pnaar auanly a anarar at«*aga building 0 1. ft raactat auilllariaa building U n c i . m i t c h a a a r bay| J 
1.0 bat call building J 
3 . ft taal ataraan building « 
4 . ft coatral roan building 1 
5. 0 diaaai aaaaratar building. 2 
i . ft adalniatratlaa Building ( 
1, 0 aarvica building 1 ft. 0 errngaaica building t ft. 0 nlacallaacaua atracturaa a building work 1 0. 0 uiacallannaua building* ft 9 . ft rantllatia* atack 1 ft. ft apnea pacta allavanca ft 4. 0 cautlnnnacy allawancn ft 0 . ft uttvftturaa t aita lacllitlaa ft 

}ian»ft3 
n * a « f t l 

H i a t a l 
Oftftatftl 
*ftfa*4< 
»(*a»ft7 
Sftftaaa* 

•fttatft? 
faftatftC 
Sftfta+Of 

• 3 ) a * 0 ( 
3<fta+ft5 
g««a*ftS 

2 < H M i 
3*«g+a? 
(3<a«ft< 
iaaa«gc 
tsoatut 
7ftftg+0S 
«t*a*0< 
i n « < i 
a i a . n i * 

3 / a c r a 
$ / a c i a 

i 

* 
! 
S 
J 
S 

1 /aa i t 
1 
3 
i 
t 
t 
J 
? t 
3 
3 
5 
5 

J lvo+0* 3 
f r a c t i o n 
f r a c t i o n 

tftftaaftS 
•fftaaftl ««•«*«» 
•ftfaaft* 
ftMat'Ji 
I H l M I 
ftftftaaft* 
l H l t t l 
MSaaftft 
ftlftatftft 
•ft*a+»9 
•ftftatfta 
•Iftaaft* 
ftftftatift 
l l l i t l l 
(ftlaaftft 
ftftftaaft* 
H I l X I 
• • a a * M 

1ft 
13 1ft 
11 It + 
13 14 + 
13 14 + 
l> 1* »» 
13 14 • 
13 

•ftftatftft 
I f t t a t t * ••«*»•• 
• Maaftf 
aaftataa 
iftftaaftft 
ftftftatft* 
ftftftaaft* 
tftftaaftft 
ftftftatft* 
aftftatftft 
•lOatftft 
<IOa«4ft 
ftftftaaftt 
ftftOaaft* 
ftftOatftft 
Sftftaaftt 
•ftftatftft 
ftftftatftft 
ftftftatftft 

2.11 14 
13.lt 
13.14 
13 
13.14 
11.14 
11.14 
11,14 
11.14 
13.14 
13.14 
11.14 
11,14 
13,14 
l.ll. 14 
l . i l . 14 

http://13.lt
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bi»d!i| aatariallincl. tritiua fcraadina t 
ficat wall a structural aatarial 
•ttaaaatar*. raflactotti, t aultipllan 
vail aadlfiarateoatinqt, linars. liaitara, ate.) 
caClactar 
Qtlitr 

rw/SH/blankat/raflactor 
prlaary 
aacoadary 

skWld 
t«raidal (laid colli 
akaic-kaatiaf colli 
aqaillbrlaa (laid colli 
director fitld colli 
otkar coila 

aaaaata 
baaa baatlaftaaatral. iea «r alaccraa) 
it haatiaf 
laaar kaatia 
•tkar kaatlaf •yataat 

•upplaaaatal kaatlai ayataaa 
raaetat atrwetara 
aqalpaaat aappart attaetara 

irlaicy ittuctan * aappact 
plaaaa caaabac "caaallacl. puapa/coap./pipa) 
aaaaat dawar vacuaallacl. puapa/caap./pipa) 
auppl. kaatlaf vacaaallacl. puapa/coap./pi^a> 
dlraet caavartar xcvu^Uacl. paapa/esap./ptp*) 
raactar aacaaa ayataadow ft add 
raactar racaaa wall 

raaetar racaaa ayataciluDlaaa lataarsl alaawkara) 
•recall pawar auppllaa 
0*>cail pawar auppllaa 
W-caU pawar auppllai 
DP-cail pawar auppllaa 
atkar pawar aappllaa 
enrraat drl** pewar anppiiaa 
eaatral ayataa 
esatrpl aaartr atortqa 
atkar lad. baabara 

pawar aapply, awltckiaf a anarav ataraaa 
laparltr eaatral 
vacaaa taak 
dlract eaawartar aadulaa 
tkaraal paaala 
powar eaadltlaala* aqalpsaat 

dlract aaarfy eaavatalaa tyataa 
aerh braakdawa ayataa 

raaetar aaaipaaat 

1. 
1. 
i. 
0. 
a. a, 
l. 
i. 
0. 
c. (. 
1. «. a. a. a. 
l.«S4*+00 
0. 
0. 

.«I1a+03 

.70Ia+tl 

.1>I>«*2 

.IS9a+02 

.Stla+01 

. S01»»OI 

. SOOa+01 

.IStatOI 

.JOOa+01 

t/*t 

S/k<j 
S/«» 
S/kq 

«/* 

0. 
0. 
l.liSatOS a. a. a. o. *. 
l.SoattPi 
o. 
l.KSotl 
l.ilj,*ai 
).?g? *41 
J.7«t.+oi 
l.l«0a*4« 
1.70l«+oi 
0. 
a. 
a. 
0. 
t.ftOa+OS 
0. 
0. 
0. 
0. «. 
l.SUa+Ot e. 

S/a*l 

(/unit 

t/av* 

$/k*Ar 

i 
*/a'I 

i.Zft»*tl i l . l l 
2.i2(«-ai I * 
1.1JI <**< Id 
i . t toa+t l 
1,41 *•*««. * i . ttoaott 
l .MOattt 
*.114a+t4 1 * 
2.l<4a+»S I t 
I.ttOa+ta 
t .Mla+ta i t 
4.13Sa»*S t t 
t.l(7a»»S i t 
1.»«••»*] I t 
1.**••**» 
l . t t t a t M 
l.OOQotai 
t . I t ,11 
l .t lOa+lf 
1 . • • • • * • • 
1.«»««*»« 
1 . ! • • • * * • 
l .M taa t l 
7.77a«»ti 11.14 
1.••••*»• 
1.•(*•**» 
l .M la+t t 
l .tatataa 
l . t l t a+ t t 
J .Mla+t l 1 
l .a l tata* 
i.lll»**i Id 
l.tlSa+tS 10 
l.JCla*l4 l« 
l . lMa ta l 10 
l . t t lat f t t 
t.ajJa+tS 10 
l . t t ta+ai 
l.Mta+IO 
l. itta+tO 
1. •••!•»•> 
f.atsa+tt I t 
I . I H K O t 
l . l l l i M I 
l . t t t a+M 
l . l l ta40t 
l.taia+Oa 
l . t M a t t t 13 
l.Otlataa 
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puMpi ft aet**r drlvasfaodular a aaaaadnlar) 
i?i£»n» 
Ua«t aaekangar* 
tanks Jduap#aaka-up,claan-up.trit.*hot ator*4«I 
elaa»-vp ayataa 
tharaai Inaulationi piping ft •quipatnt 
trltiua attraction 
ptaaaarisar 
otaat 

priaary coolant ayitaa 
puapa \ aator drivaataodular ft nonaodular) 
pi»U« 
kaat aacbangara 
taakafdttap ?»axa<-up,claan-up,trit.-hot storagaj 
cla«n-«p ayafcan 
tharaal lobulation, piping ft aquipaaat 
t r i t i u n attract ion 
prnasuriaar 
otfaar 

intaraadiata coolant ayataa 
puapa ft actor dilvaafaodular ft nonaodularI 
piping 
aaat aaeaangara 
taakat!di.np,a:aka~up,c loan-up, celt.,hot storaga) 
cioan-itp ayatan 
thacaal inaulatioa, piping ft aquipaaat 
trltiua aabraction 
praaauriaa* 
attar 

arcandary coolant ayataa 
aaia taaae tranalar ft ttaniport ayataaa 

ratrlgaration 
piping 
Ciaid clrcnlatlaa driving ayataa 
tanks 
purification 

aagaat cgaliig tyataa 
ratrigaratioa 
plpiat 
fluid circulation driving ayataa 
tank* 
pariflcatlon 

snlald ft atxnetnra cooling ayaton 
rofrlgaratioa 
piping 
flald circulation dfiving ayataa 
tanks 
purification* 

•npplanantai haating lyitaa eoali&g ayatoa 
ratrigaraUoa 
piplag 
flaid circulation driving syctaa 
taaka 
parifieatiaa 

9*»«c aupply coaling *yat«a 
•tnar coaling ayatoaa <ECC1| 

•miliary caaliag tyataM 

0. L.«tl*+«1 
0. l .Mta+ai 
a. i.aaa«*4a 
0. l.Safa+t* 
s. i.os*a*»B 
0, i.oa««+«o 
0. L.a«««*«« 
0. i , ••»•<-•• 
0. i.iaaa+ea 
i.07t.»0* $/Ktfth 1 . !*«*+•3 
0. i.aat«*a« 
0. l.*a«a<»44 
o. i .M4**o* 
a. i.aaaa+M 
0. i.«ao*-t«« 
0. i.ta«««oo 
a. 1.0tta«04 
o. l.aaia**a 
0. i.aa«a*oo 
0. i.aaaa»*o 
0. i.aoaa»oo 
0. l.oaaa+og 
0. i.ataa+og 
0. l.otactoo 
a. l.SMa+aa 
a. t.aatatto 
a. l.aaaa+aa 
o. t,aa**«<* 
0. l .aatata* 
S.JJtUtOS J/HVth *.f*fa-B4 
0 . 1.«««•*«« 
r.j««*+oi f /unit 3.3«3a-«3 
0. l.ataa+oi 
t . i.»4a«+oo 
4 . ],.»«••»<>» 
0. i.aoaatoo 
a. l . tMa*a* 
a. l . t iaatto 
a. l.aaaatat 
a. l . t l l t t l l 
a. i.«taa*aa 
0. t.aa*a»ta 
«.i«o.%*«i i/m»th i .*»>*»*) 
«. (.***»** 0. l,*«ta««a 
a . l,it*a»t>» 
0 . i.aata»«a 
0. l.aata+aa 
a. 1.*•*•+*» 
0. i .*a***at 
0. l . * ••**•» 
a. i.aata*»a 
0. i.ataa«aa 
a. i.«aaa»*a 
*. i . »»><»•t 
7.4'ta+OT S l.aatataa 
*.. l.aaaa*** 

ta 

IB 
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••IK M a t * ptacaaalaa aauipaaat 
raiiaactlva vaata traataaat a diipaaal 
faal lajactlo* ayataaja 
(••1 piocaaalat ayataaa 
twal ataraaa 
ataaapaarle tritium raeavary 
«it«r trltlaa raee»ary ayataaa 
alaakat trltiv* racavary ayataaa 
atnai 

(ual kaaaliaf a atoraaa tyitaai 
blaakat a call aaintananea aquipaant 
caapanaata tatatad tats aatvica to alio" •alnt. 
othat aaiataaaaea aquipaant 

aalataaaae* aavipsaat 
apaeial baatlna ayataaa<atart-up,traca, atc> 
coalaat racalviaf. atoraaa t aaka-up ayataaa 
aaa aya^aaa 
balldlaci n n t a ayataaa 

atkar raactar plaat aquipaant 
raactar Itc aqaip.Jbnrn control, diaaaoatica, ate. 
radiatiaa aaaitariaa ayataaa 
laalatad ladlcatlaa a raeardins giugai, ate. 

iaatrsaaatatiaa a eaattaliitcl 
•paco pacta allowaaea 
caatinqancy allaaaaca 

raactar plant aqaipaaat 

0. 
0. 
D. 
HOOa+OJ 
1.709a*0( 
}.7O9a+0t 
) .7D9a+0( 
1.4Ma»04 
t .S70a -n j 
0. 

f/KWtk 1 
* 2 
t / U B i t 2 
$ 1 
* / a - J / » c 1 

**
**

**
**

**
 

14 

0. 
0. 
0, 
0. 
0. 
0. 
o. 
0. 
0. 
a . 
1.0»4a+0l 
0. 
0. 
0. 
2.341o«oT 
0. 
D. 
0. 

. ( • •a**0 
0. 
0. 
0, 
0. 
0. 
0. 
o. 
0. 
0. 
a . 
1.0»4a+0l 
0. 
0. 
0. 
2.341o«oT 
0. 
D. 
0. 

. S t l a a t t 

0. 
0. 
0, 
0. 
0. 
0. 
o. 
0. 
0. 
a . 
1.0»4a+0l 
0. 
0. 
0. 
2.341o«oT 
0. 
D. 
0. 

.•gia*«o 

. • • • • * « o 

0. 
0. 
0, 
0. 
0. 
0. 
o. 
0. 
0. 
a . 
1.0»4a+0l 
0. 
0. 
0. 
2.341o«oT 
0. 
D. 
0. 

»/imti> 3 .» l«a»»] 
. H l H l l 

11 14 

0. 
0. 
0, 
0. 
0. 
0. 
o. 
0. 
0. 
a . 
1.0»4a+0l 
0. 
0. 
0. 
2.341o«oT 
0. 
D. 
0. 

J • 
f r a c t i o n - I 
f r a c t i o n - 1 

.44 la«t< 

. i O a a t a 

. • • • • + • 0 

11 
2 
2 

14 
11 
11 

14 
14 



B.4. COST DATA BASE FOR T1TAN-II REACTOR B-37 

. 1 . 0 
, 2 . 0 
. J . 0 

. « . 0 
. 5 . 0 
. t . <? 
. 1 . 9 

. > . t 

. 4 . ft 

. a. » . i . 0 

. 2. a 

. 1 . 0 

. 4 . ft 

. 0 . 0 
- 1 . 0 
. 2 . a 
. 1. « . 4 . 0 
. 1. 4 
. 1. a 
. 2. a 
. 1 . « . 0 . « . 1 . 0 
. J . g 
. 3 . 0 
. i . t 
. i . * . 0 . « . 0 . 4 
. 4 . « . 0 . 0 
. 0 . 0 

turkfta«-«*a*rat«ra « ecceaaoriaa 
(cuaaaclaa* 
•caaaay aaeitara 
luaricatia* ayataa 
fa* ayataaa 
rabaatara 
•klalalaa 
waataar-fraat kouaiaf 

turklaa-a'aaacicaca 
aata «t««a tar atkax (luldl ayataa 

vatar iataka caaaaa taciti.ti.aa 
circalatia* n.e.t arataaa 
coaiiaa1 tavara 
stkac aritaa* ahicM rajact naae ts tha ataaaahara 

haac rajactlaa (yataaa 
eaaaaaaaca 
candaaaaca ayataa 
aaa taaaial ayataa 
taiaiaa a?-iaaa ayataaataicl. piplafl 

caaaaaaiaf lyataaa 
rafaaatacota a raeuperataca 
taad 

faaa aaatiaa tyataa 
, tai»t»» aaaUiactaa 

aaiiliarloa caollaf ayataalaicl. alflaaj 
aaka-aa ctaat. ayataataad. pialay) 
ckaslcal traat. a eaadaaaata aattfieatloa ayataaa 
caactal laacleattaa aacaica ayataaoacl. plalaa) 

atkar tarfclaa alaat aaalaaaat 
iaatcaaaacatlaa a caatrolliact aqalaaaat 
aaara Jarta allaaaaca 
caatiafaacy allaaaaca 

tmklaa alaac aaalaaaat 

1Saa*0» S/ult 
<7la*41 f/mrtk 

U4a+a4 S/«alt 

TMa+04 S/uait 

<44a**l S/u&tt. 

412**03 $/'uait 
«la«*«* */«*.it. 

enct iu 
fractlaa 

,tta«**t 
, Mla-at* 
.aMattk 
,**aa*la 
.alla*at 
, I N » N 
*taa»tl 
JMatat 1,11.1* 
MCa+4! I I 

,444**4t 
••ta*4» 

.174***2 10 
I44a*4* 

l.lala»4a 
l . f M t t l l 
l . tMa* * * 
J.] l la**2 
I . I I I M M 
l .Maaat* 
1.4Ma**4 
t .Mta«* a 
I . I N M i 
LMIfr t fa 
1.1 •*»»<* 
t . • •••«•• 
t.M*a+«( 
4.47f**4t 
t .»Mat* l 

- I . • • • » • • 
• l . ( H n 4 l 
I . • •»**«* 

1,11.14 

», !»»II 

1,11.14 
?,'-*.14 
I . IS .14 
1.11.14 
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faaaratar clrcaita 
atatlaa aatvlea 

atfitchfaar 
atatiaa aacvlca l ataviup tranatoraata 
laa aaltata aalt aubatatloa i llgbtlBf traneforaar 
battary arataa 
dlaaal aaaiaa faaaratst* 
taa curblaa taaacatava 

•tatlaa aarvica aqwlpaant 
aaia caatral baatd for alactrlc lyataa 
auailiarr' paaar % aiqaal beacda 

avitcbbaarda Uacl. baat tracing 
a,aa. atatlaaifrauadin? aya. 4 catbadlc pcoeaceian 

pratactiva aqalpaaat 
caacrata cabla tuaaala, trabchaa a anvalopaa 
caala traya i aapporc 
caadalt 
atbar atruetaraa 

alactcicai accacturaa a virioa eoatalnara 
faaaratar circaita viriaa. 
ataciaa aarvtca pawar virina 
caacral viaiaf 
laittaaaat atrial 
caatalaaaat aaaatraclona 

paaar a aeatral vlriaf 
raaetar aaildiaa. llfbtlnf 
tatalaa auildiaf llaatina 
raactar miliaria* balldlai liabtiaa 
radlaactlva waata balldlaa. liojbtiaa. 
faal atarafa kalldlaa. liaktla* 
aiacallaaaaaa aaildlaa* iivhtiaa. 
yard lifbtiaa 

alactrlcal llikclaa 
caatlafaaer allawaaca 

•lactric plaat aqalpaaat 

(Ota**) f/uait 

»IQa«<H $/uBlt 

««0«*03 S/unit 
110a«-0< S 

if tun t 

I44a*0? $ 

20aa«g( t 
tractian 
Cractiaa 

Mtaal* 

•4S4+I3 2,13,14 
•Maala 
MtatOO 
• I ta t t * 
OMattv 
•llaaao 
•llaato 
•4Sa*«3 13, It ******* 
MlaatO 
•4Sa*03 3,13,14 
i n u l a 
•ttaaft 13.14 
•*«a«*l 
•Haaao 
tMatlO 
ttta**0 
I H l t I D 11,14, • ******* 
******* ******* 
(»a*oa 
******* 13.14.+ 
•llaaO* 
•OtaalS 
l l l M I t 
tttaafO 
Mlaal* 
M*a*tO 
•••a**0 
•Ma+tt 13,14.* 
I H » I 1 3,13,14 
kkkaaOO 3,13,14 
ttta+10 
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railway 
raa-taap aqalpaaat 
watarcratt 
-vahicla aalataaaaca aauipaant 

traajpartatiaa « iittiaj •guipsaat 
air erae«Bfl(«acl. piptafj 
vatar lyfttiBsfaicl. pipiafl 
aaviliasy ^ t M M lMi l* f»(Mel» pipit*)) 

air A -f a tar iar* ic* cyitaaa 
lacal caamalcatioB* ayataaa 
•iaaal arataaa 

eaaaaaicatlaai aaulaBant 
•afatp aa/aipaaat 
•h*>f, latoaraeary, & t * * t aqulpaaat 
atClci a-vtiaa***. i eu»l*a.ia«,t 
CB«Bfa taoa aaaipaaafc 
•avftcaaaaatal aoaitoriaj aquipaaafc 
diBiaa CaclUtlaa 

mfarmisaiaai t fiituraa 
"•••it parti allovaaca 
caatiaaaacf alloHaaca 

alaealtaaaaaa plait aquipaaat 
•aaetar eaalaac 
iatavMtiiata coalaot 
taralaa cycla aarfciaa flutda 
othar aatariala 
At raacfcacbHildlaf corar aaa 
apart parta allavaaca 
caatiapaacy allaaaaea 

apacial aitaflala 

1 
1 
1 
1 
t fffi

i 

JH»»C7 S 1 
1 
1 
1 ffff

 11 it 
MSitl? » t 

I 
1 Iff 11 14 

»••*•! * 1 
1 
1 
1 
J 
I 
I 

• M M * * 
••••Me ••••*•• 
******* ******* ******* 

IS 14 

t*9***t » I ******* i 
tttctioa -I ******* i 11,14 
(rictioa -1 

1 
******* ******* l 1.1,14 

•Z7»+0] t/k* 4 
1 
1 

W***t ******* ******* 
IS 11 

5on»«.oj 

tract inn 
(cactioa 

1 
1 
-1 
-1 
1 flff

f 11 14 
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• dlract eait (act luel. aparaa and contlaaaacy) 
• caaatcactiaa aarvieaa a aquipaaat 
• «r«t«BB ••f^ B* a E a Bv 
» aaaaaaaaat 
• qaalit* iitiraiin 
a mmtmtt k aawiroBBantal anqlnaarinf 
0 hoa» atfiea aaaiaaariB* « tarolcaa 
0 caaatraetlaa BaBaaaaant 
0 iaapactlaa 
• praapacatlaaal taatiaa 
0 fiald afflca aaalaaarin? a aar*lcaa 
• preface adalaiattatiaB 
4 ataff tralaiaa l plant atartup 
0 iaaaatatiaa a aparaa 
0 ownai'l coat 
0 pracaaa eaatlafaacr 
0 project caatlaaaicr 
0 intaraat durlaf coaatruction IIDC1 
0 aacalatlaa daciaf construction (EDO 
0 t o t a l coat 

MOa-ai Craetloa -: 

00«* -01 f r a c t i o a 

aOOa-01 fcactioa 

OQQa-02 ftactloa 
fraction 

oooa-oi ftactloa 
Uta-01 traction 

fractioa 

. 1 * •Ma+aa 4, 
.••la**a 
I U M M 
I H M I 
H l H t l 
i t l H l l 4.11 
l l l i t l l 
a*»a«aa 

I H K I I 4, I t 
U t a t M 4,14 
t l l a t l t 4,10 

,*Ma«l l 4,10 
• • i . « a ] 
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