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ABSTRACT

The Blanket Comparison and Selection Study (BCSS) was a two-year, multi-
laboratory project initiated by the U.S. Department of Energy/Office of Fusion
Energy (DOE/OFE) with the primary objectives of: (1) defining a limited num-
ber of blanket concepts that should provide the focus of the blanket R&D pro-
gram, and (2) ldentifying and prioritizing critical issues for the leading
blanket concepts. The BCSS focused on the mainline approach for fusinn reac-
tor (TMR) development, viz., the D-T-ILi fuel cycle, tokamak and tandem mirror
reactors for electrical energy production, and a reactor parameter space that
is generally considered achievable with modest extrapolations from the curreant
data base. The STARFIRE and MARS reactor and plant desigrs, with a nominal
first wall neutror load of 5 MW/mZ, were used as reference designs for the

study.

The study focused on:

° Development of reference design guidelines, evaluation criteria, and

a methodology for evaluating and ranking candidate blanket concepts.

° Compilation of the required data base and development of a uniform

systems analysis for comparison.
° Development of conceptual designs for the comparative evaluation.

. Evaluation of leading concepts for eungineering feasibility, economic

performance, and safety.

° Identification and prioritization of R&D requirements for the leading

blanket concepts.

Sixteen concepts (nine TMR and seven tokamak) which were identified as
leading candidates in the early phases of the study, were evaluated in detail.
The overall evaluation concluded that the following concepts should provide

the focus for the blanket R&D program:

xxi



(Breeder/Coolant/Structure)
Lithium/Lithium/Vanadium Alloy
Li,0/Helium/Ferritic Steel
LiPb Alloy/LiPb Alloy/Vanadium Alloy
Lithium/Helium/Ferritic Steel

The primary R&D issues for the Li/Li/V concept are the development of an
advanced structural alloy, resolution of MHD and corrosion problems, provision
for an inert atmosphere (e.g., N2) in the reactor building, and the develop-
ment of non-water cooled near—plasma components, particularly for the tokamak.
The main issues for the LiPb/LiPb/V concept are similar to the Li/Li/V blanket
with the addition of resolving the tritium recovery lssue, Furthermore, reso-
lution of MHD and corrosion problems will be more severe for LiPb/LiPb/V than
for the Li/Li/V; on the o:her hand, the LiPb blanket has reduced concerns with
respect to chemical reactlvity with environment. The R&D issues for LiZO/He/
FS conceptr iuciude resolution of the tritium recovery/containment 1issue,
achleving adequate tritium breeding and resolving other solid breeder issues
such as aswelling and fabrication concerns. Major concerns for the Li/He/FS
concept are related to its rather roor economlic performance. Improvement of
its economic performance will be somewhat concept—-dependent and will be more

of a systems engineering issue.
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7. LIQUID METAL-COOLED BLANKET CONCEPTS

7.1 Iantroductign

The liquid metal-cooled blankets for both tokumak and tandem mirror reac-
tors are represented by two classes: (1) self-cooled system in which the same
liquid metal serves as both breeder and coolant, and (2) separately-cooled
liquid-metal blanket concepts in which two different liquid metals are used as
breeder and coolant respectively. Preliminary evaluations of these two
classes of blankets are reported in the Interim Report.(7_1) Emphasis here
will be given to the self-cooled liquid-metal blankets for both the tokamak

and the tandem mirror reactors.

The use of the same liquid metal as both tritium breeder and coolant
greatly simplifies both materials and design consideratlons since the blanket
requires only a structure and a breeder-coolant. Coolant-breeder compatibli-
ty/reactivity is not a factor and structure compatibility considerations are
less restrictive. Heat transfer requirements are also reduced bacause most of
the nuclear heating is deposited directly in the breeder-coclant. Lithium and
LiPb both provide relatively high tritium breeding capability and tritium re-
covery with relatively low tritium inventory is feasible. Radiation effects
on breeder are not important considerations for liquid metals. However, there
cre certain constraints related to the use of liquid metal in the blanket of a
fuslon reactor. For exawple, compatibility between the coolant amd structural
material will limit the coolant/structure interface temperature below a cer-
tain value. Pressure drop of liquid metal flow through a transverse magnetic
field is much higher than that in the absence of a magnetic field., This will
result in the requirement of relatively high strength sgtructural material.
These factors plus the relatively high heat (surface and nuclear heating) re-

moval requirement make the design of the liquid-metal blanket a very challeng-
lang task.

Two liquid metals; lithium and lithium~lead (17Li-83Pb), and three struc-
tural materials: PCA, farritic steel (HT-9), and vanadium alloy (V-15Cr-5Ti)
are included in the evaiuations for both the tokamak and the tandem mnirror
recactors. The major differences in relevant parameters between a tokamak and

a tandem mirror reactor are shown in Table 7-1. It is apparent that the




design conditions are quite different for these two types of reactors. This

will have significant impact on the design philosophy for the blankets.,

TABLE 7-1. COMPARISON OF RELEVANT PARAMETERS BETWEEN A TOKAMAK
AND A TANDEM MIRROR REACTOR (TMR)

Tokamak TMR
Surface Heat Flux (MW/m>) 0.5, 1.0 0.05
First Wall Erosi~n Rate (mm/yr) 1.0 0.1
Magnetic Flux Density (Tesla) 7.5 ~5.0
(inboard)

Summary of final rankings for various blanket concepts are presented in
Section 7.2 and discussions of key factors and uncertainties generic to each
concept are described in Section 7.3. Detailed descriptions of each blanket
concept and justifications for the final rankings are presented in Sections
7.4 to 7.7. Analyses of special issues relevant to the self-cooled liquid-
metal blanket are described in Section 7.8. Results of analysis of a liquid
lithium-cooled limiter 1is described in Section 7.8.6. Safety concerns pro-
hibit the use of a water~cooled 1limiter (reference limiter for the BCSS
project) 1n the reactor 1f 1liquid lithium 1is the breeder/coolant in the
blanket. So 1if 1liquid lithium 1s the breeder/rnolant in the blanket, a
lithium-cooled limiter will be assumed for the impurity control system of a

tokamak reactor.

7.2 Summary of Final Rankings

Tables 7-2 and 7-3 summarize the final rankings for the self-cooled
liquid-metal blankets of a tokamak reactor and a tandem mirror reactor, re—
spectively. Detailed descriptions and justification for the ranking of each
concept are presented in Sections 7.4 to 7.7. There are, however, several
general obsarvations which are quite helpful 1in understanding the rationales

behind the rankings shown in Tables 7-2 and 7-3.
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TABLE 7-2. SUMMARY OF FINAL RANKINGS FOR SELF-COOLED LIQUID-METAL BLANKET OF A TOKAMAK REACTOR
Concept Ranking Comments

Li/Li/V 1 Moderate design window and relatively high thermal efficiency (>40%).

Li/Li/HT-9 2A No design window; structural temperature limit must be relaxed in
order to have an attractive design; moderate thermal efificiency (~35%)
can be achieved.

Li/Li/PCA 2B No design window, structural and interface temperature limits must be
relaxed simultaneously in order to have an attractive design, moderate
thermal efficiency (~35%) can be achieved.

LiPb/LiPb/V 24 No design window, this design can be attraciive if rhe primary stress
limit 1is rvelaxed, relatively high thermal efficiency (40%) can be
achieved.

LiPb/LiPb/HT-9 2B No design window, interface temperature is the most limiting factor.
Both the interface and the structural temperature limits must be
relaxed significantly in order to have a design window.

LiPb/LiPb/PCA 3 No design window, a mismatch between the coolant and the structural

material which resulted in the most limiting interface temperature
compared to other concepts.




TABLE 7-3. SUMMARY OF FINAL RANKINGS FOR SELF~COOLED LIQUID-METAL BLANKET OF A TANDEM MIRROR REACTOR

J

Concept Ranking Comments

Li/Li/V 1 A very large design window exists and relatively high thermal
efficiency (>40%).

Li/Li/HT-9 1 A large design window exists and thermal efficiency can be
sufficiently high (~40%).

Li/Li/PCA 2A A moderate design window exists with moderately high thermal
efficiency (~36%). Coolant AT is relatively small aad piping cost
will be high.

LiPb/LiPb/V 1 A large design window exist and thermal efficiency is high (>40%).
Tritium containment may be a problem.

LiPb/LiPb/HT-9 2B No design window, both the structural and the interface temperature
limits have to be relaxed in order to have an attractive design.

LiPb/LiPb/PCA 3 No design window, a mismatch between the coolant and the structural
material which resulted in the most limiting interface temperature
compared to other concepts.




(1) From ergineering design point of view, the blanket concepiz of a TMR are
ranked higher than those of a tokamzk reactor. This is the result of
lower surface heat flux, lower erosion rate of the first wall, and lower

magnetic flux density of TMR compared to that of Lokamak reactor,

(2) For the same structural material, a blanket wusing lithium as the cool-
ant/breeder always aas a larger design window than a blanket using lith-
ium~lead as coclant/breeder, This is the result of relatively poor
thermo—physical properties of 1lithium~lead and poor compatibility
between the structural mat.rial and lithium-lead compared to lithium,

(3) The predicted structural temperature limit in & radiation environment
and the coolant/structure interface temperature limit for the vanadium

alloy is less restrictive than that of either ferrsitic steel or the PCA.

7.3 Key Factors

7.3.1 MHD Analysis

Because of the modest marzins between allowable and calculated material
stresses four the tokamak liquid metal blankets, the feasibility of the pro-
posed designs depends heavily on the margin of error of the MHD pressure drop
calculation. Although further improvements of the blanket can increase the
design margin, the fact remains that 1f the pressure drop 1s underestimated by
20-50% the material stress cannot be maintained within allowable limits. This
is because 1lncreasing the material thickness to reduce the stress will result
in a further 1increase of the pressure. Current understanding of high inter-
action parameter, high Hartwann number MHD phenomena and the available data
basis does not point in the direction of such large errors in the pressure
estimates. Nonetheless, such errors cannot be strictly ruled out. Whereas
there is 1little doubt cthat MHD analysis 1is highly reliable for single,
straight conduits in uniform or slowly varying magnetic fields (as 1s the case
of the tokamak field), analytical or experimental information concerning the
rather complex manifolding arrangement of the tokamak design is insufficient
for rellable prediction. For this reason the manifolding was designed on the
basis of qualitative arguments ard with a lack of detall commensurate with the

lack of hard facts on MHD flows in such complex geometries. Thus the manifold
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design should not be viewed as final. There is certainly room for improvement

in this area in the future as more information beccmes available.

When increased understanding of the assocliated phenomena 1s achieved and
a more detailed design of the manifold, based on this understanding, 1s com~
pleted, the adequacy of the manifold design should still be verified by exper-
ime.ut, since it 1is highly unlikely that a realistic detailed analysis can be
carried out for such a complex geometry. This, of course, is not peculiar to
MHD analysis. FEven in the absence of a magnetic field the fluid flow in the
manifold cannot be fully treated with an analytical or numerical scheme. It
should be pointed out that meaningful testing can only be carried out after a
reasonable understanding of the phenomena involved 1s reached. Without such
a: understanding, if a manifold test vehicle exhibits excessive pressure

drops, no rational decision for improving performance can be made.

The possibility that the pressure drop will be excessive, even with the
best possible manifold design, cannot be eliminated at present. If this
proves to be the case, an obvious and effective remedy of the situation is to
use laminated insulated structures throughout most of the blanket, with the
exception of the first wall. The use of laminated insulated structures and/or
insulating coatings appears, as discussed elsewhere in this report, technical-
ly feasible. The use of laminated structures not only will result in smaller
overall pressure drops but, what 1s more important, will make containment of
evenr much higher pressures than those currently estimated easy to accomplish.
In essence, the use of laminated structures changes the question of feasibili-
ty to that of efficiency. Also, the MHD pressure drop can be reduced by

making the blanket thicker, at some economic penalty.

Use of laminated structures will also remove an additional uncertainty of
the MHD analysis. Namely, the possibility of an increased pressure drop re-
sulting from eddy current interaction between different parts c¢f the blanket.
The possibility of such interaction presents itself in the tokamak design be-
cause of the many changes of the direction of the flow relative to the magne-
tic field. Detalled analysis of such interaction 1is a formidable task because
it may 1involve a large number of conduits whose flow distributions and pres-
sure gradients are mutually coupled through currents flowing both in the
liqu.. metal and the conducting walls. Such an undesirable interaction can

realistically be substantiated and evaluated only through appropriate testing
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of rather complex models of blanket segments. It 1s best that such interac-

tions be minimized through appropriate design changes and use of insulators.

Most of the MHD pressure drop is proportional to the square of the magne-
tic flux intensity. As a result, the MHD problem depends strongly on the map-
netic flux density. If future developments indicate a higher value for g, and
thus a lower magmetic flux density, the problem of high pressures resulting
from MHD interaction will be alleviated.

The discussion on the uncertainties in the MHD analysis is valid for both
the tokamak and the tandem mirror designs. However, the configuration and the
smaller design window margins for the tokamak reactor make the possibility of
significant deviations from predicted behavior larger and the implications of

such deviations more severe.

7.3.2 Thermal Hydraulics

The maximum structural temperature, the maximum structure/coolant inter-
face temperature, and the temperature gradients in the first wall and blanket
are all determined from thermal-hydraulic analysis. The accuracy of the ther-
mal-hydraulic analysis 1s, therefore, critical to the design of the liquid-
metal blankets. The uncertainty in heat transfer calculations comes primarily
from the uncertainty in velocity profile in the blanket. In the heat transfer
analysis described in Section 7.8.2, it was assumed that the velocity in the
coolant channel is uniform as a result of the interaction between the liquid
metal and the transverse magnetic field. Deviations from this assumption are
likely as a result of either 3-dimensional effect or the complex geometry
(especially for the blanket of of a tokamak reactor). It is also possible
that secondary flow may be induced by the strong temperaturz gradient in the
blanket. This may also have a significant impact on the heat transfer calcu-
lations. Finally, locai hot spots due to flow mal-distribution could be a
potentially serious problem. All of these problems must be resolved through
experimental as well as enalytical investigations before the uncertainties in

heat transfer calculations can be reduced and before the design can be consi-
dered feasible.

It should be emphasized that although large uncertainties exist for the

heat transfer analysis of a liquid-metal blanket, it does not necessarily mean

that all uncertainties will have a negative effect on current design ranking.
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For example, if secondary flow exists in the blanket, it will greatly improva
heat transfer and thus reduce the waximum interface and structural tempera-

tures.

The previously described uncertainties in thermal hydraulics are generic
for both the tokamak and the tandem mirror reactors. The primarv difference
between the design of a tokamak reacter and that of a TMR is the blanket geo—
metry. The blanket geometry of the tokamak reactor is apparently more complex
. than that of the TMR. This, plus the fact that the design window of the blan-
ket {(tl.e size of which is an indication of the flexibility of the blanket in
accommodating uncertainties in design calculations) of a tokamak reactor is,
in general, smaller than that of a TMR, seems to 1lmply that the feasibility of
the blanket of a tokamak reactor is more at stake than that of a TMR. This

suggests that future research and development effort should emphasize more

towards tokamak reactors.

7.3.3 Stress Analysis

In order for any of the tokamak first wall designs to withstand a high
surface heat flux and a high erosion rate, the first wall will very 1likely
have to be grooved. There are a lot of uncertainties as to whether such a
design will work. The crack growth analysis for the first wall reported here
is based on assumed properties of vanadium which need to be verified by crack
growth testing. The effect of radiation on material properties 1s also a con-—

cern. Detalled discussion of this issue 1s presented in Section 7.7.

The lithium cooled reference tokamak blanket has a complex geometry.
Although an effort has been made in the present study to simulate some of the
complexities by treating the first wall as part of a composite anisctropic
plate, a detailed finite element analysis will be necessary to verify the sim—
plified analysis, particularly near the ends vecause all end effects have been
ignored in the present amalysis. Similarly, a detailed global structural dy-
namics analysis will be needed to verify the ability of the design to with-
stand dynamically applied loadings due to plasma disruptions and seismic
events and also to help design suitable supports for the blanket. Preliminary
analysis of the inboard blanket has shown that in order to keep the bending
stresses during s plasma disruption within allowable limits, one or more

radial supports will be needed at the inboard vertical wall to carry a radial
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force (directed towards the plasma) of 12MN per sector. Since space 1s at a
premlum at the inboard wall, a potential structural design problem will be to
provide these supports together with adequate attachments to the shield. The
prablem 1s camplicated by the fact that these forces are directed away from
the .central post of the reactor and not towards it. Hence an active rather
than passive system of restraints will be required to hold the sectors in
position. A final key factor for the liquid metal cooled designs, which was
discussed in detail in the Interim BCSS Report, is the coupling between the
MHD pressure drop and the primary stress in the manifold side walis. A possi-
ble decoupling between these two by using insulators would greatly enhance the

attractiveness of the liquid metal cooled design.

The reference TMR blanket 1s relatlively easy to analyze hecause of 1its
axlsymmetric geometry. It is also stressed much less scverely than the toka-
mak blanket because the pressures and temperature gradients are smaller.
However, since the actual geometries are not complete ring and the manifolds
are assumed to provide the necessary ring continuity, the junctlon between the
various zones and the manifold will need careful design. The only concern
ralsed by the present analysis 1s that the 17Li-83Pb cooled design does not
meet the conservative seismic stress criterion used in the study, particularly
in the thin walled 8 c¢m outside diameter regions of the front tube where it is
attached to the manifold at the top and bottom of the blanket. A detailed
s ructural dynamics analysis will be needed to verify the ability of the

design to meet the seismic requirements.

7.3.4 Neutronics

Four key neutronics 1ssues for the liquid metal-cooled blanket concepts
require future effort to assess their impacts on the blanket performance;
uncertainty in kinetic energy release in material atoms (kerma) and nuclear
heating profiles, neutrons and photons streaming through the 1lithium or
lithium-lead manifolds and between reactor segments, blanket heterogeneity,

and tritium breeding ratio changes resulted from the temperature distribution

profiles.

Thermal hydraulics, stress analysis, and MHD analyses need an accurate
prediction of the uuclear responses in each reactor component. The main nu-

clear responses are the nuclear heating, the tritium breeding, the gas produc-



tion, and the atomic displacement. The evaluation of these responses require
accurate nuclear response functions. MACKLIB-IV(7_2) generated from ENDF/B-IV
has served this function since 1978 for the natioral fusion program and other
applications as well. However, due to cross section measurements over the
last ten years and major corrections in the nuclear data, an updated ENDF/B-V
version was developed to serve as a data base for the national fusion and
fission programs. This version of ENDF/B has major changes for many key
fusion elements which will have a strong impact on the kerma factors required
for the nuclear heating profiles and the tritium breeding ratio. For example,
the major updates in the photon production data and the new cross section
evaluations for Fe, Ni, Mn, Cr and Pb will change nuclear heating profiles and
neutron multiplication significantly. A generation of a new response library
for fusion activities 1s strongly recommended to reduce the uncertainty and

overall device cost by allowlng less design conservatism.

Lithium and lithium-lead are not good shielding materials, for example,
the neutron leakage from one meter lithium zone 1s half neutron per DT neutron
source. This high level of leakage 1s expected to occur through the blanket
manifolds which reduces the blanket tritium breeding ratio, 1ncreases the
radiation damage and heat load in the superconductor coils, and the dose
equivalent in the reactor building. A comprehensive analysis 1s needed to

assess lmpacts on reactor designs and identify design solutions.

Lithium and lithium-lead blanket designs depend on the reflector zone to
achieve the required performance, tritium breeding ratio and energy multipli-
cation, which has a large volume fraction of solid reflector material. This
leads to a heterogenous reflector zone which has different characteristics
from the homogenous reflector analyzed 1in the different blanket concepts.
Also, the segmentation of the reactor torus through the use of "pie-shaped”
segments for tokamaks or cylinder segments for mirrors results in streaming
problems which reduces the blanket performance, causes shielding problems, and
hot spots in the structure materials and superconductor colls. These types of
heterogeneities require detailed analyses to predict the blankeb performance

and develop blanket design solutions for such problems.

The temperature distribution has an effect on the nuclear cross section
(Doppler effect) and the material density. Such changes need to be taken into

consideration in the neutronics analyses to reduze the uncertainty in the

blanket tritium breeding ratio and nuclear heating profiles.
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7.3.5 Tritium Recovery

7.3.5.1 Tritium Recovery from 17Li-83Pb

There are no experimental results available to varify the tritium recov-
ery scheme presented in Section 7.8.5.1. Although the theory is correct, the
material properties used, such as the diffusivity of tritium in 17Li-83Pb, the
resistance due to the surface recombination effect are highly uncertain, The
effect of isotope, without which the purge gas flow rate will be just too high
to be realistic is critical to the validity of the recovery concept. The

assumed isotope effect has yet to be verified.

The tritium recovery concept is critical to the viability of the self-
cooled |7Li-B3Pb blanket. If the tritium partial pressure is le_:2 Pa, as wis
the case for the MARS design, the tritium containment problem may not be
solvable. It should be noted that some of the problems encountered here are

generic problems in some other blanket.

The uncertainty of the tritium recovery scheme 1is associated with the
ahility to reduce the tritium partial pressure to such a low level that
containment can be accomplished. The only way to resolve this issue is by

experiments. The tritium inventory is not an issue because it will certainly

be low.

7.3.5.2 Tritium Recovery from Lithium

It has been demonstrated experimentally that molten-salt extraction of
tritium from liquid lithium is a feasible process. The distribution coeffi-
cients of tritium between the lithium and the salt are favorable and other
chemical and wmechanical considerations do not 1indicate any serious con-
straints. Although the efficiency factor that accounts for nonequilibrium
tritium distribution during the mixing process 1is not yet known, it is
believed that values as high as 50% could be easily achieved. However, a
potentially serious problem --“th the molten salt extraction scheme is the
solution of the LiF, LiCl, and LiBr in liquid 1lithium, These dissolved
halides, if transported back to the blanket region, would adversely affect
both the corrosion characteristics and radicactivity of lithium. Solubility

data of different halides in lithium, and the resulting effect of these
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halides transported back to the blanket on the overall blanket neutronic per-
formance and on the long-lived radiocactive-isotope production need to he
studied carefully and resolved before final approval of using molten-salt to
extract tritium from iiquid lithium. Another tritium recovery method based on

yttrium adsorption has also been verified experimentally on laboratory scale.

7.4 Tokamak R=1 Concepts

The only concept that is ranked No. 1 in the liquid-metal cooled blanket
of a tokamak reactor is the self-cooled, liquid-lithium blanket with vanadium
alloy as the structural material (Li/Li/V). This section summarizes the
mechanical design, the integral analyses, and the design parameters of this

concept.

7.4.1 Mechanical Design

Mechanical design depends on factors such as system maintainability,
reliability, and fabrication. It also depends strongly on the various con-
straints 1imposed from neutroalc, *+hermal hydraulic. WMHD, structural and
material consideratisn. For the self-cooled liquid-metal blanket of a tokamak
reactor, a number of design options were considered and reported in the Inter-—
im Report.(7-l) The advantages and disadvantages of each design were dis-
cussed. The toroidal/poloidal flow configuration was selected as the reference
design. A schematic of such a design is shown in Fig. 7-1. This reference
design is composed of slightly slanted poloidal manifolds and relatively small
toroidal channels. "ach manifold supplies a number of toroidal channels. The
toroidal channels are exposed to both the surface heat flux and the relatively
high nuclear heating rate, while the poloidal manifold is heated mainly by
nuclear heating. The poloidal manifold is protected by the ctoroidal channels
both thermally from the surface heat flux and structurally from radiation
damage. A large cross—-sectional area is maintained for the poloidal manifold
to keep the velocity low which will reduce the MHD pressure drop through the
manifold. Since the pressure drop through the manifold is the single largest
pressure drop of the entire blanket, its reduction will significantly reduce
the overall pressure drop of the blanket. A second advantage of the
toroidal/poloidal flow blanket is that the the walls of the poloidal manifold
can take higher stress (primary and thermal) levels than the fir:t wall since

the former is not exposed to the surface heat flux and receives less radiation
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dosage than the latter. The first wall 1s cooled by the coolant flowing
through the small toroidal channels which are parallel to the toroidal
magnetic field. The flow in the toroidal channels is perpendicular to the
poloidal field which 1s much smaller than the toroidal field. Thus, the
velocity in the toroldal channels can be increased considerably over that in
the poloidal manifold without increasing significantly the overall pressure
drop through the blanket. It 1s this relatively high velocity in the toroidal
channels (compared to the velocity in the manifold) and the relatively short
length of the toroidal channels (compared to the full length of the manifold
in the poloidal direction) that could reduce the maximum structure and

interface temperatures to an acceptable level.

Figure 7-2 shows the cross-sectional view of the toroidal/poloidal flow
blanket. The blanket can be divided into three regions in the direction,
i.e., the toroidal channels, the poloidal manifolds, and the reflector. The
partitions shown in Flg. 7-2 are not partitions for coolant flow. These
partitions are perforated plates and thus there 1s communication between the
manifold and the retlector regions. Therefore, pressure drops are the same in
the manifold and the reflector region. In the thermal-hydraulic and MHD
analyses, no distinction was made btetween the manifold arnd the reflector. The
full cross section for coolant flrw is utilized for heat removal. At the back
of the blanket, a 4 cm thick structure 1s provided for additional high-
temperature shielding and structural support. In this region, the nuclear
heating rate is relativaly low and the temperature of the reflector material,
which 1s the same as the structural material, car be maintained at the

acceptable level by the coolant fiow.

In the current design, the outhoard 1s geometrically similar to the in-
board blanket. The only difference 1s that the overall blanket thickness in
the radial direction is 84 cm for the outboard blanket, while it 1s 64 cm for
the inboard blanket (including the high temperature shield).

7.4.2 Integral Analysis and Design Window

Once a reference design 1s selected, as shown in Fig. 7-1, various
analyses described in Section 7.8 are performed. However, each analysis may
not be independent of the other analyses, since common parameters exist among

them. For example, the coolaut inlet and exlt temperatures are common

parameters between MHD and heat transfer analyses. These two parameters alsc
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affect the thermal efficiency of the plant. Another example is that the
temperature distributions in the first wall and the blanket affect the thermal
stress and the MHD pressure drop affects the primary stress in the structural
material. A summary of the relations among various calculations is shown in
Fig. 7-3, which includes heat transfer, MHD, stress, and power conversion
analyses as well as corrosion and structural temperature limitations. Neu-
tronic and tritium recovery calculations, although are not included in Fig. 7-
3, are 2ot independent of the various analyses shown in Fig. 7-3. They,
neverthelecs, can be conveniently addressed separately. Neutronic analysis
depends on the coolant/structure fractions in the blanket and provides ‘nput
(nuclear heating rate distributions) to heat transfer calculations. Tritium

recovery has a strong impact on safety analysis and can usually be addressed

separately.

A convenient and quite useful way of expressing the relations among vari-
ous calculations (Fig. 7-3) is shown in Fig. 7-4, in which the limitations
from various analyses are expressed in terms of two common parameters, the
average coolant temperature rise through the blanket (ATb) -nd the average

coolant temperature at the outlet of the blanket (T ). The limits showan in

out
Fig. 7-4 are obtained by converting the results of those analyses described in
Section 7.8 into the two common variables ATy and Tout® The arrows in Fig. 7-
4 indicate the regions of acceptable operation for each individual limitations
imposed on the blanket. The shaded area in Fig. 7-4 represents the design
window for this particular situation (surface heat flux <Z 0.5 MW/m2 and first
wall thickness of 5 mm). Any point within the design window is acceptable and

will not violate the constraints imposed by the various analyses shown in Fig.
7-4,

There are a total of five different constraints shown in Fig. 7-4 and
these limitations will be briefly explained below. The primary stress limit
is the result of MHD pressure drop and the hoop stress in the duct. For the
reference design of the tokamak reactor, the maximum stress with respect to
the allowable stress occurs in the manifold at the inlet of the blanket. The
higher the average coolant temperature -ise through the blanket (ATb), the
lower the coolant average velocitv and thus the lower the pressure drop
through the blanket. The pinch point limit is calculated by assuming a pinch
point AT > 20°C in the steam generator. With a small coolant temperature rise

(ATb), the pumping power becomes excessive since both volumetric flow race and
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pressure drop are invergely proportional to AT,. Since coolant pumping power
is directly proportional to the coolant flow rate and pressure drop, pumping
power becomes a significant fraction of thermal power and the thermal effi-
ciency decreases sharply at relatively low AT, as shtown in Fig. 7-4, The
T?S?) temperature
1imits are derived from the heat transfer calculatioms described in Section

maximum structure (Tgax) and coolant/structure interface (

7.8.2. The maximum allowable temperature for vanadium alloy is 750°C as is
the maximum allowable interface temperature between vanadium alloy and liquid
lithium.

There are several i1mportant i1mplications which are wmade evident by

examining the results shown in Fig. 7-4:

(1) The relative size of the design window 1s an indication of the flexibil-
ity of the design in acvommodating the uncertainties in various calcula-
tions. A designer can choose a design point (within the desing window)
that will optimize among thermal efficlency and uncertainties associated
with various analyses. This will become more clear when a design point

is s2lected for the reference design of the tokamak reactor (Section
7.4- 3).

(2) 1t is immediately evident from Fig. 7-4 which factors are more limiting
than others and where improvement can be made, as far as the design is
concerned. For example, in the particular case shown ia Fig. 7-4 (q =
0.5 MW/m2 and L, =3 mn), the maximum structural temperature is certain-
ly more limiting than the maximum structure/coolant interface tempera-
ture. It is also obvious that thermal efficlency is not of major con-
cern here whereas the primary stress is the limiting factor as far as
ATb 1s concerned. Thus, immediate improvement of the design should come

from factors that affect primary stress and maximum structural
temperature.

Figure 7-5 shows the results of the integral analyses for the Li/Li/V
blanket of a tokamak reactor with a surface heat flux of 1 Mwlm2 and a first
wall thickness of 2 and 3 mm. It is obvicus that the maximum structure
temperature (750°C), the primary stress, and the pinch point are the more
limiting factors. The thermal efficiency limit is not shown in Fig. 7-5 since
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it is far below the limit imposed by the primary stress. There is a moderate
design window Lf the first wall is 2 mm thick., The size of the window de-
creased somewhat 1f the thickness of the first wall is increased to 3 mm. MdD
and stress calculations ilndicate that a minimum of 250°C is required for ATy,

as shown in Flg. 7-5.

Figure 7-6 chows the result of a Li/Li/V blanket with a surface heat flux
of 1.2 Mwlmz. It is seen that a design window exists when the first wall is 2
mm thick. However, if the thickness of the first wall is increased to 3 mm, a

design wlndow no longer exists.

Two other types of stress calculations (see Section 7.8,3) although not
shown in Fig. 7-5, need to be performed for a particular design. The first
one is the bending stress in the walls of the toroidal channel (including the
first wall) as a result of coolant pressures in the manifold and the toroldal
channels. The results of these calculations indicate that a minimum thickness
of 3 mm is vequired for the first wall. Figures 7-5 and 7-6 indicate that a
design window exist for q =1 MW/m2 and the design window disappears for q =
1.2 Mw/m2 if the first wall thickness 1s 3 mm. The second calculation refers
to the thermal stress in the first wall and blanket, which depends primarily
on the radial temperature gradient from the manifold to the first wall. For

vanadium structure, the thermal stress 1s well within the allowable limit (see
Sectio 7.8.3).

The erosion rate of the first wall of a tokamak reactor is 1 mm per year.
Since stress consideration requires a minimum thickness of 3 mm, the first
wall thickness must be 6 mm at B-0-L (Beginning of Life) in order to have a
three~-year life. However, Fig. 7-5 indicate that a 6 mm first wall is not
acceptable. The remedy is to use grooved wall which is discussed in decail in
Section 7.7. For the reference design of the tokamak reactor, the first wall
ls assumed to be grooved and is 6 mm at B-0O-L and 3 mm at E-0-I (End of
Life). The maximum vanadium temperature for a 6 mm thick Tirst wall is ~850°C

which is well below the melting point of vanadium alloy (1866°C).

7.4,3 Design Summary

Based on the mechanical design and the integral analyses described pre-
viously, a desigr point can be selected. Such a point is shown in Fig. 7-5

and corresponds to the following conditions.
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Surface heat flux 1 MW/m2

First wall thickness

at B-0-L (grooved) 6 mm
at E-0-L 3 mm
Average temperature rise through coolant 250°C
Average blanket outlet temperature 550°¢C

Based on these values, other parameters such as pressure drop, coolant flouw
rate, maximum structure temperature, inaximum coolant/structure interface tem-
perature, thermal eificlency, etc.; can be obtained from the results of the
analyses described in Section 7.8. A summary of all the major parameters and
features of the reference design of the blanket of tokamak reactor is listed
in Table 7-4.

The choice of the design point shown in Fig. 7-5 is the result of the
relatively large uncertainties in heat transfer calculations compared to other
calculations. As described previously, any point within the design windown
shown in Fig. 7-5 represent an acceptable design. The margins 1in maximum
structural temperature and maximum coolant/structure interface temperature are
the largest by choosing the lowest ATb allowable. The primary stress limit
shown 1n Fig. 7-5 s obtained by considering the allowable stress which
already included some safety margin. The heat transfer calculations do not
provide any margin of safety and this 1is the primary reason that the design
polnt is selected right on the boundary of stress limit as shown in Fig., 7-5.
For similar reasouns, the blanket outlet temperature 1s gelected to be on the
lower end of the window. The outlet temperature of 550°C also satisfies the
corrosion temperature 1limit for ferritic steel which i1is selected as the
structural materlal outside the magnet for economic considerations. The
thermal efficiency is fairly high (~42%) anywhere within the design window and
thus 1s not a determining factor for this particular concept.
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TABLE 7-4. KEY PARAMETERS FOR A Li/Li/V BLANKET OF A TOKAMAK REACTOR

Neuntral Wall Load 5 MW/m?

FW Surface Heat Flux 1 MW/m®
Coolant Tnlet/Outlet Temperature 300°¢/550°C
Maximum Pressure 3.0 MPa
Coolant AP 2.85 MPa
Maximum Structural Temperature 690°C
Maximum Coolant/Structure Interface Temperature 610°C
Tritium Breeding Ratic 1.31

Blanket Thickness

Inboard 0.64 m
Qutboard 0.74 m
Coolant Flow Rate
Inboard 5.9 x 10° kg/n
Outboard 1.4 x 10’ kg/h

First Wall (Grcoved)

Erosion Rate 1 mm/y
Thickness at Beglnning of Life 6 mm
Thickness at End of Life 3 mm
Calculated Life 3 years
Gross Thermal Efficiency . 42.3%
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7.5 Tandem Mirror R=1 Concept

The methodo'ogy used to rank the TMR blankets are identical to that for
tokamak. The results of the calculation are used to establish a design
window, from which a set »f operation parameters can be gelected. Since the
methodology is the same, the digcussion here is abbreviated. There are three
coolant and structural material combinations to be rated R=l as shown in Table
7-5. The reasons that the TRM has more candidates: tihan the tokamak in number
1 ranking are the lower magnetic field and low surface heating load. Thare-

fore, both MHD and heat transfer problems are less severe.

TABLE 7_5 L]
COOLANT MATERIAL COMBINATIONS FOR P=1 SELF-COOLED LIQUID METAL CONCEPT FOR TMR
Blanket Structure Coolant/Breeding Material Thermal Loop
\' Li Ferritic Steel
Ferritic Steel i Ferritic Steel
v 17L1-83Pb Ferritic Steel

The reference design of the TMR blanket is similar to that of WITAMIR-
1(7'3) and MARS design(7_4). It is judged by the design team that the simpli-
city of the configuration outweighted some of the drawback such as large void
fraction in the blanket and poor first wall heat trvansfer characteristics.
However, 1if the first wall surface heat flux is considerably higher than 5

w/cmz, the blanket configuration will have to be modified.

The cross-sectional views of the reference design of the self-cooled
1iquid metal blankets are shown on Figs. 7-7 and 7-8. The blanket basically
consists of banks of tubes, which are bent to follow the contour of the
circular plasma in the central cell. A single hcader feeds the coolant/breed-
ing material (Ii or 17Li-83Pb) tco the manifold. The coolant flows through the
blanket and reflector, into the exit manifoid and exit through a single exit
header. The coolant velocities in the tubes and reflector can be controlled
by using different tube wall thicknesses which resulted in uniform radial
temperature distribution within the blanket at any azimuthal aagle.

7-25



COOLANT LINE

3
CENTRAL CELL
COIL

OMEGA BELLOWS SEAL ACTUATOR

SHIELD

'\\ / 3 4 meters

VACUUM
N SEAL

]k/ 13

[ |

CROSS SECTION OF TMR CENTRAL CELL

Figure 7-7. Cross-section of TMR central cell.

7-26



o GO/.\.OC
Negege
HORO
SO0
50

ORORO
CHORD
QRO
CROR0
RO
mo%om

N
\

AN

N\

/}%
N

N

Gz

s

2

e——— 3 >

1

F

l




The neutronic design of the blanket is a tradeoff between tritium breed-
ing ratio, blanket energy multiplication, lithium enrichment and blanket
thickness. The design goal of the tritium breeding ratio is set at 1.2,
although this value can be increased significantly, if required. For lithium
breeding, no enrichment is needed. For the 17Li-83Pb system, it was found
that high enrichment 1is very costly due to the large 17Li~-83Pb iuventory in
the piping system.(7-4)
thick blanket.

Therefore, 30% enrichment is used with a relatively

The effect of MHD, heat transfer and stress problems are closely related.
The dominant force on a conducting fluld moving across a magnetic field lines
is the MHD effects generated by ¥ x ﬁ, which increases the pressure drop and
retards heat transfer by suppressing turbulence. The consequences of the
relatively large pressure drop are higher blanket pregsure and higher pumping
power. The methodology of calculating the MHD pressure drop has been
discugsed in the interim report(7_1) and summarized in Section 7.8.1. The
heat transfer problem in the blanket is simplified by the fact that velocity
is always perpendicular to the magnetlic field. The velocity profile is the
classical Hartman flow, namely, it is laminar with a uniform velocity profile
and a very thin boundary layer. Heat transfer in such a system is dominated
by conduction. An exact solution to the problem of conducting heat transfer
with both surface heating and non-uniform volumetcic heating cannot be
obtained. However, a numerical solution 1s available by using finite
difference techniques. The summary of the neutronics, MHD, stress and heat

transfer calculation: is given on Table 7-6.

In ranking of tne different material/coolant combinations, the concept of
dsign window described in Section 7.4 will also be used here. The design
window concept is a useful tool not only in judging the viability of the
design, but also in choosing the proper design parameters, optimizing the
system, and 1identifing the key design limitations. The design windows for
Li/Li/v, Li,/Li/FS and LiPB/LiPb/V systems are shown in Figs. 7-9, 7-10, 7-11
respectively. It can be seen that very comfortable design margins exist for
all three cases. A set of design parameters can be chosen for each design
which will provide reasonable heat transfer, pressure drop, pumping power, as

well as efficient power conversion. The design margins ar+ so large that some
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uncertalnties ia certain calculations will not have major iwpact on the via-

bility of the concepts.

There are some significant differences between the TMR and tokamak design
windows. Due to the low surface heat flux on the flrst wall in TMR, the maxi-
mum structural temperature ceased to be a key factor in TMR design. The upper
bound temperature limit is governed by the maximum allowable interface temper-
ature, which is determined by 20 um/y corrosion limit. Therefore, corrosion
{s a much more important issue to TMR than to a tokamak. Another interesting
point is that the MHD pressure drop is lower in TMR and, consequently, the

internal pressure is also lower. Therefore, primary stress effects are small.

TABLE 7-6., KEY PARAMETERS FOR R = | BLANKET CONCEPTS OF A TMR

System Li/Li/V Li/Li/HT-9 Lin/Lin/\j
E. u.ket Thickness, cm 80.3 80.3 90.3
Ll Enrichment Natural Natural 30%
T Breed’'ng Ratio 1.26 1.21 1.33
Energy Multiplication 1.25 1.31 1 30
Blanket Thermal Power, MW 3063‘Q 3210 5734
Coolant Temperature, °C 350/550 350/500 380/530
Maximum Blanket Temperature, °C 605 550 650
Coolant Flow Rate, kg/hr 1.32 x 107 1.85 » 107 | 4.8 x 108
MHD Pressure Drop, MPa .78 .75 2.15
|Pumping Power, MW 8 13 38
Gross Thermal Efficiency, % 42.3 40.5 42.3
- —— SN S 0 U B

7.6 Concepts Ranked R=2A

7.6.1 Tdkamak

There are two concepts ranked 2A for the self-cooled liquid-metal blan-
ket. These are the Li/Li/HT-9 and the LiPb/LiPh/V blankets.

7-31



7.6,1.1 Li/Li/HT-9

Flgure 7-12 show the results of the integral analyses of a Li/Li/HT-9
blanket for a tokamak reactor. A design window does not exist for this
concept. The primary restriction comes from the structural temperature
limitation, which is 550°C for ferritic steel. Note that the results shown in
Fig. 7-12 are for a surface heat flux of 0.5 Mw/m2 and a first wall thickness
of 5 mm. If a grooved first wall 1s used with an E-0-L thickness of 3 mm
(oinimum thickness required from bending stress calculation), the structural
temperature limit shown in Fig. 7-12 will be relaxed somewhat. However, when
the surface heat 1.ux 1s increased ta 1 MN/mz, the structural temperature
limit wili remain close to where it {s in Fig. 7.6~1 even 1f grooved first
wall is used. 1In order to make the Li/Li/HT-9 blanket a viable and attractive
concept, improvement must come from factors that relax the structural tempera-
ture limit shown in Fig. 7-12. These factors include higher allowable struc-
tural temperature (>550°C), lower surface heat flux (<I Mw/mz), better heat
transfer, and thinner grooved first wall (<3 mm). Another option may come
fror relaxing the primary stress limit. If the primary stress limit is
reduced from a AT, of 140°C shown in Fig. 7-12, to ~100°C, a narrow design
window might exist. However, the thermal efficlency will be 30% or less.
This low efficiency and the very narrow design window make this option rather
unattractive. Simultaneous improvements in both the structural temperature
limit and the primary stress 1limit will, of course, make the Li/Li/HT-9

blanket feasible and attractive. '

7.6.1.2 LiPb/LiPb/V Blanket

Flgure 7-13 show the results of the integral analyses for tke LiPb/LiPb/
V blanket of a tokamak reactor with a surface heat flux of 0.5 MW/m2 and a
first wall thickness of 5 mm. No design window exists for such a blanket. It
is interesting to compare the LiPb/LiPb/V blanket with the Li/Li/V blanket
since the latter does have a design window and is ranked No. 1. Comparison
betwean Fig. 7-13 and Fig. 7-4 indicates that structural temperature and
interface temperature limits are much more restrictive for the LiPb/LiPb/V
blanket than the Li/Li/V blanket while other limits remain about the same for
these two blankets (primary stress limit for LiPb/LiPb/V blanket 1is slightly
more stringent than the Li/Li/V blanket because pressure drop for lithium-lead
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is slightly higher than that for lithium). This is the result of the rela-
tively poor thermo—physical properties for lithium-lead, which result in poor

heat transfer perforumance compared to lithium.

Improvement for LiPb/LiPb/V blanket can be made via the followlng two
routes. The first one is through the relaxation of the primary stress limit.
Referring to Fig. 7-13, a design windov wlill appear if the stress limit is
reduced from an equivalent AT, of 235°C to 150°C. This can be accomplished by
using electrical insulators to reduce the pressure drop through the blanket.
Insulated wall is needed in the poloidal manifold in addition to the inlet sund
outlet pipes of the blanket., The feasibility of insulated poloidal manifold
will be a key issue for the LiPb/LiPb/V blanket if this option is adopted.

The second route 1s through the 1mprovements in both the structural
temperature and the 1nterface temperature limits. This is not going to be an
easy task since 1t requires simultaneously raising significantly the corrosion
temperature limit and the maximum allowable structural temperature (or other

factors that will relax the structural temperature limit).

7.6.2 Tandem Mirror

Flgure 7-14 shows the design window for the self-cooled Li/PCA blanket
(R=2A) for TMR. The maximum coolant exit temperature is 425°C, with a coolant
AT of 130°C. The low coolant exit temperature is caused by the relatively low
corrosion temperature limit of 480°C. The lower corrosion limit in PCA
comparing to HT-9 is due to the higher Ni content in PCA. In addition, the
expected blanket 1life will also be much shorter than the HT-9 hlanket of
similar design due to the swelling characteristics of PCA.

A design point is available, as shuwn on Fig. 7-14. However. the ex-
pected thermal efficiency is low. With the low AT of the coolant, the
volumetric flow rate is high. This will have impact on both the pumping
power, as well as the cost of the primary loop. In addition, the desigg mar-
gin is small so that uncertainties in calculation may have major impact on the

design window.
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7.7 Concepts Ranked R=2B/3

7.7.1 Tokamak

The Li/Li/PCA concept and the LiPb/LiPb/HT-9 concept are ranked No. 2B
while the LiPb/LiPb/PCA concept 1is ranked No. 3 for the self-cooled 1liquid-
metal blanket. The sodium—-cooled Li-Pb blanket is ranked No. 3 and belongs to

the category of separately-cooled liquid-metal concept.

7.7.1.1 1i/Li/PCA Blanket

Figure 7-15 shows the results of integral analyses for the Li/L1/PCA
blanket of a tokamak reactor with a surface heat flux of 0.5 MH/m2 and a first
wall thickness of 5 mm. A design window does not exist for this concept. A
design window will not exist even 1f grooved first wall is used since the sur-
face heat flux has to be elevated to 1 MW/mZ. The most restricting factors
are the st uctural temperature and the interface temperature limits as shown
in Fig. 7-15. These two limits must be relaxed significantly and simultane-
ously in order to have a design window. If the primary stress limit is re-
duced somewhat (~20%), a design window may appear if both the structural tem
perature and the interface temperature limits are relaxed moderately. How~
ever, the thermal efficiency will be rather low (~30%) and the concept will
not be attractive. Furthermore, this concept is inferior to either the Li/
Li/HT-9 or the Li/Li/V blankets. Thus, a rank of 2B is agsigned to this

concept.

7.7.1.2 1LiPb/LiPb/HT-9 Blanket

Figure 7-16 shows the results of the integral analyses for the LiPb/Li-
Pb/HT-9 blanket of a tokamak reactor with a surface heat flux of 0.5 MW/m® and
a first wall thickness of 5 mm. There is no design window available for this
concept. The most limiting factor is the structural/coolant interface temper-
ature as shown in Fig. 7-16. This is the result of the combination of rela-
tively poor heat transfer performance of lithium~lead (which resulted in rela-
tively high interface temperature) and a relatively low allowable interface
temperature between lithium-lead and ferricic steel (~450°C). The heat trans-
fer performance (which affects both the structural temperature and the inter-

face temperature limits in Fig. 7-16), the pressure drop, and the corrosion
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temperature limit, all must be Improved significantly in order to make this
concept feasible and attractive. This requires the use of electrical insula-
tor in the blanket, redesign of the blanket towards better heat transfer per-
formance {the current reference design 18 aimed toward minimizing the pressure
drop), and the implementation of ways for relaxing the corrosion temperature
limit. This concept is inferior to the Li/L1/HT-9 blanket primarily for the
two reasons described previously (heat transier and corrosion). Thus, the
LiPb/LiPb/HT~9 blanket is ranked 2B.

7.7.1.3 LiPb/LiPb/PCA

The maximum allowable temperature for PCA 1s the .ame as that for ferri-
tic steel (550°C). However, the maximum allowable corrosion temperature be-
tween LiPb and PCA 1s ~410°C which is lower than that between LiPb and HT-
9. Furthermore, the thermal conductivity of PCA is lower than that of HT-9.
These two factors will make the maximum structural temperature and maximum in-
terface temperature limits of the LiPb/LiPb/PCA blanket more restrictive than
that shown in Fig. 7-16 for the 1Li/Li/PCA blanket. Thus, the LiPb/LiPb/PCA
blanket constitutes an even worse mismatch than the Li/Li/PCA blanket which is
ranked 2B. Consaquently, thc LiPb/LiPb/PCA blanket is given a rank of 3.

7.7.2 Tandem Mirror

7.7.2.1 LiPb/LiPb/HT-9

The reference design of MARS, LiPb/HT-9, 1is rated 2B mainly due to the
lower corrosion limit used here. 1In the MARS design, it was assumed that the
maximum corrosion temperatura limit is 550°C. However, new experimental re-
sults become avallable after the completion of the MARS work redefined the
corrosion rate for this study. If 20 ym/y 1is used as the upper limit, the
maximum allowable interface temperature reduces to 465°C. This maximum allow-
able interface temperature basically closes the design window, as shown in
Fig. 7-17.

There are ways to increase the corrosion temperature limit, such as use
of an 1inhibitor, or a corrosion product cleanup system, If a practical way
can be found to increase this temperature to 550°C, as was assumed 1n MARS, a

very comfortable design window is available, as seen in Fig, 7-17. The impact
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of this temperature limit to the rating of the concept is, therefore, obvious.

7.7.2.2 17L1i-83Pb/17L1i-83Pb/PCa

The LiPb/PCA desigu 1s rated 3 because there is simply no design window
as shown in Fig., 7-18. The corrosion temperature limit is so low that anm
attractive system 1s not possible.

7.8. Analvsis of Special Issues

7.8.i MHD Analysis

7.8.1.1 Intraduction

The poloidal manifold/toroidal first wall coolant channel liquid metal
blanket for a tokamak reactor, presented in Ref. 7-1, was the result of an ef-
fort ta achieve the high coolant velocities needed for adequate cooling of the
first wall, without prohibitively high MHD pressure drops. This was accom
nlished by orienting the high velocity coolant channels in the toroidal direc-
tion so that they will be parallel to the large toroidal magnetic [ield. At
the same time, the manifolds, which are by necessity transverse to the torol-
dal field were made large to minimize the MHD pressure drop. In addition, the
manifold walls, whose thickness affects the local MHD pressure gradient, were
tapered so that they were thicker near the inlet and thinner near the cutlet.

Such tapering, i1f dome properly, reduces the maximum material stresses in the
conduit walls.

Since the Interim BCSS5 report., more careful neutroni:s calculations and
the increase in first wall heat flux to 1 MW/m2 regulted in an increased ef-
fective heat deposition in the blanket. At the same time, thermodynuamic con—
siderations led to a choice of higher coolan. temperatures in the blanket and,
thus, to a choice of a vanadium 3lloy as a structural material. Finally, the
technical feasibility of lawinated wall coastruction was established, thus
opening the possibility of signifi:ant reduciions in MHD pressure drops. As a

result of these developments che reference design has evolved to the currently
proposed design.

Magnetohydrodynamic counsiderations were also paramount in determining the

configuration of a liquid-metal-cooled limiter. In both the inboard blanket
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and the limiter, laminated wall condults were employed in areas where the heat
and neutron fluxes were low. Because the electrical conductivity requirements
of the insulators were satisflea by several orders of magnitude, further im-
provements in the blanket designs could be made by using laminated walls in
the poloidal mwanifold conduits. Although such a design would offer signifi-
cant improvements, the use of laminated structures in the poloidal manifolds
was not deemed necessary and was not adopted. If in the future new develop-
ments in MHD analysis show that some of the MHD pressure drop formulae em-
ployed have been underestimating the pressure drop, the use of laminated wall
construction at the poloidal manifolds would be an obvious improvement in an

effort to compensate for the larger pressure drops.

Laminated wall construction in areas of low neutron and heat fluxes was
also used in the design of a liquid-metal blanket for a tandem mirror reactor.
Because of the different geometric constraints imposed by the two reactor

types the mirror design is simpler but certainly non trivial.

In the foliowing, a summary of the formulae employed in the MHD analysis
and a discussion on the feaslbility and insula®*ing requirements of laminated
structures is given first. Then, descriptions of the improved tokamak blanket

and tandem mirror blanket designs and the assoclated pressure distributions

are presented.

7.8.1.2 MHD Analysis

The scudy of magnetohydrodynamics involves the simultaneous solution of
the Navier-Stokes equations for flnid motifon (including a pondermotive force
term) and Maxwell's equations. This formidable task 1s made possible by
considering various regimes over which the equatlions are greatly simplified.

These regimes are characterized by the following non-dimensional numbers.

Magnetic Reynolds number Re = Bind/B
Hartmann number M=aBy afy
iteraction Parameter N = aB2g/Vp
Conductivity Ratio ¢ = owtw/oa
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where B is the magnetic flux density, a is the pipe radius or channel half
width in the direction parallel to B, g and y are the electrical conductivity

and viscosity of the fluld, ¢, and t, are the electrical conductivity and

W
thickness of pipe wall or of wall normal to B, V 1is the average fluid

velocity, and Bind is the induced magnetic flux density.

For the reference design these non-dimensional numbers are of the

following order of maganitude.
g, ~0(107), # ~ o(10%) Y
m

, N~ 0(10%), & ~ o{107% - 1073
The smallness of the magnetic Reynolds number makes it possible to neglect the

induced magnetic field and set the total magnetic field equal to the applied

one.

As a result of the large value of M, the fluid flow and current density

are uniform throughout wmost of the flow cross section, with variations

confined in thin layers near the walls.

The large value of N makes inertial effects negligible; turbulence 1is

also suppressed everywhere, with the possible exception of fluctuations that

may exist in thin shear layers under some special circumstances.

Finally, the condition ¢ << | combined with M ¢ >> 1 defines the "thin
wall” regime, in which the induced currents and, thus, the pressure drops arc

controlled by the wall resistance.

Fully developed flow in circular or rectangular ducts has been, since the
mid-thirties, the subject of several investigations both analytical and
experimental. The analyses avallable cover the whole rang. of M (the
interaction parameter, N, 1s irrelevant for a fully developad flow, since
there are, by definition, no inertial effects,. The aralyses pertinent to the
fusion reactor are those for high M and | << 1. It can he stated, with
considerable certainty, that fully developed MHD flow is well understood and
that existing analyses, validaced through experiments up to M ~ 0(103), are
expected to be valid for M ~ 0(104) and higher.

At high Hartmann numbers, the pressure gradient for a uniform channel

segment in a uniform transverse magnetic field is given by:
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The pressure gradient 1n rectangular ducts with unequal wall thicknesses
and wall conductivities, as will be the case for the reference design, was
examined in some detail in Ref. 7-1. It was shown that Eq. [7-1] provides an
adequate and conservative estimate of the pressure gradient. It was also
shown that high velocity sidewall layers exist but that the mass flow rates
associated with these side layers are small. As a result, the effect of these

layers on mass tr:nsfer, and thus on corrosion, are small.

In both the tokamak and mirror reactors the magnetic field changes suffi-
clently slowly with distance to make Eq. [7-1] valid localiy. Thus, the
overall pressure drop is simply obtained by integrating the pressure gradient

equation over the length of the segment in question.

Three dimcensional flow perturbations result from changing magnetic field
(direction or magnitude), changing cross sectional area dimensions, changing
wall thickness, bends, manifolds, etc. Such variations set up axial electric
field gradients which, 1in turn, set up circulating currents within the
liquid. These currents interact with the magnetic field and result 1in

pressure drop over and above that predicted by fully developed flow theory.

Anal}ses that have been carried out to date predict stagnant regioms at
the center of the condult with most of the flow rate carried in layers
adjacent to the walls. Also, theory predicts significantly different behavior
for rectangular and rfor circular conduits, with the rectangular ones being

more prone to the adverse three dimensional effects.

Unlike the case for a straight duct normal to a uniform magnetic field,
analysis of three dimensional effects is highly case specific, involved, and,
for some cases, not amenable to solutivn with currently available analytical
tools. Nevertheless, fair estimates of the pressure drop assocfated with a
number of three dimensional effects exist, and are supported by limited
experimental data albeit at much lower values of M and N than those prevailing
in the blanket.

It was assumed in the analysis of the MHD pressure drop in the fusion
blanket that the variation of magnetic field strength is sufficiently gradual,

so that the assoclated three dimensional effects are minimal. The other
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remaining three dlmensional effects are associated with the abrupt change of
the magnetic field at the inlet and outlet regions, the effects assoclated
with abrupt changes in wall thickness and those assoclated with conduit bends,
either on a plane normal to B or, as is the case of the reference design

manifolds, from a direction normal to B to a direction parallel to B.

The pressure drop assoclated with abrupt changes in B (or equivalently
with abrupt changes in wall thickness or cross-sectional areas), has been
analyzed for thin wall cilrcular ducts. This pressure drop 1s found to be

equal to
Ap = G oVaB2 / ¢ [7-2]

with the coefficient C depending on the magnitude of the discontinuity. The
peak value of C was computed to be 0.16. A conservative value of 0.2 is
adopted in the analysis of c(he blanket. The pressure drop for a bend in a
plane normal to B can alsc be estimated by the same equation for lack of a
better alternative.

The blanket designs are such that .he fluid turns from a direction nsrmal
to a large magnetic fileld to a direction essentially parallel to the field
vector. This change in direction is combined with a manifold so that flow in
a single condult turns into a number of smaller conduits. Clearly this 1is a
very complicated situatiou, even in the absence of MHD effects. When MHD
effects are present the pressure drop will depend on the detailed manner the
manifolding is accomplished, the presence of insulators, wall thickness dis-

tributions etc. Even for the case of a single conduit with such bend only a

cesicmpirical correlation exists, namely

1/3

Ap = 0.5 oVB2aN

- 0.5 vA/3p4/3,2/3,173 2/3 (731

2
where N 1s the interaction parameter = oag , p 1s the coolant density, amd
p

a” and V are the channel half width and coclant velocity associated with the

channel normal tc B. The pressure drop, as computed from Eq. [7-3], may in-

deed have little relation to the actual pressure drop. However, the latter
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will depend so strongly on the details of the actual configuration that any
speculation on 1its magnitude can neither be defended nor rejected until the
design 1s specifled to a much greater degree than the guidelines of the BCSS
warrant and the understanding on 3-D MHD effects 1s increased heyond the pre-
sent state—of-the—art. For the time being, it shculd be understood that the
pressure drop associated with the manifolding from the poloidal manifolds to
the toroidal first wall cooling channels represents the biggest uncertainty in
the overall MHD pressure drop. It should also be understood that, although
the pressure drop may be larger than that given by Eq. [7-3], there 1s con-
fidence that careful design of the manifold and other improvements of the
overall design will keep the material stresses within allowable limits.
Firally, it should be stated that the different manifolding arrangement in the
mirror design makes the possibility of large presgure drops in their manifolds
less 1ike1y:

7.8.1.3 Laminated Wall Construction with Insulators

The fundamental difficulty in designing liquid metal blankets without
insulators 1s that the MHD pressure drop 1is essentially proportional to the
duct wall thickness, whereas the hoop stress in the duct wall 1is proportional
to the pressure and inversely proportional to the wall thickness. As a
result, the material hoop stress 1s essentially indeperident of the wall
thickness and cannot be reduc~d, as 1s usually the practice, by increasing the
wall thickness. Although designing a blanket with thicker walls where the
pressure 1is hlgher, and thinner walls where it is lower can reduce the maximum
hoop stress, the fundamental problem of coupling the pressure drop to the wall
thickness remains. An obvious way of bypassing this difficulty is to decouple
the load bearing structure from MHD pressure drop. This can be accomplished
either by insulating coatings of the inner duct surfaces or by laminated wall

construction with an insulating lajer sandwiched between two metal layers.

wnsulators were not originally considered because it was thought that
their insulating properties would rapidly deteriorate in the presence of
strong neutron fluxes. In addition there were concerns about the effect of
unavoidable faults that may develop in the severe thermomechanical environment
of the blanket. There were also concerns that the normal and shear forces to

whirh the insulating bonding layer would be subjected would lead to delamina-
tion.
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Despite these reservations, the spectacular improvements in blankat de-
sign that could be made, if insulators were used, dictated a closer look at
their technical feasibility. A careful consideration of both insulating coat-

ings and insulating laminated wall construction revealed the following.

1. Tnsuiated Coatings

For maximum benefit in pressure drop reduction the resistivity of the
insulating layer (thickness 20 pum) must be much larger than 102 obm-m. The
integrity of the insulating coating should be such that the total surface area
of cracks thart extend through the entire insulator thickness, 1s much smaller
than 1073 mm? per square meter of insulated surface. Not withstanding the
fact that the latter criterlon was obtained using very corservative assump-
tiong, it appears that the integrity of insulating coatings will be a critical
feasibility issue, unless a rapldly seif-healing coating can be developed.
The raequired resistivity of the insulators Is several orders of magnitude
smaller than that of candidate insulating materials. Thus, even if the resis-
tivity is dramatically decreased under neutron irradiation the electrical per-

formance of the insulators would in all likelyhood be adequate.

2. Laminated Construction

For maximum benefit 1in pressure drop reduction, the insulating layer
materials (thickness 0.3 mm) should have electrical resistivity larger than
1.0 ohm-m. The iniegrity of the insulating layer 1s not critical uniess the
following three conditions are simultaneously satisfiled: a) the surface area
of the insulator cracks per surface area of insulator exceeds 1.0 mmzlmz, b)
the liner fails at multiple locations, aud ¢) as a result of (a) and (b) the
cracks are filled with liquid-motal breeder. Both the electrical resistivity

and the integrity requirements de not appear to be technically challenging.

In addition, estimatus of the shear aud normal stresses to which the
insulator will be subjected as a result of MHD phenomena indicate that both

stresses do rot exceed a few psi. As a result, delamination is not considered
a problen.

For the above reasons laminated wall construction appears to be feasible.
Indeed, such construction can probably be utilized in high neutron flux envi-

ronments since nettron irradiation will not reduce t e electrical resistivity
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of the insulator by six orders of magnitude. It is unlikely, however, that
laminated structures will be suiltable for areas of high heat flux (such as the
first wall) because of the low thermal conductivity of the electrical

insulatots.

7.8.1.4 Tokamak Reactor

The reference design presented in the interim report of the BCSS has been
modified to : _commodate increased energy deposition rates in the blanket. Al-
so, the inlet and outlet condult geometry, the transition pleces between these
condults and the inboard blanket, and the end walls of the sector have been
addressed in more detall that was done in the earlier design. The most sig-
nificant changes involve a) the inlet conduit to the inboard blanket, b) the
number of manifolds per sector, and c¢) the use of laminated wall construction
in the ialet and outlet condults, in areas where the surface heat flux is non-
exlstent and the neutron fluxes are low. The modified blanket configuration
is shown 1in Fig. 7-19. The plasma dimensions are identical to those of the
STARFIRE reactor except that the lower half of the plasma chamber has been
enlarged to accommodate the limiter. Figure 7-20 shows the inboard blanket in
relation to the magnet coils. In the modified configuration the coolant/
breeder enters from the top to take advantage of the hydrostatic head and re-
duce the peak coolant pressure. The inlet segment {s 1inclined at 45°. This
is the most obvious configuration 1f the upper horizontal segment of the blan-
ket 1s to become ,part of the outboard blanket. This change reduces the total
energy deposited in the inbcard blanket and thus the necessary mass flow rate
for energy removal and, consequently, the pressure drop through the inboard
blanket.

The modified design addi 'sses in more detall the design of the inlec and
outlet conduits, and the tra .sition segments needed to connect these conduits
to the inboard blanket. The inlet and outlet conduits (segments 7-8 and 1-2
in the figures) are circular in cross section, to be able to sustain the in-
ternal pressures effectively, with internal diameter 0.70 m and wall thickness
of 2 mm at the inlet and 1 mm at the outlet. The conduits are small enough to
be accommodated in the space between the magnet coils. The wall thickness has
been made small to minimize MHD pressure drop. Load bearing sleeves, electri-
cally insulated from the conduit walls are used to sustain the coolant pres-

sures.

7-48



6%-L

-— 8.2 —s]
f——— 6.73 ————
+
P 8
| / 7
Ay
L [ ]
7.06 & 48
] ‘5
+ —+ t 4 4 —- 4.02 !
5 6 7 8 = m 7.76
t+
414 .
1 -2.605'-‘
]
et 3, |7~ .
1] y AN /7]
}o— 3.73 —» 3|2 W, [/
4 \_/
N 11.20 -
15.00 .
-4J. \% 4 - - ‘?
3 2 1y DIMENSIONS IN METERS
Figure 7-19. Inboard blanket configuration. Figure 7-20. Special relationship of the inboard

blanket to the coil/helium vessel.



There are two transition pieces (6-7 and 2~3 in the figures). These
segments make the transition from a circular conduit of 0.7 m in diameter to a
rectangular conduit of dimensicns 0.59 m x 0.65 m. The inner wall thickness
is 2 mm at the inlet and 1 mm at the outlet and a load bearing exterior wall

structure sustains the coolant pressure.

The toroidal-poloidal design extends from point 3 to point 6. A develop~
ment of the first wall of this segment is shown in Fig. 7-21. The increased
duct dimensions between points 5 and 6, and 3 and 4, resulting from the in-
creasing radial position is shown in that figure. These segments aré ‘trape-
zoidal in shape, to provide a transition from a cross section of 0.59 m x 0.65
m to a cross section 0.45 m x 0.50 m. The wall thickness of the 5-6 segment
is 4 mm and that of the 3-4 segment is 2 mm.

The wall thickness of the blanket segment from point 5 to point 4
changes, as shown in Fig. 7-21, in a stepwise fashion instead of being tapered
as originally conceived. The stepwise variation 18, of course, easier to
manufacture. The step sizes are small enough to make additional pressure

drops due to 3-D effects negligible.

Figure 7-21 also shows that additional webs are incorporated in the blan-
ket from point 6 to the mid point of the inboard blanket. These additional
webs are necessary to reduce both the hoop stress at the webs, and the bending
stress of the first wall to a2llowable levels. Although the presence of these
webs causes a doubling of the local pressure gradient the overall effect is
that the peak stress levels in the blanket are reduced. The pessibility that
such a transition in the number of webs will cause significant 3-D MHD effects
and, consequently, excessive pressure drops has been considered. It was found
that such a transition will have a miniscule effect on 3-D effects because the
average velocity of the coolant does not change as a result of the transition
and no axial voltage gradients are generated. The transition in the manifold
width does not have an effect on the heat transfer as well, because the

coolant velocity changes only slightly with the number of webs.

Variation of the web _Lhickness and the number of webs in the axial direc-
“ion can be used to minimize the material stresses resulting from MHD pressure
drops. The modified reference design presents such an improvement over the
original design. It should be mentioned that the proposed thickness and web

number distribution do not necessarily represent the optimum configuration,
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and that further modest improvements are possible with different distribu-

tions.

Figure 7-21 1llustrates z cross section of a manifold at the end of the
sector. The ena wall 1s comprised of semicylindrical surfaces of radius of 9
cm. The wall thickness is the same as that of the corresponding webs at the
same axial location. The two thick (2 cm) reflector plates and the thinner
plate near the firet wall are perforated and allow coolant to flow between the
various compartments. The first wall coolant channels communicate with the
manifold in a manner similar to that shown in the figure. The state-of-the-
art of MHD analysis does not allow detailed design of this connection. When
more is known in the future about manifolding of liquid metals in thin con-
ducting walls in the presence of strong magnetic fields, a more complete de-
sign, which will minimize MHD pressure drop and the possibility of hot spots,
can be produced. At any rate, present understanding of MHD theory indicates

that such manifolding will not present any unsurmountable problems.

7.8.1.5 Tandem Mirror Reactor

The- easy uccess to the blanket, the shorter inlet and outlet duct
lengths, and the lower magnetic flux densities 1involved make the design of the
mirror blanket more straightforward. Two different designs were considered a)
a configuration involving circumferential manifeolds in conjuction with radial
modul2s, and b) a configuration involving single circumferential coolant chan-
nels. In both cases the inlet and outlet ducts were straight circular condu-
its. Although both designs were feasible, the configuration involving circum-
ferential coolant chamnnels was selected as the reference design because of its

simplicity.

The reference design involves modules, 2 m long in the axial direction,
containing circumferential tube banks, as shown in Fig. 7-7. The circumfer-
eatial tubes are fed by a manifold connected to a vertical inlet conduit. An
identical outlet manifold and outlet condult are located 180° from the inlet
manifold.

The inlet and outlet conduits are circular in cross section with internal

diameter of 35 cm. The walls are of lamlnated construction with an internal

liner of | mm.
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For the purposes of MHD analysis only the first wall tubes need be consgi-
dered. The remaining tube layers are designed with different wall thicknesses
so that the pressure drops and the temperature rises through the various tube

layers are identical.

The first wall tubes have a wall thickness of 2 mm and an ID of 9.75 cm.
These dimensions determine the pressure drop through the bank of circumferen-

tial tubes and thus the overall pressure drop through the blanket.,

The MHD analysis for the tandem mirror reactor 1s similar to that carried
out for the tokamak. The maln uncertainty in the MHD calculation involves, as
tor the tokamak, the pressure drop in the manifold. However, because the ge-
ometry 1s much simpler, the possibility for unexpectedly large pressure drops
caused by electrical ’‘nteraction between the manifold and the coolant channels
is diminished.

7.8.1.6 Pressure Drop Calculations

Tokamak

The calculations for the tokamak reactor with a vanadium alloy structure
are based on a total energy deposition/sector equal to 170 MW. Of that ener-
gy, 20 MW 1s the result of a 1 MW/m? heat flux on the first wall.

For a bulk temperature rise through the inboard blanket of 250°C the mass
flow rate for each of the six manifolds of a given sector is 26.7 kg/s. The
corresponding distributions of coolant velocity (average) and pressure 1is
given in Table 7-7A. The pressure distribution given in Table 7-7A is for a
manifolds whict feeds a toroidal set of coolant channels between locations 6
and 7. The peak hoop stress in the blanket occurs in the intermanifold wall
at point 6 and is equal to 160 MPa.

Tandem Mirror

The MHD analysis for the mirror design was performed for a number of
structural materials and first wall coolant velocities. The results are given
in Table 7-7B. The outlet pressure for all the cases shown in Table 7-7B was
kept at 1.5 atm. In all the cases, inlet was at the higher elevation. For

this reason, the inlet pressure shown is calculated as the outlet pressure
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TABLE 7-7A.

Location Velocity, m/s Pressure, MPa
inlet 0.14 3.00
8 0.14 2.96
7 0.14 2.90
6 0.14 2.81
toroidal channel 1.06
5 0.23/0.34 1.85
4 0.34 0.73
4 0.34/0.23 0.34
3 0.14 0.23
2 0.14 0.20
1 0.14 0.16
outlet 0.14 0.15
TABLE 7-7B. SUMMARY OF MHD ANALYSES FOR TMR
First Wall Inlet Inlet Maximum Hoop
Velocity Temperature AT APMHD Pressure Stress
mm/s °C °g MPa MPa MPa
0.1 250 150 0.49 0.60 <15
0.2 250 75 1.00 1.11 <28
0.3 250 50 1.52 .62 <41
0.1 250 150 0.55 0.66 <17
0.2 250 75 1.14 1.25 <32
0.3 259 50 1.73 1.84 <46
0.1 250 150 0.73 0.84 <21
0.2 250 75 1.52 1.63 <41
0.3 250 50 2.30 2.41 <61
0.? 300 200 0.81 0.26 <7
0.4 300 100 1.66 1.11 <28
0.6 300 67 2.51 1.96 <49
0.2 300 200 0.90 0.35 <9
0.4 300 100 1.86 1.31 <33
0.6 300 67 2.82 2.27 <57
0.2 300 200 1.20 0.65 <17
0.4 300 100 2.50 1.95 <49
0.6 300 67 3.80 3.25 <82
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increased by the MHD pressure drop and decreased by the hydrostatic head,
which for the case of 17Li-83Pb can be substantial. Uf course having the in-
let at the higher elevation will not reduce the pumping power requirements
since these are determined by the pressure losses. It will, however, decrease
the stresses in the blanket conduits. As shown in Table 7-7B, the maximum

hoop stresses for all the cases analyzed, is much smaller than the allowable

material stress.

7.8.2 Thermal Hydraulic Analysis

The primary objectives of the thermal hydraulic analysis are to determine
the temperature distributions in the blanket and the first wall under steady-
state conditions. These temperature distributions can be used to determine
the maximum structural temperature and maximum structure/coolant interface
temperature in the first wall and blanket. These temperature distributions
will also be utilized to perform thermal-stress calculations ror the first
wall and blanket. Another parameter which affects the results of thermal-
hydraulic calculations is the average temperature rise through the blanket.

This average AT also affects the MHD and the power cycle design.

7.8.2.1 Analyses

Calculations of the first wall temperature distributions are straight-
forward. 1t is assumed that the first wall 1s relatively thin and the tem-—
perature gradient in the radial direction is large compared to that in other

directions and the on~-dimensional, steady-state, heat conduction equation is
employed.(7"1)

It is not easy to determine accurately the temperature distributions in
the 1liquid metal blanket because interaction of liquid-metal flow with the
magnetic field modifies the veloclty distributions in the blanket. Certain
assumptions have to be made in order to obtain quantitative results. The
following assumptions are made based on current understanding of liquid-metal

flow in a transverse magnetic field.

1. The flow is laminar and the velocity fluctuations carried from
upstream (ip abserce of a magnetic field) is completely suppressed in

the blanket by the magnetic field.
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2. Natural circulation induced by temperature gradient 1is completely

suppressed by the magnetic field.
3. The flow and temperature flelds are two-dimensional.

4. The boundary layers in the duct are extremely thin and the velocity
is essentially uniform over the entire cross rection of the duct

(8lug flow).

Deviations from these assumptions could significantly affect the results
of the heat transier calculations and thus could have significant impact on
the design of the blanket. For example, i1f a secondary flow exists, as a
result of temparatuir2 gradlents in the blanket, heat trasnfer near the first
wall could be improved. The assumption of slug flow is valid only if the flow
is fully develuped and the Hartmann number 1s relatively large. In the
reference design of rhe tokamak reactor, the flow in the manifold is
perpendicular to the toroidal field (B = 7.5 Tesla in the inboard region) and
that in the toroidal channel is perpendicular to the pcloidal fiell (B ~ 0.5
Tesla)., The resulting Hartmann numbers for lithium blanket are ~105 in the
manifolds and ~600 in the toroidal channels. Thus, the Hartmann numbers in
both the manifolds and the toroidal channels are high enough to ensure very
thin boundary layers in the ducts provided that the flow is fully-developed.
There still may be some uncertainties associated with the flow turning from
the poloidal manifold to the toroidal channels or vice versa. This could
violate the assumption of fully-develvuped flow to a certain extent. However,
the flow fields in these regions are extremely complicated, and certainly

better understanding is needed before accurate calculations can be perfurmed.

For the tokamak reactor, thermal-hydraulic calculations are carried out
for both the poloidal manifolds and toroidal channels. In the manifold,
nuclear heating is the only heat source while the duct walls are assumed to be
insulated. 1In the toroidal channels, both the surface heat flux and the nu-

clear heating are included. Additional description can be found in Ref. 7-1.
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The thermal-hydraulic calculations for the tandem mirror reactor are
carried ocut in a similar manner. Here, the geometry of the reference design
is similac to MARS, 1.e., the tube configuration. From the thermal-hydraulic
point of view, the most critical area is the first row of tubes which are

subjected to high nuclear heating rate.

7.8.2.2 Results

Figure 7-23 shows the maximum structural (vanadium alloy) temperature
versus first wall thickness for various structure/coolant interface tempera-
tures with a surface heat flux of 1 Mw/mz. Similar results are obtained for
PCA and ferritic steel and some of the results are reported in the Interim
(7-1)

Report. These results are used to determine the maximum structural

temperature in the first wall when the structure/coolant interface temperature

is known.

Figure 7-24 shows the temperature distribution in the toroidal channel
with a surface heat flux of 1 Mw/m2 and a coolant (lithium) average velocity
of 1.06 m/s. Figure 7-25 shows the temperature distribution in the manifold
with an average coolant velocity of 0.235 m/s, assuming that the flow in the
manifold is not disturbed by the toroidal flow. The results shown in Figs. 7-
24 and 7-25 corresponds to an average AT rise through the lithium blanket of
250°C. Results similar to those shown in Figs. 7-24 and 7-25 are available
for various average AT's across the lithium blanket which corresponds to
various velocities in the manifold and che toroidal channels. Calculations

were also performec for a surface heat flux of 0.5 MW/m2 and some of these

results were reported in Ref. 7-1.

Similar calculations have also been performed for the lithium-~lead blan-
ket and the results are not reported here. However, the difference between
lithium and lithium-lead coolants can be understood qualitatively by examining
the thermo-physical properties in Table 7-8. Because there is still a lack of
material properties for 1lithium-lead in general, the property values for
lithium-lead are estimated. Lithium has higher thermal conductivity and
higher product of density and specific heat than lithium-lead. Both these
factors result in lower temperature gradient in the 1lithium blanket than that
in the lithium—-lead blanket. Furthermore, the liigher densgity of lithium-lead

resulted in steeper nuclear heating profile which also results in higher tem~
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perature gradient in the lithium-lead blanket than thoez in the lithium blan-
ket. Thus, from the thermal-hydraulic point of view, lithium is obviously
better coolant than lithium-lead.

TABLE 7-8. SOME THERMO-PHYSICAL PROPERTIES OF LIQUID LITHTIUM
AND LITHIUM-LEAD (17Li--33Pb)

Lithium Lithium-Lead

(500°C) (estimated)
Thermal Conductivity {W/m—k) 49,6 22
Specific Heat {J/kg-k) 4,200 130-150
Density (kg/m3) 485 9,330

Results like those shown in PFigs. 7-24 and 7-25 are used to estimate the
maximum coolant/structure interface temperature for ail the self-cooled
liquid- metal blankets of tokamak reactors. Estimation of i(he maximum
coolant/atructure interface temperature 1s made in the following manner. Fig-—
ure 7-26 shows the flow paths of the first and the last manifolds. The max~
imum interface temperature coulu occur either in the toroidal chamnel ,r 1in
the poloidal manifold depending on which coolaant (lithium or lithium-lead) is
flowing in the blanket and on the magnitude of the surface heat flux (0.5 -
1.0 MW/mz) impuosed on the first wall. The maximum interface tempeiature al-
ways occurs at the discharge end of the blanket no matter whether the flow is
through the first or the last manifold. For the flcw thronzh the first mani-
fold, it 1s assumed that the temperature of the coolant is uniform after it
passes through the toroidal channels near the top and just before it hegins to
wove downward in the manifold (Fig. 7-~26b). In other words, it is assumed
that the flow is c-mpletely mixed after it turas from che toroidal chanmnels to
the manifold. The mixed-mean temperature is equal to the inlet temperature
plus the mean AT rise through the toroidal channels. Using this mixed-mean
temperature as the initial coolant temperature for the manifold, the resulcs
shown in Fig. 7-25 are used to estimate the maximum interZace temperature at
the discharge of the first wsanifold. For the last manifold, Fig. 7-26a, it is

assumed that the coolant temperature 1s uniform after it turned from the
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Figure 7-26. Flow path through the first and the last manifolds of a
tokamak reactor.

7-62



manifold to the toroidal channels. The inlet temperature of the toroidal
channels is assumed to be equal to the mixed-mean temperature rise through the
manifold. The results shown in Fig. 7-24 are then used to estimate the maxi-
mum interface temperature of the flow through the last manifold. It should be
noted that the maximum interface temperature for the flow through the first
manifold occurs in tne manifold while that of last manifold occurs 1in the
toroidal channels. The higher of these two maximum temperatures 1s taken to
be the absolute maximum interface temperature of the blanket. There are other
paths that the coolant can and will go through (between the first and last
manifolds shown in Fig. 7-26). However, the maximum interface temperature is

assumed to be bounded by the two extreme cases described above.

For the tandem mirror reactors, the thermal-hydraulic calculations are
straight-forward since the geometry (tube configuration) 1s relatively simple
compared to the reference design of the tokamak blanket reactors. The
critical area is the first row of tubes facing the plasma. The surface heat
flux is 0.05 MW/m2 and the erosion rate is 0.1 mm per year. The combination
of low surface heat flux and low erosion rate greatly reduces the first-wall
cooling problem as compared o that of the tokamak reactors. Since the
erosion rate 1s low, the thickness of the first wall can be maintained
relatively thin (2-3 mm). Figure 7-27 shows the radial temperature rise in
the flrst wal. (ferritic steel) of a tandem mirror reactor as a function of
wall thickness. For a wall thickness of 3 mm, the temperature rise in the
first wall is only about 14°C which is one order of magnitude smaller than

that of a tokamak reactor.

Figures 7-28 and 7-29 show the maximum and average temperature rise
through the first row of tubes in the lithium and the lithium-lead blanket for
TMR, respectively. These temperature rises are primarily the result of nucle-
ar heating in the blanket since surface heat flux 1s relatively small. Figure
7-28 shows that, for a lithium blanket with an average coolant velocity of 0.2
m/s, the difference between the average AT and the maximum AT is ~30°" for a
tandem mirror reactor. The difference between maximum and average AT in a
tandem mirror reactor is the result of the combination of relatively low sur—
face heat flux (0.u5 MW/mz) and short heated length (1.9 m) in the azimuthal
direction. This relatively smnall difference in maximum and average AT in the

coolant plus the small AT rise in the first wall greatly reduces the heat
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transfer problem in a tandem mirror reactor as compared to that of a tokamak
reactor. Comparison between Figs. 7-28 and 7-29 shows that the difference
between maximum and average AT of a lithium blanket is much smaller than that
of lithium=-lead blanket for the same average coolant velocity. This is the
result of the relatively poor thermo—physical properties of 1lithium-lead

compared to those of lithium as described previously.

The maximum structural and coolant/structure Iinterface temperatures

described here are used to determine the design windows in Sections 7.4 - 7.7,

7.8.3 Stress Analysis

Details of the stress analysis procedure were given In the BCSS Interim
Report. Results of stress analyses for pressure, thermal, seismic and plasma

disruption induced loadings are included here.

7.8.3.1 Tokamak Design (Lithium Cooled Vanadium Structure)

The first wall of the reference design has been analyzed as part of a
composite plate as discussed in the interim report. In addition to stresses
due to pressure from the manifold side, stresses are generated because of
bending of the first wall itself due to coolant pressure in the first wall
coolant channels. Figure 7-30a shows the variation of the maximum bending
stress in the first wall of the reference design as functions of the first
wall thickness and the coolant pressure. Also included in the figure, by
dashed lines, are tne allowable stresses corresponding to various fluence lev-
els based on a maximum allowable radiation induced creep strain of 5%. Thus
for a first wall thickness of 3.25 mm (exclusive of grooves) and coolant pres-
sure of 3 MPa, the maximum allowable fluence is 150 dpa. Since there is a
pressure gradient in the manifold, it is not necessary to design for the maxi-
mum pressure everywhere. Similarly, the manifold sidewall spacing need not be
the same everywhere in the blanket and can be increased to 45 cm wherever the
coolant pressure is reduced to 1 MPa. This will further help reduce the MHD
pressure drop in the blanket. Figure 7-30b shows the variation of primary
membrane stresses in a poloidal flow design as functions of the wall thickness
and pressure. Note that in this case the minimum thickness necessary for a

design 1ife of 150 dpa exceeds that for the reference design.
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A detailed thermal stress analysis showed that the maximum stress inten-
sity in the first wall (ignoring the grooves), corresponding to a surface heat
flux of 1 MW/mz, volumetric nuclear heating rate of 20 HW/m3 and coolant pres-
sure of 3 MPa 1s 655 MPa which is well within the 3 Sm limit. A detailed ra-
diatlion creep analysis ilndicated that the maximum displacement of the first
wall is about 0.024 mm/dpa so that at the end of 1life (150 dpa) the maximum
displacement is 3.6 mm. However, this is not the total displacement of the
first wall with respect to the back wall because the stretching of the mani-
fold side walls, which is about 10.4 mm, has to be added to it giving a maxi-

mum displacement of the first wall with respect to the back wall as 14 mm.

The end wall of the manifold poses a special problem because it has pres-
sure acting ounly on one side causing large bending stress if a flat plate is
used. To avoid the high bending stress, the end wall has been designed to be
curved with a radius of about 9 cm and thickness of 2 mm giving a membrane

stress of 135 MPa which is within the allowable limit.

A crack growth analysis of the grooved first wall (see Section 6.7 for
detalls) with a total thickness of 6 mm and groove depth of 3 mm was carried
out. For a surface heat flux of 1 MW/m2 the allowable number of fatigue

cycles 1s 35000 which is adequate for a three year lifetime.

For evaluating the effects of loadings due to disruptions or earthquake,
a structural dynamics analysis of the complete blanket together with its sup-
ports is required. TFor the purposes of the present study a simple model of
the inboard blanket together with a possible scheme for supports, as shown in
Fig. 7-31, 1s used. The blanket 1s supported at the bottom (C) by a con-
tinuous supprrt and is given lateral supports at the middle (B) of the inboard
vertical wall and the middle (A) of the upper inlet segment. In reality the
support A has to be inclined at a different angle with respect to the blanket
segment from that shown in order to minimlze the thermal stress due to a uni-
form temperature rise of the blanket with respect to the shield. However, for
simplicity of calculations, the supports are assumed to provide no constraint
to any movement of the blanket segment parallel to itself. Further, the blan-
ket is assumed to be clamped (i.e., prevented from rotating or displacing nor-
mal to the blanket segment) at location C. The stress analysis follows by
treating the blanket as a laterally supported cantilevered beam. To cover all

possible loadings two cases were run; one with vertical loading and the other
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with horizontal loading on all three segments of the blanket. The statically
indeterminate problem 1s solved using the energy methcd, i.e., by minimizing
the strain energy of the system with respect to the one unknown reaction P, at
A. Denoting the total vertically downward force in the top blanket segment by
Vl‘ the vertical segment by VZ’ and the bottom segment by V3, and similar
quantities for the horizontal forces (positive towards the plasma) by “l‘ H,,
and Hg, the reactions at the supports A, B, and C can be shown to be related
by

o
1]

P /Y2 - (Hl +H, + 1]

o
B

P V2 + (v1 +V, o+ v3) .

The bending moments at all points can then be easily obtained by statics. The
bending stiffness of the blanket has been assumed constant (0.012 m4) equal to
that at the inboard vertical wall by considering the contributions from the 3
um thick first wall, 1.5 cm thick second wall, the two 2 cm thick walls paral-
lel to the second wall and the 4 cm thick back wall (Fig. 7-2). The contri-
bution of the manifold side walls was found to be negligible. The cross-sec-—
tional area for carrying axial loads and shear forces is 0.32 mz. The dis-
tance of the first wall from the neutral axis 1s estimated to be 0.4l m. The
disruption loading and gravity loading are shown in Fig. 7-32.

Table 7-9 shows the reactions at the three supports corresponding to the
dead welght of the combined structure (V), coolant (Li) and steel in the
reflector zone, seilsmic load (4.4 g) acting vertically and radially, and plas-
ma disruption including effects of loss of plasma diamagnetism. It is evident
that the reactive forces due to plasma disruptions are significantly larger
than those due to the other sources of loading. These reactions can be re-
duced by providing additional supports at the inboard wall. However, this may
prove to be difficult because of lack of available space behind the inboard
vertical wall. A complicating factor in designing the supports for the in-
board blanket is the fact that the radial forces on the central post of the

reactor or the toroidally continuous shield, whichever will ultimately carry
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the reactive force, are directed radially outwards. This will require the
inboard blanket segments to be restrained actively from displacing radially
outwards rather than by passive means, as was done in STARFIRE, hat the forces
been directed inwards. An additional large force on thes supports will be in-
duced during disruptions if the firsc walls of adjacent sectors are not elec—
trically connected. Tangential pressures (2.7 MPa) acting vertically upwards
on one side of a sector and decwnwards on the other do not produce any net
force but subjects each sector to a couple (28.5 MN-m) about a radial axis
tending to tip each sector 1in the toroidal direction. This torque in each
sector will be reacted by a palr of equal and opposite vertical reaction
forces of magnitude 10 MN primarily acting on support C. The average in-plane
shear stress produced by these shear forces in the first wall and the other

walls parallel to it is only 16 MPa.

The maximum primary and secondary stresses 1n the first wall produced by
varlous loading mechanisms are summarized 1n Table 7-10. A maximum primary
stress intensity of 235 MPa occurs at location B and is mostly due to plasma
disruption loading. The allowable primary stress intensity for vanadium at
the relevant temperature is also 235 MPa. Thermal stress at location A is
negligible because it 1s shaded from the plasma by the outboard wall. The
maximum total stress intensity iIin the Table 7-10 1is obtained by combining
stresses from one or more loadling mechanisms and 1is within the 3 Sm limit of
705 MPa at all locations except at B where the stress limit 1s exceeded by a
relatively small amount. However, the thermal stress at B 1is very likely
smaller than the number reported in the table which is based on a uniform
temperature gradient equal to the worst temperature gradient in the blanket

oceuring near the inlet where the coolant temperature In the manifold is the

lowest in the system.

7.8.3.2 Tandem Mirror Design

Both the beam and the tube zones of the TMR designs have been analyzed as
complete toroldal shells. The primary stress 1intensity due to coolant
pressure, and dead welght loading of 17L1-83Pb and the structure has been
estimated to be 124 MPa in the beam zone and 44 MPa in the tube zone both of
which are less than the allowable limit of 125 MPa for vanadium corresponding
to a radiation creep of 5% in 150 dpa. The primary stresses 1n the lithium

cooled designs are smaller.
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TABLE 7-9. COMPARISON OF REACTIVE FORCES ON THE INBOARD BLANKET DUE TO
LOADINGS CAUSED BY DEAD WEIGHT, 4.4 g SEISMIC ACCELERATIONS
IN THE VERTICAL AND RADIAL DIRECTION, AND PLASMA DISRUPTION
INCLUDING EFFECTS OF LOSS OF PLASMA DIAMAGNETISM

Type Reactive Forces (MN) Reactive Bending
of at Moment (MN - m)
Loading A B c at C
Dead Weight -0.008 0.006 0.176 -0.158
Seismic +0.132 +G.760  £0.840 *0.911
Plasma Disruption -4.100 -11.300 -1.1002 4.200

8Reaction forces of 10 MN have to b2 added to this to balance the couple
acting on each blanket sector if adjacent sectors are not coanected

electricallr at the first wall.

TABLE 7-10. COMPARISON OF MAXIMUM STRESSES IN THE FIRST WALL DUE TO
LOADIY™; CAUSED BY DEAD WEIGHT, 4.4 g SEISMIC ACCELERATION
IN THE VEITICAL AND RADIAL DIRECTIONS, PLASMA DISRUPTION,
COOL.ANT PRESSURE AND GRADIENT TEMPERATURE

Type of Maximum Stress (MPa) at

Loading A Y B Z C
Seismic +3.4 +5,2 +19.1 +10.4 +31.4
Plasma Disruption -78.7 53.4 -168.8 157.5 142.9
Coolant Pressure + 59.2 +47.3 +23.7 +11.7 + 5.9

-118.3 -24.6 -47.3 -23.7 -11.7

Total Maximum
Primary Stress -200.8 +105.1 -235.6 +179.1 +185.6
Maximum Thermal
Stress 0 . -510 =510 =510 =510
Maximum Total
Strecc Intensity? 200.8 610.6 745.6 544.6 548.7

3Stress intensity is equal to twice the maximum
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Following a rapid plasma dump (in 100 ms), the first wall will experience
a pressure much less than 0.016 MPa causing negligible stresses. The added
radially inward force in the lithium cooled systems arising from loss of plas-
ma diamagnetism is 56000 N/m MPa which causes a toroidal stress of about =42
M i in the front tubes. In the case of 17L1;83Pb coolad systems, the total
radially inward force is about 31000 N/m which is shared equally by the first

four layers of tubes causing a stress of only 6 MPa.

In the case of lithium cooled design using HT-9 as the structural materi-
al, a body force due to magnetostatic Interactions is generated in the struc-
ture. The body force on the front tube of the TMR deslign has been estimated
to be about 27 gm/cc acting radially inwards at the magnets and radially out-
wards in between the magnets. The primary stress due to this body force has
been estimsted by treating the front tubes as toroidal circular tubes of
toroidal radius 70 cm having a circular cross—section of diameter 10 cm with a
wall thickness of 3 mm. The toroidal hoop stress due to a radial pressure p

on such a toroidal tube is given by:

g, = pD/(2A)

where

diameter of the torus

solid cross—-sectional area of the tube.

Substituting D=140 cm, A=3y cm2, and p=27A gm/cm, the average hoop stress
in the tube is only 0.2 MPa and can be neglected.

Since the weight of the 17Li-83Pb is a concern, an earthquake amnalysis of
17Li-83Pb cooled TMR blanket was carried out using the conservative equivalent
static analysis method. As discussed in Section 7.7, earthquake induced loads
of 4.4 g were applied simultaneously in three orthogonal directions. The
rndel for the beam zone, shown in Fig. 7-33 for the vertical loading case,
assumes the beam zone to be a complete ring supported at the locations indi-
cated. For the vertical loading case, the unknowns are the horizontal reac~-

tion force H, and the stress resultants Nl and Ml which can be determined by
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minimizing the strain energy of the system with respect to the three unknowns

as in the case for the tokamak.

R R e L DL

R N I IR e
%rNi+(1+—3—z-)—EH %w—%R-—O
Ml+rN1+'/§ (2+“l) H-Lp+ (%+';—:-—3%Z)R—o
where

R=P + nrw.

7-34), the only unknown is the

For the horizontal loading case (Fig.
vertical shear V; which can be solved for as before giving

V1 = P(0.75 - l/%) + wr(0.75 ® - 0.5) .
For the axial loading case, the beam zone is assumed to be in a state of

uniform tension or compression carried by the flanges.
The geometrical parameters and loadings for the 17Li-83Pb cooled design

were taken from the preliminary MARS stress report.
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Figure 7-33. Geometry and loading of the beam zone of
the reference liquid metal cooled tandem
mirror reactor blanket for the vertical
component of seismic loading.
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Figure 7-34. Geometry and loading of the tube zone of
the refereance liquid metal cooled tandem
mirror reactor blanket for the vertical
component of seismic loading.



r = 0.895 m
I=2.37 x 107 w®
A = 0.0413 m?

t =0.007 m

P = 72418 x 4.4 N

The stresses in the beam zone arising from various scurces are listed in Table
7-11. The bending stresses were found to be the largest being equal to %149
MPa occurring at the top (¢ = ) for the vertical loading case and +116 MPa
occurring at the supports (p = m/4) for the horizontal loadiag case. The
uniform axial stress due to the third component of seismic loading is £39
MPa. For combined loading, a maximum stress intensity of 230 MPa occurs both
at the top and at the supports. If this stress is added to the bending stress
in the flanges due to the coolanf pressure, and dead weight, the maximum
primatry bending stress intensity is 354 MPa, which exceeds the Sy value of 235
MPa. Although the allowable primary bending stress iateasity is KSm, where
K=1.5 for a solid rectangular section, for a box beam as used in the TMR
design, K is more like 1.l and does not help in satisfying the primary stress
criterion. The stresses in the Li-cooled designs are much smaller and easily

meet the primary stress criterion.

The tube zone of the TMR blanket has been modelled as a complete ring
clamped at both ends as shown in Fig. 7-35 for the vertical loading case-

Proceeding as in the beam zone analysis, the maximum bending moment is

M, = 1.5 wr?

for the vertical loading case and

M =u/2 wr2
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COMPARISON OF MAXIMUM STRESSES (MPa) IN THE BEAM ZONE OF THE

TABLE 7-11.
TANDEM MIRROR REACTOR BLANKET DUE TO VARIOUS LOADING MECHANISMS
Type of 171.i-83Pb Cooled Li-Coolant Li-Coolant
Loading V-Structure V-Structure HT-9 Structure
Toroidal Axial |Toroidal Axial }Toroidal Axial
Dead Weigi:c £35 0 *4 0 +4 0
Seismic (+4.5g) #191 +39 *34 +6 +24 +6
Coolant Pressure 14 +103 7 +52 7 +52
~-63 -32 -32
Maximum Total 354 79 79
Primary Stress
Intensitya

8Stress Intensity is equal to

twice the maximum shear stress.
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Figure 7-35. Geometry and loading of

(a)

NNNRANN

(b)
.

M,
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2

the tube zone of the reference liquid

metal cooled tandem mirror reactor blanket for the vertical
component of seismic loading.
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for the horizontal loading case, both occurring at the supports.

The maximum bending moment caused by the third component of loading
occurs at the support ahout an axis at right angles to the two previously

calculated moments and is equal to

M. = wr2 .
2

In addition, there is a torque at the support equal to

T2 = (v/2 - 4/n) wr? .

The following loading and geometrical parameters for the 17Li-83Pb cooled

design were taken from the preliminary MARS stress report

w = 839 x 4.4 N/m
= 0.65 m
=0.1m

t = 0.0023 m.

The stresses in the tube zone for the various designs are summarized in
Table 7-12. The maximum earthquake stresses in the tube zone are 265 MPa
bending and 15 MPa shear. Adding to this the torvidal and poloidal hoop
stress due to the coolant pressure, the bending stress due to dead weight, and
the stresses due to plasma loss, the maximum stress intensity in the tube zone
is 315 MPa which again exceeds the allowable S_ value of 235 MPa. As before,
the primary stress intensity in the Li cooled designs are much ‘smaller and
easily meet the primary stress criterion. The thermal gradient in the front
tube is 150 Deg C for the 17Li-83Pb cooled design and about 75 Deg C for the
Li cooled designs. These gradlients generate very small thermal stresses and

the primary plus secondary stress criterion is satisfied by all designs.
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TABLE 7-12. COMPARISON OF MAXIMUM STRESSES (MPa) IN THE TUBE ZONE OF THE
TANDEM MIRROR REACTOR BLANKET DUE TOVARIOUS LOADING MECHANISMS

, Type of 17L1-83Pb Cooled Li-Coolant Li~Coolant
loading V-Structure V-Structure HT-9 Structure

Toroidal Axial Toroidal Axial Toroidal Axial

Dead Weight +29 0 +4 0 +4 0

Selsmic (+ 4.4g)| =265 0 +35 0 %35 0

Plasma Loss -6 0 ~-42 0 =42 0

Magnetostatic 0 0 0 0 +0.2 0

Coolant Pressur 15 30 8 15 8 15

Total Maximum

Primary Stress

Intensity 315 88 88.2

Maximum Thermal

Stress Intensity 90 45 45

Maximum Total

Stress Intensity 405 133 133.2




The inability to meet the primary stress limits in both the tube and the
beam zones of the J7Li-83Pb cooled design under earthquake loading imply that
a detailed structural dynamics analysis will be needed to validate the ability
of this design to withstand earthquake loadings. It should also be noted that
the primary stress in the 8 cm 0D regions of the front tube where it is
attached to the manifold at the top and bottom of the blanket i1s computed to
be in excess of 500 MPa if the wall thickness in these regions is 1.5 mm. If
a detalled structural dynamics analysis shows this wall thickness to be
unacceptable then the wall thickness should be increased to 3 mm in order to
meet che primary stress criterion. Finally. additional thermal stresses occur
in the front tube at the point of attachment to the manifcld due to a
temperature gradient between the manifold and the front tube, These stresses

have not been computed in the present study.

7.8.4 Nucleonic Analyses

Nucleonic analyses were carried out to define and study the performance
of the self-cooled liquid blanket concepts with respect to the main blanket
neutronics functions.(7—1’7—5) These functions are to convert the kinetic
energy of the DT neutrons to recoverahle heat and produce sufficient tritium
to supply the tritium fuel requirement during the whole reactor lifetime as
well as generate enough surplus tritium to start another reactor within a
reasonable period of time. From the reactor design point of view, it is de-
sirable {~ maximize the recoverable heat produced in the blanket which is
defined as tte energy deposited in the first wall, breeder, reflector, and
plenum per fusion neutron. Another important function of the blanket 1is to

perform as a part of the reactor bulk shield.

In the nucleonic analyses, three performance parameters are used to com—
pare the different blanket designs; the tritium breeding ratio (TBR), the
blanket energy multiplication factor, and the energy fraction lost to the
shield. The aralyses were done in a systematic way to study the performance
changes due to the following variables: a) the breeder material selection (Li
nr 17Li-83Pb), b) the lithium~6 enrichment, ¢) the breeder zone thickness, d)
the reflector material selection, e) the reflector zone thickness, and f) the

reflector zone composition.
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The main concern in these analyses is to improve the reactor economics by
maximizing the blanket energy multiplication factor and reducing :zie capital
cost of the blanket materials. WNo effort was given to maximizing tritium pro—
duction, however, the analyses does show the potential for achieving a high
TBR with minor design changes. The other key parameter 1is the energy
deposition in the shield which 15 recovered at low temperature, low pressure,
and cannot be used for generating electrical power. This energy loss should 'e
limited to shoui 3% of the energy produced per DT neutron to ilmprove the plant

efficicacy and reduce the shielding system capital cost.

The tritium breeding characteristics, the energy deposition ian the blan-
ket and the reactor shield, the tritium breeding benchmark calculations, and

the liquid metal reference blankets are discussed in this section.

7.8.4.1 Tritium Breeding

Analyses were performed to study the tritium breeding potential of the
self-cooled concepts for a wlde range of blanket parameters. Lithium and
lithium-lead (17Li-83Pb) breeders were considered in the analyses. Table 7-13
gives the blanket parameters considered for the analyses. The first wall has
a composition of 507 steel structure and 50% liguid metal coolant (Li or 17Li-
83Pb) by volume with a 1 cm total thickni:ss. The tritium breeding zone has a
variable thickness and a constant composition with 7.5% steel structure and
92.5% breeder. Both the first wall and tl : tritium breeding zone compositions
are dictated by thermal hydraulic, structure, and MHD considerations as
discussed 1in the other sections. Different reflector materials (C, Al, Cu,
Zr, Mo, W, Pb, HZO’ PCA steel type, and V15Cr5Ti alloy) were analyzed. The
thickness and the composition of the reflector zone were varied in the
analyses. The 611 earichment changed from natural abundance to 90% for the
17Li-83Pb breeder. Only natural abundance was considered for the 1liquid
lithium breeder. In general, the blanket does not benefit from lithium-6
enrichment unless a neutron multiplier or a large structural fraction is used
in the breeding zone. A shielding zone is included in the calculational
blanket wmodel to get the correct boundary conditions at the outer surface of
the reflector zone. The one-dimensional discrete ordinates code ANISN(7"6)
was used to perform the transport calculations with a P3 approximation for the

scattering cross sections and an Sg angular quadrature set. A 67-coupled

7-83



group cross section data library (46-neutron and 2l-gamma) based on ENDF/B-IV
was employed for these calculations. This data library is based on the
viTaMIN-¢<7~7) and MaCKLIB-IV(772) 1ibraries.

Lithium and lithium-lead blankets require a reflector zone which has good
neutron moderators combined with high Z-material to absorb the secondary gamma
rays. The reflector materials soften the neutron spectrum which increase
6Li(n,u)t reaction and the tritium production rate per fusion neutron. The
high Z-reflector materials absorb the secondary gamma rays generated from the
blanket and the front sectlon of the shield causing an increase in the blanket
energy multiplication factor. So, the use of the reflector zone improves the
blanket performance in the following manner: a) reduces the blanket thickness
to achieve a specific tritium breeding ratlo, b) increases the blanket energy
multiplication factor, c¢) reduces the energy deposition in the bulk shield,
and d) reduces the total blanket and shield thickness for a specific blanket
performance. The impact on the TBR will be analyzed in this section. The

other aspacts will be discussed in the next sections.

TABLE 7-13. BLANKET PARAMETERS FOR THE NUCLEONIC ANALYSES

Zone Thickness
Zone Description (ecm) Zone Composition (Vol. %)

First Wall 1 50% steel structure
50% 1iquid metal (Li?® or 17L1-83PbP)

Breeder AC 7.5% steel structure
92.5% 1iquid metal (Li? or 17Li-83PbDP)

Reflector BC C%¢ steel structure
D% 1iquid metal (Li? or 17Li-83PbD)
(100-C-D)7% reflector material

Shield 60 90% type Felé22 steel
10% water

a) Natural lithium.
b) b1 enrichment is a variable.

c) A, B, C, and D are variables.
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A natural lithium—lead blanket without a reflector zone was considered to
demonstrate the undesirable characteristics of this blanket configuration. A
ferritic steel structure (HT-9) was employed for the analysis. For this blan-
ket, a 1.0 m breeder zone thickness is required toc achieve a 1.24 TBR. At
this thi~kness, about 7% of the total energy is deposited in the shield zone
and 0.17 neutrons per fusion neutron leaves the blanket to the shield =zone.
Increasing the breeding zone thickness to 1.2 m reduces the neutron leakage
and the energy deposition in the shield by a factor of two and increases the
TBR from 1.24 to 1.31. Thus, a 1.2 m thick blanket 1s required to achleve a
96% of the total energy deposited in the blanket with adequate tritium breed-
ing. Such blanket thicknesses have undesirable effects on the reactor design.
For a natural liquid lithium breeder, the neutron leakage 1is greater than the
leakage for the lithium-lead case. For the 1 m blanket, the neutron leakage
from the lithium breeder zone is about 0.5 neutron per fusion neutron which is
a large value. The léad material is more effective in slowing down the fusion

neutrons relative to lithium.

In order to compare and select a reflector material, several materials
were used with the same blanket. The blanket has a 50 cm lithium-lead breeder
zone with a PCA structural material whirh is 5% by volume. The reflector zone
is 30 cm thick with a 5% lithium-lead coolant and another 5% PCA structure by
volume. The 6Li enrichment is 90%Z to ensure adequate 6Li absorption for
tritium breeding. The other blanket parameters are given in Table 7-13. The
TBR obtained from this analysis is given in Table 7-14 as well as the blanket
energy deposition per fusion neutron for each blanket. The water raflector
gives the highest TBR due to the excellent slowing down properties of
hydrogen.(7'8) The carbon reflector is second with a 4% lower tritium
production relative to water. The high Z-reflector materials produce lower
TBRs relative to water or carbon. This is due to more parasitic absorption
and less slowing down by the reflector maierials. The use of a high pressure
water reflector with the self-cooled 1liquid metal concepts produces an
undesirable combination from a safety point of view. The carbon reflector is
the choice if a high TBR is the main criterion for the design. The other
reflector materials (Cu, 't, Mo, W, Pb, type PCA steel, and V1I5Cr5Ti alloy)
have about the same TBR as shown in Table 7-14. Each of these materials has

at least one disadvantage from a reactor design point of view. For example,
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Cu, 2r, and Mo have long-term radioactive products and lead has a low melting
point. The V-15Cr-5T1 alloy and W are expensive relative to other materi-
als. For these reasons and others, carbon and steel type reflectors were

consid-red for more detail analyses.

TABLE 7-14. TIMPACT OF THE DIFFERENT REFLECTOR MATERIALS ON THE
LITHIUM-LEAD BLANKET® PERFORMANCE

1
Reflector Tritium Breeding Blanket Energy
Material Ratio Per DT Neutron

Mo 1.54 18.06
Cu 1.55 17.82
W 1.51 17.63
Type PCA Steel 1.59 17.36
HZO 1.75 17.36
V15Cr5T1 Alloy 1.60 17.28
Zr 1.60 17.05
c 1.68 16.96
Pb 1.59 16.48
Al 1.57 16.47

8Blanket parameters are listed in Table 7-12 with following modifications:
49 cm breeding zone thickness (95% 17Li-83Pb, 57 type PCA steel), 30 cm

reflector (5% 17Li-83Pb, 90% reflector, 5% type PCA steel) and 90% "Li
enrichment.

Carbon and steel were use.l with the natural lithium-lead breeder to com—
pare in more detail their performance from the TBR point of view. A ferritic
steel structure (HT-9) was employed for this analysis. Figures 7-36 and 7-37
show the TBR as a function of the reflector zone thickness for different
breeding =zone thicknesses. The blankets with the steel reflector do not
achieve a TBR greater than 0.9 for a 90 cm maximum blanket thickness (50 cm
breeder and 40 cm reflector). The same blanket with a carbon reflector has a
TBR greater than 1.2. This difference in performance is related to the mac-
roscoplc cross section ratio of the lithium—-6 to the total absorption in the
reflector zone. This ratio is close to unity for the carbon reflector because
it is dominated by 6Li(n,a)t cross section. The carbon absorption cross sec-—
tlon for low energy neutrons 1s four to six order of magnitudes lower than
6Lt(n,a)t. For a steel reflector, this ratio is less than one because the

macroscopic absorption cross section of steel 1is comparable to the 1lithium-6

7-86




L8~L

22 I | I | 20 ' l * i
2.0 - LE BT RT RM —_ .8 {— LE BT RT RM |
% cm cm % % cm cm %
_ 75 9 80 —— 1.5 19 90
'8 ———— 7519 CI gl - ———— 7529 90 _
—_———— 75 39 80 — - — 7539 S0
16— ———— 75 59 80 4 —— - 7549 30
14 — "
o —_ — o
- 1.0 — -]
- - 10
— <
=10 — _—— g B
o —~ =08 |- e - -
- —_
~ I
0.8 - e — e
06 — e .
06 - - //"/—-—_
0.4 — — —
0.4 - - -
0.2 — 0.2 —
0 ] ] | | 0.0 { ! | !
0 10 20 30 40 50 0 i0 20 3p 40 50
REFLECTOR THICKNESS (CM) REFLECTOR THICKNESS (CM)
Fig., 7-36. Tritium breeding ratio as a function of Figure 7-3;, Tritium ltreeding ratio as a function of

the steel reflector zone thickness fnr different
lithium-lead breeding zone thicknasses with natural
lithium enrichment.

the carbon reflector zone thickness for different
lithium-lead breeding zone thicknesse. with natural
lithium enrichment.



which leads to a competition between the steel and the lithium-6 for the
avallable neutrons in the reflector zone. This point is clearly demonstrated
when lithium-6 enri-.ment is increased in the blanket. The TBR increases from
0.9 to 1.5 when a 90% lithium-6 enrichment is used instead of the natural

enrichment for the same blanket as shown in Figs. 7-37 and 7-38.

Based on the above analysis, the natural lithium lead blanket with catbon
reflector can achieve a TBR greater than 1.2, The same blanket with a steel
reflector instead of the carbon requires lithium-6 enrichment to obtain a sim-
ilar TBR. However, the steel reflector has an advantage related to the blan-
ket energy multiplication which 1s the subject of the next section. Similar
behavior 1s observed with the liquid 1lithium breeder except both reflectors

can achieve a TBR greater than 1.2 with natural lithium enrichment.

The higher energy multiplication factor of a steel reflector motivated
further 1in-depth analysis for the 1liquid metal blankets to address the
potential of this concept. The results will also apply to other high Z-mate-
rials (Cu, Mo, and W). The blanket parameters in Table 7-13 were considered
with the lithium-lead breeder where the lithium-6 enrichment (LE) was varied
from natural to 90% in steps. The breeder zone thickness (BT) changed from 20
to 50 cm for different reflector zone thicknesses (RT). The TBR results are
shown in Figs. 7-39 through 7-44 for a 90% (RM) ferritic steel, 10% 17Li-83Pb
reflector zone composition. Other reflector compositions were used in the
analysis which show similar trend to the results displayed in Figs. 7-39
through 7-44.

With respect to the tritium breeding results, the following observation
can be made: a) a TBR up to 1.65 is achlevable with a total blanket thickness
less than 90 cm, b) the TBR of the natural lithium-lead blanket increases lin-
early with the breeding zone thickness for any reflector zone thickness up to
about 1.2 meter total blanket thickness, c) for a specific breeding =zone
thickness, the TBR ratio reaches a saturation level at about a 30 cm reflector
zone thickness, d) at about 30% lithium-6 enrichment, a tritium breeding ratio
of 1.2 to 1.4 1s achievable with a blanket thiickness less than one meter, and
c) for a specific tritium breeding ratlo, the total blanket thickness de-

creases as the lithium-6 enrichment or the breeding zone thickness increasss.

The carbon reflector with the lithium-lead breeder gives similar results

to the steel reflector. Figure 7-45 gives the TBR as a function of the breed-
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ing zone thickness for different carbon reflector thicknesses with a natural
lithium-6 enrichment. The carbon reflector requires a 40 cm zone thickness to
achieve the TBR saturation value of a specific breeding zone thickness instead
of the 30 cm for the steel reflector. Also, the natural lithium blanket with
a carbon reflector has a higher tritium breeding potential than the corre-

sponding blanket with a steel reflector as shown in Figs. 7-39 and 7-45.

A similar analysis was performed for the lithium breeder with a steel re-
flector. Natural liquid lithium is only used because the small steel fraction
in the blanket does not require high lithium~6 concentration to achieve the
highest possible TBR. Also, the use of natural lithium reduces the breeder
material cost. Figure 7-46 shows the TBR as a function of the breeding zone
thickness for differeant reflector zone thicknesses. The results show that a
60 cm blanket thickness 1s not adequate from the blanket energy multiplication
point of view. The next section will address this issue in detail. Again, it
appears that about 30 cm steel reflector zone is adequate to achieve the

maximum TBR.

7.8.4.2 Blanket Energy Multiplication

The main function of the blanket is to produce recoverable heat in suit-
able conditions for the plant thermal cycle. So, it 1s desirable to maximize
the recoverable heat and just satisfy the other requirements, such as the
tritium breeding. Two factors determine the blanket energy multiplication,
these are the blanket materials and the TBR required. Four materials
(breeder, structure, coolant, and reflector material) are required for the
blanket. For the self-cooled liquid metal concepts, the breeder and the
coolant are the same material. The structural material cholce 1s based on
material compatibility considerations with the breeder material (Li or 17Li-
83Pb) as discussed in the material sections. This leads to consider the
ferritic steel and the V15Cr5Ti alloys as structural materials. The reflector
material is the only material choice that can be defined based on the desire
to improve the blanket energy multiplication.

As mentioned before, several materials were considered to define tha re-
flector material. Table 7-14 gives the energy produced per fusion neutron in
the blanket for these reflector materials. Molybdenum, copper, and tungsten
material produce the highest energy deposition in the blanket.
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Among these three materials, tungsten is the preferred material for two
reasons. It has a good shield performance which reduces the total blanket and
shield thickness. Also, tungsten does not produce long-term activation and it
can be recycled without difficulty. Steel and water reflectors deposit the
same amount of energy in the blanket through different mechanism as can be
seen from the corresponding TBR. The blanket with vanadium for the reflector
zone produces less energy than the corresponding blanket with steel. The
other reflector materials (Zr, C, Pb, and Al) are in a lower rank in terms of
the energy deposition per fusion neutron but they have high TBRs due to their
low absorption cross sections. Again steel and carbon were used for more

detail analyses for the same reasons discussed in the previous section.

Figures 7-47 through 7-52 show the blanket energy multiplication as a
function of the lithium-lead breeding zone thickness for different reflector
zone thicknesses and several lithium-6 earichments. The blanket energy multi-
plication factor decreases as the lithium—-6 enrichment increases. As shown
before for the lithfum—lead breeder in the previous section, the 6Li(n,u)t re-
actlon rate increases with the lithium-6 eanrichment because So more neutrons
are absorbed in the lithium-6 with a 4.8 MeV energy release instead of about 7
to 8 MeV from neutron capture in the steel structure. As a result, the lithi-
un—6 enrichment should be reduced to increase the blanket energy multiplica-
tion. For all the blankets, an increase in the reflector zone thickness in-
creases the blanket energy multiplication and the TBR. So, it is always de-
sirable to increase the reflector zone thickness to about 30 to 40 cm to im-—
prove the blanket performance. For blankets with reflector zone thicknesses
less than 30 cm, an increase of the breeding zone thickness improves the blan-
ket energy multiplication factor and the TBR. As the reflector zone thickness
exceads 30 to 40 cm, the blanket emergy multiplication decreases with the
increase of the breeding zone thickness as shown in Figs. 7-47 through 7-52.

Figure 7-53 shows similar results for the carbon reflector with a natural
lithium—-lead breeder. For the same blanket, the use of the carbon reflector
results in less blanket energy multiplication and higher TBR relative to the

use of the steel reflector. The blanket energy multiplication increases to
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reacnh a saturation value as the breeding zone thickness increases for any
reflector zone thickness. This ohservation is different from the steel re-
flector case. In fact, the carbon reflector increases the neutron absorption
rate in lithium—6 and reduces the neutron leakage from the blanket. This
causes a coantinuous increase in the TBR and the blanket energy multiplication.
In the case of the steel reflector, lithium=-6 has to compete with the parasi-
tic absorption in the steel. In this case, the use of a high lithium-6
enrichment can lead to an increase in the TBR but reduces the blanket energy

multiplication as explained before.

Figure 7-54 shows the blanket energy multiplication for the natural liq-
uid lithium breeder as a function of the breeding zone thickness for different
reflector zone thicknesses. The results are similar to the lithium—-lead

breeder with steel reflector.

7.8.4.3 Shield Energy Deposition

The energy deposited in the shield system 1s lost because it 1is not
suitable for power generation. This energy should be minimized to improve the
reactor economics by adjusiing the blanket dimensions and/or cc.positions.
The plant efficlency drops by about 1% for every 3%Z of the total energy
deposited in the shield. Figures 7-55 through 7-62 give the energy fraction
of the total energy deposited in the shield for the same range of the blanket

parameters discussed in the previous two sections.

In order to reduce the energy deposition in the shield te about 3% for
the blanket with the lithium-lead breeder and the steel reflector, the total
blanket thickness should be about 80 to 90 cm thick depending on the lithium—6
en..chment. The blanket with natural lithium requires about 90 cm total blan-
ket thickness. The use of 90% lithium—-6 enrichment reduces the blanket thick-
ness to 80 cm. This shows that the use of the 90% lithium-6 enrichment
instead of the natural lithium reduces the total blanket thickness only by 10
cm. However, this reduction in thickness is accompanied by more than a 6%
reduction 1a the blanket energy multiplication factor. The corresponding
dimensions for the same blanket with the carbon reflector are 60 to 70 cm as
shown in Fig. 7-61 for natural lithium enrichment. These dimensions indicate

that the use of carbon reflector results in a 20 em reduction in blanket
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thickness. Again, a blanket with carbon reflector has a higher TBR and lower

blanket energy multiplication than the same blanket with steel reflector.

Figure 7-62 shows the energy deposition In the shield of the liquid lith-
ium blanket. It appears from the energy loss point of view that a 60 ecm blan-
ke: thickness 1s required. This dimension is equivalent to the lithiumn-lead

blanket with carbon reflector.

Also, it should be noted that another energy fraction of 0.0l to (.03
will be lost to the shield. This leakage is due to radiation streaming from
blanket manifolds, slots between blanket segments, and other reactor pene-
trations (limiter or divertor, choke coil, or instrumentation). Thus about 6%

of the total energy is expectad to be lost to the shield.

7.8.4.4 Tritium Breeding Benchmark Calculations for Liquid Lithium Blanket

Concept

Accurate prediction of the tritium breeding ratio is a key parameter in
the blanket design process. Thus it is desirable to compare the TBR values
calculated by different transport codes and data libraries. ANISN(7_6) and
MCNP(7_9) transport codes were employed for the benchmark calculations. ANISN
is a one-dimensional, multi-group, neutron/photon transport code using the
.1screte ordinates method and the legendre expansion approximation for the
scattering cross sections. MCNP is a three-dimensional, continuous energy,
neutron/photon transport code using the Monte Carlo method. Four nuclear data
libraries based on ENDF/B version IV and V were used for the calculations.
Vitamin—C(7-7) and MACKLIB—IV(7—2) libraries were collapsed to a 46-neutron
groups structure with a l/E neutron spectrum for ENDF/B-IV multigroup ANISN
calculations. Also, the Vitamin—E(7_10) library was collapsed to the same
group structure with its spectrum (DT +1/E + LMFBR + 1/E + Maxwillian) for the
ENDF/B-V ANISN calculations. MCNP uses two continuous enargy libraries based
on the ENDF/B version IV and V.

A natural liquid lithium blanket with PCA as a structural and refiector
material was used for the benchmark. The geometrical model Ffor this blanket
is shown in Table 7-15 as well as the number of intervals for the discrete co-
ordinate calculations. The ANISN calculations were performed with an Sg sym-
metrical angular quadrature set shown in Table 7-16 and a P4 approximation for

the scattering cross sections. The neutron source distribution is uniform in

7-105



the plasma volume and the energy range of the first neutron group (13.499 to
14,918 MeV) for all the calculations. The atomic density of each blanket ma-
terial is shown in Table 7-14. The fractional standard deviation in the MCNP
results for the tritium breeding is less than 1.5% for all these blankets.

The breeding zone thickness was varled from 39 to 79 cm with a 20 cm
step. The TBR was calculated for each blanket four times using the different
combinations of the transport codes and the data libraries. Table 7-18 gives
the TBR results for the three blankets. The relative differences between the
TBR results for each liquid lithium blanket are given in Table 7~1%. For the
same data base (ENDF/B~IV or V), the TBRs calculated by MCNP or ANISN have a
good agreement as shown in Table 7-18. The differences between MCNP and ANISN
results have a maximum value of 1.33%. This maximum difference is less than

the 1.5% statistical error in the MCNP results.

However, the difference between ENDF/B version IV and V is about 4.6 to
5.6% which is mainly related due to the correction in the lithium-7 cross sec~
tion. These results lead one to conclude that the uncertainty in the TBR for
this liquid lithium blanket concept is about 1% due to nuclear data process-
ing, multigroup treatment, and numerical errors from the transport codes.
Also, a similar conclusion was found for the lithium-lead blanket with a total
thickness less than 80 cm.(/”11)

TABLE 7-15. BLANKET GEOMETRICAL MODEL

Zone Radius, cm No. of Invervals Composition

Description From To Per Zone Vol. %
Plasma 0 130 5 Vacuum
Scrape~off 130 150 1 Vacuum
First Wall 150 151 1 50% PCA, 50% Li
Breeding 151 190 39 7.5% PCA, 92.5% Li
Reflector 190 210 20 90% PCA, 107 Li
Shielding 210 270 50 90% Fel422, 10%Z H,0
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TABLE 7-16. Sg SYMMETRICAL ANGULAR QUADRATURE SET

Cosine (mu) Weight
-2.79004e-01 0
-1.83435e-01 4.53355e-02

1.83435a-01 4.53355e-02
-6.04419e-01 0

-5.25532e-01 5.22844e-02
-1.83435e-01 4.53355e~02

1.83435e-01 4.53355e-02

5.25532e-01 5.22844e-02

-8.50774e-01 0
-7.96666e~01 5.55253e-02
-5.25532e-01 5.22844e~-02
-1.83435e-01 4.53355e-02

1.84335e~-01 4.53355e-02

5.25532e-01

7.96666e-01

5.22844e-02

5.55953e-02

-9.83032e-01 0
-9.6029C=-01 5.06143e-02
-7.96666e-01 5.55953e-02
-5.25532e-01 5.22844e-02
-1.83435e-01 4.53355e-02
1.83435e-01 4.53355e-02
5.25532e-01 5.22844e-02
7.56666e-01 5.55953e-02
9.60290e-01 5.06143e-02
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TABLF 7-17.

ATOMIC DENSITY OF THE BENCHMARK BLANKET MATERIALS

Material Element Atom/b-cm
HZO H 0.0670
0 0.0335
Li 611 3.450-3
T 4,255-2
PCA Steel Cr 1.274-2
Fe 5.499‘2
C 1.971-4
Fel422 Alloy c 2.309-3
Cr 1.843-3
Mn 1.219-2
Fe 6.953-2
Ni 1.580-3

TABLE 7-18. TRITiUM BREEDING BENCHMARK RESULTS FOR LIQUID
LITHIUM BLANKET CONCEPTS
Blanket Thickness, cua
(First Wall & Breeding Zone Thickness/
Reflector Zore Thickness)
Transport

Data Base Code 40/20 60/20 80/20
ENDF/B-1V ANISN 1.2832 1.4471 1.5333
ENDF/B-1V MCNP 1.2695 1.4338 1.5288
ENDF/B-V ANISN 1.2103 1.3735 1.4626
ENDF/B-V MCNP 1.1984 1.3656 1.4434
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TABLE 7-19. RELATIVE DIFFERENCES BETWEEN THE TRITIUM BREEDING
RATIO RESULTS FOR EACH LIQUID LITHIUM BLANKET

Blanket Thickness, cm
(First Wall & Breeding Zone
Thicknesses/Reflector Zone
Thickness)
Relative Difference
% 40/20 60/20 | 80/20
(ANISN - MCNP) x 100/MCNP with ENDF/B-IV 1.08 (VN 0.29
(ANISN - MCNP) x 100/MCNP with ENDF/B-V 0.99 uv.58 1.33
(ENDF/B-V - ENDF/B~IV) % 100/MCNP with ENDF/B-V -5.68 | -5.09| -4.61
(ENDF/B-V - ENDF/B-IV) x 100/ANISN with ENDF/B-V -5.60 4.76 -5.59

7.8.4.5 Optimum Design Range for the Liquid Metal Blanket Concepts

From a reactor design point of view, the blanket parameters should be de-
fined to achieve the following goals: a) satisfy the tritium breeding, ther-
mal hydraulic, and mechanical requirements; b) achieve the highest possible
energy multiplication; c¢) reduce the energy deposition in the shield to less
than 37 of the total energy produced per fusion neutron; and d) use low cost

and natural materials to reduce the reactor capital cost.

The design range defined in this section 1is based on the neutronics con-
slderations of the above requirements list. Other design aspects will narrow
this design range as discussed in the other sections. A 1.2 tritium breeding
ratio based on a one-dimensional amalysis 1s the design goal; the potential

for a higher TBR is also considered.

For the 1lithium-lead blanket concept, the steel reflector produces a
higher blanket energy multiplication factor than carbon. The blanket energy
multipltcétion factor shows a continuous decrease as the lithium-6 enrichment
increase. Thus it 1s desirable to have the lowest possible lithium~6 enrich-
ment subject to achieving tritium breeding. In fact, the 1.2 TBR is achieva-
ble with a 30% lithium-6 enrichment as shown in Figs. 7-41 through 7-44. Fig-
ure 7-49 shows that the blanket energy multiplication saturates at about a 40

cm reflector zone thickness. At this reflector thickness, the energy deposi-
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tion in the shield is about 3% with the 40 cm breeder zone thickness. This
blanket configuration (40 cm breeder and 40 cm reflector) has the potential to
achieve a 1.5 TBR if the lithium-6 enrichment is increased to 90% as shown in
Fig. 7-44. Also, a 10 cm lncrease in the breeding zone thickness changes the
TBR from 1.2 to 1.35 for the same lithium-6 enrichment. However, for both
cases the blanket energy multiplication decreases as the lithium-6 enrichment
or the breeding zone thickness increases., Also, the increase of the lithium-
lead concentration in the reflector zone increases the TBR and reduces the
blanket energy multiplication factor. Table 7-20 gives the main parameters
for the reference blanket based on the above analyses for the mirror reactor.
The replacement of the ferritic structure in the reference blanket by vanadium
structure results in about a 67 increase in the TBR and about a 2% decrease in
the blanket energy multiplication factor. The blanket parameters with the

vanadium structure are also glven in Table 7-20.

TABLE 7-20. LUITHIUM-LEAD REFERENCE BLANKET FOR MIRROR REACTOR

A. TFerritic Structure

First Zone £{50% 17Li-83Pb, 50% Ferritic) thickness, cm 1.00
Breeding Zone (92.%% 17Li-83Pb, 7.5% Ferritic) thickness, ca 39.00
Reflector Zone (20% 17Li-83Pb, 80% Ferritic ) thickness, cm 40.00
Litiiium—6 Enrichment, 4 30.00
Blanket Energy Multiplicatior Fc:tor 1.30
Total Energy Multiplication Fa 'ror 1.35
Energy Deposition in the Blankcet Per Fusion Neutron, MeV 18.26
Total Energy Deposition in the Reactor Per Fusion Neutron, MeV 19.00
Tritium Breeding Ratio 1.26

B. Vanadium Structure

First Wall Zone (507% 17Li-83Pb, 50% V15Cr5Ti) thickness, cm 1.00
Breeding Zone (92.5% 17L1i-83Pb, 7.5% V15Cr5Ti) thickness, cm 39.00
Reflector Zone (20% 17L1i-83Pb, 10% V15Cr5Ti, 70% Ferritic)

Thickness, cm 40.00
Lithium-6 Enrichment, % 30.00
Blanket Energy Multiplication Factor 1.27
Total Energy Multiplication Factor 1.31
Energy Deposition in the Blanket Per Fusion Neutron, MeV 17.87
Total Energy Deposition In the Reactor Per Fusion Neutron, MeV 18.45
Tritium Breeding Ratio 1.33
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A similar analysis was performed to define the lithium blanket parame-
ters. Figure 7-46 shows that a 40 cm breeder zone thickness is required to
achieave a 1.2 TBR after a 6% correction factor was assumed to account for the
change in the lithium-7 nuclear data. The hlanket energy multiplication fac-
tor in Fig. 7-54 shows that a reflector zone thickness exceeding 30 ¢m is re-
quired. The energy deposition in the shield 1s about 3% of the total energy
deposition per fusion neutron for the 30 cm reflector zone thickness as shown
in Fig. 7-62. The reference blanket parameters for the lithium blanket with
ferritic structure is given in Table 7-21 for the mirror reactor. The blanket
has a potential to achieve a 1.4 TBR by increasing the breeder zone thickness
tc about 60 cm. The same blanket dimension was used with the vanadium struc-
ture. The previous observations about the increasz in the TBR and the decrease

in the blanket energy multiplication are observed as shown in Table 7-21.

For a tokamak reactor, the lithium blanket with vanadium structure was
modified in the inboard section to accommodate the large flow crosssectional
area required by MHD and thermal hydraulic considerations. The lithium frac-
tion in the reflector zone was increased to 50%. 1In the outboard blanket, the
lithium fraction was reduced to get more energy per fusion neutron and reduce

the TBR. Table 7-21 gives the main parameters for the inboard and the
outboard blankets.

7.8.5 Tritium Recovery

7.8.5.1 Tritium Recovery from LiPb

One of the attractive features of using 17L1i-83Pb as a breeding material
is its low tritium solubility. Although low solubility, reduces blanket tri-
tium inventory, it often results a high tritium partial pressure, which causes
excessive leakage problem. To reduce tritium leakage to an acceptable level,

the tritium partial pressue in the 17L1i-83Pb has to be kept around 10_7 Pa.

A 17Li-83Pb tritium recovery scheme has been developed during the study.
The principle of the scheme is based on a multiple stage gas—-liquid extraction
system, as has been used in chemical industry for decades. The system is

shown schematically on Fig. 7-63. The cross—sectional view of the stage is
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TABLE 7-21. LITHIUM REFERENCE BLANKET FOR MIRROR REACTOR

A. Ferritic Structure
First Wall Zone (50% Li, 50% Ferritic) thickness, cm 1.00
Breeding Zone (92.5% Li, 7.5% Ferritic) thickness, cm 39.00
Reflector Zone (10% 1i, 90% Ferritic) thickness, cm 30.00
Lithium-6 Enrichment Natural
Blanket Energy Multiplication Factor 1.30
Total Energy Multiplication Factor 1.37
Energy Deposition in the Blanket Per Fusion Neutron, MeV 18.32
Total Energy Deposition in the Reactor Per Fusion Neutron, MeV 19.24
Tritium Breeding Ratio (l.28 Based on ENDF/B-1V) 1.21

B. Vanadium Structure
First Wall Zone (50% Li, 50% V15Cr5Ti) thickness, cm 1.00
Breeding Zone (92.5% Li, 7.5% V15Cr5Ti) thickness, cm 39.00
Reflector Zone (10% Li, 10% V15Cr5Ti, 80% Ferritic) Thickness, cm  30.00
Lithium-6 Enrichmenc Natural]
Blanket Energy Multip.ication Factor 1.25
Total Energy Miltiplication Factor 1.31
Energy Deposition in the Blanket Per Fusion Neutron, MeV 17.57
Total Energy Deposition in the Reactor Per Fusion Neutron, MeV 18.42
Tritium Breeding Ratio (1.33 Based on ENDF/B-1V) 1.26

TABLE 7-22. LITHIUM REFERENCE BLANKET FOR TOKAMAK. REACTOR

A. Inboard Blanket
First Wall Zone (50% Li, 50% V15Cr5Ti) thickness, cm 1.00
Breeding Zona (92.5% Li, 7.5% VI15Cr5Ti) thickness, cm 39.00
Reflector Zone (50% 1i, 10% VIi5Cr5Ti, 40% Ferrizic) thickness, ecm 20.00
Lithium~6 Enrichment Natural
Blanket Energy Multiplication Factor 1.18
Total Energy Multiplication Factor 1.30
Energy Deposition in the Blanket Per Fusion Neutron, MeV 16.52
Total Energy Deposition in the Reactor Per Fusion Neutron, MeV 18.35
Tritium Breeding Ratio (1.43 Based on ENDF/B-1V) 1.35

B. OQOutboard Blanket
First Wall Zone (50% Li, 50% V15Cr5Ti) thickness, cm 1.00
Breeding Zone (92.57% Li, 7.5% V15Cr5Ti) thickness, cm 39.00
Reflector Zone (10% Li, 10% Vv15Cr5Ti, 80% Ferritic) thickness, ecm  30.00
Lithium—6 Enrichment Natural]
Blanket Energy Multiplication Factor 1.26
Total Energy Multiplication Factor 1.31
Energy Deposition in the Blanket Pe+w Fusion Neutron, Mev 17.68
Total Energy Deposition ii: the Reactor Per Fusion Neutron, MeV 18.42
Tritium Breeding Ratio (1.37 Based on ENDF/B-1V) 1.30
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shown in Fig. 7-64. At each stage, flow passages are provided for both down-
ward L1Pb flow and upward helium purge flow. The counter—current flow of LiPb
and helium in between two stages 1s where the mass transfer mechanism
occurs, Multiple stages are used here to facilitate tritium diffusion process
from the liquid.

To reduce the tritium leakage through the steam generator to an accept
able level, a tritium partial pressure less than <lO—7 Pa has to be maintained
in the primary ccolant in the steam generator. By mass balance, it can be
calculated that the tritium partial pressure in the LiPb stream at the outlet
of the reactor is 76.5 x 10—4 Pa. A purge gas flow rate of in excess of 107
liter/sec will be required to recover 600 g/day of tritium. Such a purge flow

rate appears to bhe excessive.

To alleviate the tritium problem, hydrogen is added to the purge. The
effects of the 1sotopes to permeation was summarized by Hickman.(7_12) In
addition, the hydrogen isotopes will also Iincrease the HT pressure, and will
thus reduce the purge gas volumetric flow rate requiremeant. The hydrogen par-
tial pressure will also enhance the surface recombination, which will reduce
the resistance of tritium release from the 17Li-83Pb droplets. The effects of

hydrogen isotopes are summarized on Table 7-23.

A sample calculation which shows the effect of isotopes is summar.zed in
Table 7-24. By adding 10 Pa of hydrogen in the purge gas, the Pyr 1ncreases
to 9.3 x L0'2 Pa, from a T2 pressure of 6.5 x 10'4 Pa. As a consequence, the
required purge gas flow rate reduces from 107 liter/sec to 1.5 x 102
liter/sec. The allowable HT pressure In the steam generator 1s 1.45 x l()_3
Pa, compared to T, pressure of 1.3 x 1077 Pa. Therefore, 98.5% of the tritium
in 17Li-83Pb has to be recovered from the tritium recovery system before it

reaches the steam generator.

The fractional recoverv (1-8) of each stage in the tritium recovery sys-

tem 1s plotted as a function of the Fourier No., F, as shown on Fig. 7-65.
F = Dt/r2
o

in which
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TABLE 7-23. EFFECTS OF HYDROGEN ISGTOPES ON PERMEATION, RECOVERY, AND

RECOMBINATION
PERMEATION

Without Isotopes

T2 b 2T
T a P i/2

T

OR
M= DS (e, 1/2 _ P 1/2)

2 2

With Isotopes and H >> T

HT > H+ T
+
AND
H2 I 2H
o / 1/2
T PHT,PH2
y 1/2 1/2
= ( -
M = DS [\PHT/PHZ )l (PHT/PH2 )2]

PARTIAL PRESSURE
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TABLE 7-24. AN EXAMPLE OF THE EFFECT OF ISOTOPES

No Isotopes +01 kPa H, Added
H, Pressure 0 .01 kPa
Pq /Py at Reactor Outlet 6.5 x 10~/ LPa 9.3 x 107> kPa
2 (T,) (HT)

Purge Gas Flow Rate 107 . .ter/sec 1.45 % 105 liter/sec
Maximum P, /Pym Allowable

T HT - -
at SG 2 1/3 x 10710 xpa 1.45 x 1070 xpa
Mass H, Added 0 42.% kg/day
Tritium Recovery System
Efficiency 99.98% 98.5%

D is the mass diffusivity
t is the drop time from one stage to next

r is the radius of 17Li-83Pb droplet.

The diffusivity of tritium in 17Li-83Pb is not available but is estimated to
be 1 x 1073 cmzlsec.(7_l3) If the distance between two stage is 10 cm, the
drop time is .225 cm. The size of the droplet is determined by the size of
the hole and is assumed to be r = .1 cm. F, is .0225 and the 6 = .7. There-
fore, esch stage can theoretically recover 30% of the tritium. Fig. 7-66
shows the number of recovei stage required as a function of single stage re-
covery efficlency. For 30% recovery from each stage, ll recovery stages are

needed for 98.5% total recovery. The parameters of the tritium recovery sys-

tem are summarized in Table 7-25.

The total hydrogen added is 42.5 kg/day, this has to be separated from
600 g/day of tritium. An isotope separation system has been designed(7—14) to
serve this function. The flow diagram 1s shown on Fig. 7-67. The additional

capital cost of the separation system is estimated to be less than 10 million.
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H2 + T2 = 2HT
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TABLE 7-25. TRITIUM RECOVERY SYSTEM PARAMETERS

LiPb Flow Rate 1.7 x 108 g/sec
Purge Gas Flow Rate 1.45 x 105 liter/sec
Hydrogen Pressure .01 KPa
Tritium Recovery System Efficiency 98.5%
Purge Gas Velocity 30 m/sec
Purge Gas Pressure 100 KPa
Cross—sectional Area of Extraction Column 20 m?
Number of Ectraction Stage 15
Distance Between Two Stages 10 cr
Extraction Column Height 1.8 m

HT Pressure at the Exit of the Extraction System 1.45 x 10-6 KPa
Tritium Leakage Rate in Steaan Generator 10 Curie/d

7.845.2 Tritium Recovery from Liquid Lithium

An efficient processing system is required to recover tritium from a
lithium blanket at a rate equal to the breeding rate, and at the same time
maintains a low steady state inventory of tritium throughout the blanket re-
gion. Low tritium inventory in the blanket is required for both economic and
safety reasons. 1If large amounts of tritium is allowed to build up in the
blanket it will be necessary to start the operation of the reactor with very
high tritium supply for fueling. 1In addition, high tritium concentration in
the blanket increases the rate of tritium permeation through the blanket

structure and the primary heat exchanger.

Among all the methods proposed to extract tritium from liquid lithium,
the use of molten alkali halide salts, such as LiF-LiCl~LiBr appears to be the
most attractive. This process has shown considerable promise for removing
hydrogen isotopes at the ppm level from liquid lithium.(7_9) In this method,
a stream of lithium from the fusion blanket is in contact with the molten salt
which has a higher affinity for tritium than the lithium does. As a result,
tritium Ls extracted from the lithium by the salt during the mixing process.
Lithium is about a factor of three less dense than these halide salts, there-

tore it can be easily separated from molten salts by gravity and returned to
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the blanket. The salt is then electrolyzed to yleld Ty at an emf voltage less
than that required to decompose the salt itself.

In a system where equal volumes of salt and lithium are brought into

contact, the quantity of the lithium processed per unit time, X, is glven
by:(7‘16)

D + 1
< = Rb (e v n ) .
1 eD n L
ss v

where

Rb = tritium breeding rate,
¢ = efflciency of tritium recovery from the salt,

Dv = volumetric distribution coefficlent of tritium between the

lithium and the salt,

n = efficiency factor that accounts for nonequilibrium tritium

distribution during contacting,
IL = lithium inventory, and

I,g = steady-state tritium inventory,

The efficlency factor that accounts for non-equilibrium tritium distribution
during contact is uot yet known but it is believed that values as high as 50%
could easily be achieved. A reasonable value ¢of n D, 1s about 2. For a
fusion power of 4000 MW and a tritium breeding ratio of 1.2, the tritium
breeding rate is about 900 g/d. Table 7-26 shows the required lithium frac-
tion processed per second for two different tritium removal efficiencies in

order to keep the tritium inventory at the values given. It can be seen that
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the fraction that needs to be processed is very small, even for lew tritium
removal efficiency and low tritium inventory. The amounts of in-plant space
and recirculating electrical power needed for continuous extraction using

centrifugal contactors were shown to be acceptably small.

TABLE 7-26. REQUIRED FRACTION PROCESSED OF LITHIUM COOLANT FOR DIFFERENT
TRITIUM INVENTORIES

Tritium Inventory Tritium Removal Efficiency Fraction Processed per Sec
| Keg 1) 30% 2.7 x 1073
2) 90% 1.6 x 1072
5 Kg 1) 30% 5.5 x 1070
2)  90% 3.24 x 1070

7.8.6 Liquid-Metal-Cooled Limiter for Tokamaks

7.8.6.1 Introduction

Safety considerations make the water-cooled reference design limiter of
the BCSS incompatible with the lithium-cooled blanket of the liquid metal ref-
erence design of a tokamak reactor. As a result, the feasibility of either an
gas—cooled or a liquid-metal-cooled limiter .s closely related to the fea=i-
bility of a 1lithium cooled blanket.

In the following, an acceptable design of a liquid-metal-cooled limiter
i1s presented. 1In addition to the liquid-metal-cooled design, a helium-cooled
design and a graphite~gas two-phase coolant design were also considered. The
two—phase coolant design was analyzed in some detaill because of its attractive
heat transfer characteristics, compared to those of the helium~cooled design.
However, concerns about possible extensive erosion, caused by the graphite
particles, and lack of data to resolve such concerns, led to shelving the two-
phase coolant concept. The helium-cooled design was not pursued extensively,
because 1t was thought that it does not have a clear-cut advantage over the
liquid-metal-cooled design, whereas the latter is more compatible with the

liquid-metal~cooled blanket.
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7.8.6.2 Mechanical Design

The design proposed here is an evolution of a preliminary design, devel-
oped for an INTOR study on impurity control. The high coolant velocity chan-
nels are aligned with the large toroidal magnetic field to minimize MHD pres-
sure drop, and are made as short as poggsible to minimize peak interface and
material temperatures. The balance of the limiter, i.e., the manifolds and
the inlet and outlet conduits are designed so as to minimize MHD pressure drop

within the geometric constrains and material stress limitations.

Each of the 63 limiter modules is 2 m wide and 0.6 m long (in the toroi-
d2l direction). It 1is made entirely of vanadium alloy, except for the 10 mm
thick beryllium tile lining of the collector plates and the tantalum lining of
the leading edges.

Coolant enters a limiter module through a <ircular inlet conduit of in-
ternal diameter of 20 cm. After a right sagle bend the inlet conduit feeds a
horn-shaped manifold, as shown in Figs. 7-68 and 7-69. The inlet conduit and
the inlet manifold are of laminated wall construction with an Jjnner liner
thickness of 0.2 mm. The outer load bearing sleeve, which is electrically
insulated from the 1lines, is made thick enough to sustain the coolant

pressure.

The coulant is distributed to the 156 coolant channels through 156 circu-
lar ducts of internal diameter of 8 mm and wall thickness of 1.0 mm. The 5 mm
x 12 mm coolant :hannels are rectangular in cross section and they share 1.5
mm thick webs. The thickness of the channel walls facing the plasma are made
as thin as possible (l.0 mm) to minimize peak material temperatures. The
thickness of the opposite wall has no effect on MHD or heat transfer calcula-
tions and can be designed to satisfy structural requirements. A cross section
of a segment of the limiter showing, in addition to the coolant channels, the
beryllium lining and the tantalum—-lined leading edge is shown in Fig. 7-70.

The inlet manifold feeds the coolant channels at their wmid-toroidal
point. 1In this fashion the effective heated length of the limiter is reduced
to 30 cm, leading to a reduction of peak interface and material temperatures.
The coolant leaves the channels through circular duc:cs of 8 mm diameter and

1.0 mm thickness, is collected into two identical outlet manifolds and leaves
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the module through two outlet conduits. The conduits have a diameter of 18 cm
(the two outlet manifolds are similarly scaled down from the inlet manifold).
The outlet manifolds and conduits are of laminated wall construction identical

to that at the inlet side.

The limiter collector plates extend from a radial position of 5.0 m to a
radial position of 7.0 m. Such placement results in the most demanding design
circumstances, i.e., high magnetic flux deasity and small surface area (high

heat flux and high erosion).

The velocity in the coolant channels 1s set at 10.0 m/s. This corre-
sponds to velocities of 6.0 m/s and 3.4 m/s in the inlet and outlet conduits,
in that ordev. The velocitles in the 8.0 ma connecting ducts are 24 m/s and
12 m/s. These velocities (and the assoclated pressure drops) can be made

smaller, 1if commecting ducts of elliptical cross section are employed.

For the assumed placement, the surface area of the limiter is 80 mZ. The
average heat flux is 3.5 MW/mz, resulting in a total energy deposition of 280
MW. The energy deposition 1s increased by 290 MW to account for the volumet-
ric energy deposition in the limiter collector plates, manifolds and inlet and
outlet ducts. The figure of 29C MW is consistent with the assumed reduc lon
in energy deposition in the inboard blanket resulting from the presence of che
limiter. The mass flow rate per limiter module, corresponding to a coolant
channel velocity of 10 m/s is 94 kg/s. This mass [low rate, and the total
energy depcsition per limite module of 9 MW results in a mean temperature

rise in the coclant of 22°C.

7.8.6.3 MHD Analysis

The basic design concept of the limiter, of high coolant velocity chan-
nels aligned with the large toroidal magnetic field and low velocity manifolds
trangverse to it, 1s identical to that of the blanket design, although, be-
cause of different geometric limitations, the manifolding here is more conven-
tional. The MHD analysis 1s therefore similar. The results of the analysis
indicate that the pressure at the module 1inlet 1is 5.5 MPa for an outlet pres-—
sure of 0.15 MPa. The maximum pressure at the first wall cocolant channel is
about 2.5 MPa at the channel inlet. This pressure is important Irom the
structural analysis point of view because it must be sustained by the rela-

tively thin webs and first wall plate. The pressure in the manifolds and in-
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let and outlet conduits is essentially immaterial because it 1s sustained by
thick outer load-bearing walls. The critical pressure in the coolant channels
can be further decreased, at the expense of the overall pressure drop, by en-
larging the manifolds and conduits at the outlet side and diminishing them at
the inlet side.

7.8.6.4 Thermal Hydraulic Analysis

The method of analysis adopted here is similar to that described in Sec-
tlon 7.8.2. The critical area is the top surface of the limiter which is ex-
posed to high surface heat fluxes (peak heat flux is ~4.1 MW/mz). The inlet
temperature of the liquid lithium coolant is assumed to be 230°C. In the flow
path of 30 ecm which is exposed to surface heat flux, i.e., near the tup sur-
face of the limiter, the contribution due to nuclear heating is usually much
smaller than that of surface heat flux. However, nuclear heating is also pre-
seat in the 1inlet and discharging manifolds and pipes. Since the velocities
in these manifolds and pipes are kept at relatively low values (to reduce MHD
pressure drop), the coolant could be heated up somewhat before and after it
passes through the top surface. Accurate account of these effects requires
detailed information of the velocities and nuclear heating rates in the mani-
folds and pipes, and is not available at present. Instead, a 50°C temperature
rise is assumed as a result of nuclear heating. This temperature rise is con-
servatively much larger than the 22°C temperature rise corresponding to total

heat deposition per module of 9 MW.

Figure 7-71 shows the variation of the maximum structural (vanadium al-
loy) temperature with surface heat flux for three different coolant veloci-
ties. The dashed line in Fig. 7-71 1is the maximum allowable temperature
(750°C) for the vanadium alloy. 1Tt can be seen that this temperature require~
ment 1is easily satisfied, as long as the surface heat flux is not excessive
(<5 MW/mZ). There is also a corrosion temperature limit (750°C for vanadium
and 1lithium) at the coolant/structure interface anywhere in the limiter.
Since the maximum interface temperature is always less than the maximum struc-
tural temperature, the corrosion temperature requjirement is satisfied as long

as the structural temperature limii is satisfied.

Figure 7-72 shows the variation of the maximum coating (beryllium) tem-

perature with surface heat flux for three different coolant velocities. The

7-128



62T~¢

MAX STRUCTURE TEMP (T MAX), o

1000
| | |
Vim/s)
2.5
800 v-aLov 50 |
TEMP LIMIT 10.0
600 [— —
/
400 |— —
200 — —
. J | |

4] 25 5.0 7.5 10.0
SURFACE HEAT FLUX {(q), MW/m?

Figure 7-71. Variation of maximum structural temper-
atu .e with surface heat flux for various
coolant velocities.

1750 ‘ l q
Vim/s)
2.5
5.0 3

1560 — 0o
(&)
»
x|
s
0
- |zso’—- —
a
w
-
g v———y
g 9% _Be VAPORIZATION
< B LIMIT
b
g
=

750 — -

0 25 50 7.5 10.0
SURFACE HEAT FLUX (q), MW/m?2
Figure 7-72. Variation of maximum coating temper-
ature with surface heat flux for

various coolant velocities.



dashed line in Fig. 7-72 is the estimated maximum allowable temperature for
beryllium. The operating temperature limit for Be is dependent upon the va-
porization rate. Materlal that 1is vaporized from the surface is assumed to
act in a manner similar to that of sputtered particles which enter the plasma
scrape~off region, are ionized, and then return to the limiter surface along
magnetic field lines. It is believed that, if the vaporization rate is less
than the gross sputtering rate, then, the vaporization losses should have 1lit-
tle effect on lifetime. For this study, a vaporization rate of 10 um/y has
been used to establish a temperature limit. The temperature corresponding to

this vaporization rate is calculated to be ~940°¢. (7-17)

The results shown in Fig. 7-72 indicate that, for a velocity of 10 m/s,
the maximum surface heat flux allowable, without exceeding the vaporization
temperature limit of beryllium, is ~4.1 Mwlmz. Thus, among the three tem—
perature limits (structure/coolant interface, structural material, and coating
material), the vaporization temperature limit of the coating material 1is the
most restrictive. The coolant velocity can be increased beyond 10 m/s to al-
low higher surface heat flux. However, the pay-off is relatively small while

the penalty in pressure drop may be rather large.

Improvements in the thermal performance of the limiter can be made by:
1) Using a different liquid metal coolant with lower melting point. NaK can
be used at least down to room temperature; a more appropriate temperature, so
that heat rejection is possible, would be about 100°C. 1In that case all tem-
peratures wilil decrease by 130°C. 2) Using a structural material (niobium or
tantalum) with higher thermal conductivity. 3) Reducing the thickness of the
beryllium tiles. Although such improvements can lead to substantial reduction

of the peak temperatures and may be adopted in the future, thcy did not prove
to be necessary at this time.

Finally, it should be noted that the uncertainties associated with the
resultd described here is of the same order of magnitude as that for the
blanket, and are generic to all the heat transfer analyses for liquid-metal

systems in a fusion reactor.

7.8.6.5 Stress Analysis

The limiter is constrained by the two 18 cm diameter outlet pipes and the
20 cm diameter inlet pipe from expanding in either the tcroidal or the poloi-
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dal direction. The extent of the toroidal constraint depends on the relative
toroidal stiffness of the main limiter and the bending stiffness of the 18 cm

diameter pipes. The toroidal stiffness of the limiter is given by:

kK = [Eg h /(1 - vZ) +E b /(Y - v2)] 2b/g (7-4]

where E and v are the elastic modulus and Polssons ratio, t 1s the thickness,
2b and 2% are the lengths of the limitet in tne poloidal and toroidal direc-—
tions respectively. Subscripts s and c represent structure (vanadium alloy)
and cuvacing (beryllfum) materials respectively. Putting in the appropriate
values of the geometric and material parameters, the stiffness of the limiter

in the toroidal direction is 104 MN/m or 3 x 103

MN/m, if the beryllium coat
ing is cracked. On the other hand the bending stiffness of the 18 cm diameter

pipes is given by:

Ky = 3EI/13 [(7-5]

where E is the elastic modulus, I is the moment of inertia and L is the length
of the cantilevered span of the outlet pipes. Putting 1In the appropriate
values of the parameters, the bending stiffness of the inlet pipe is only 33
MN/m, which is negligible compared to the toroidal stiffness of the limiter.
Thus, for all practical purposes the main limiter may be assumed to be uncon-
. strained toroidally. For computing the poloidal stiffness of the composite
plate, the axlial stiffnesses of the horn shaped inlet and outlet pipes are
added to the poloidal stiffness of the plate. For simplicity the poloidal
curvature of the limiter is ignored. The in-plane stiffnesses of the compo-
site plates can be shown to be as follows (denoting the poloidal and the
toroidal directions by X and Y respectively):

K, = 3 Eg h /(1 -v2) + E_h /(1 -v2) - [7-6]
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K, = K, *+Eg (A; + 2 A )/(22) [7-7]

= - y2 -~ p2 -
Koy = Vg B h /(1 = v2) + v E h. /(1 v2) [7-8]

where Eg = 1.2 x 10° MPa, E, = 10° MPa, vg = .36, v, = .07, hy = .00l m, h, =
.0l my and 2% = 0.6 m. Ay and A, are the average solld cross—sectional areas
of the inlet and outlet pipes. Assuming, for simplicity, that all structures,
except the front wall facing the plasma, are at the reference stress—-free tem-
perature ecnal to the temperature of the inlet coolant, i.e., 230°C, the ther-
mal force corresponding to the average surface heat flux of 3.5 MW/m2 can be

shown to equal:

No= Ea /(1 -v) Sj Tdz + Eo /(1 -v) cf T dz = 6,89 MPa - m [7-9]

where the integral S and C denote integration of the temperature over the
varadium alloy structure thickness and the beryllium coating thickness respec-
tively. For computing the thermal stresses it 1s conservatively assumed that
although the limiter is free to expand in the toroidal and the poloidal direc-
tions, it 1s constrained frem bending in elther direction. The uniform strain

of the limiter in the poloidal and toroidal directions can be shown to equal

K -K

P A > AN -3 -

e = TR T kg Np = 3-28x 10 {7-10]
Xy Xy

- - Kx -3

ey = KK K2 Np = 4.35x 10 [7-11]

The stresses in the structure and the coating are then given by:
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oy(2) - TEB o 5, + v(z) 7, - HELalz) Uz (7-12)
Gy(z) ! —Evz 2 [E} +v(2) E;] - E(Z} 2(31(2821 (7-13]

The elastically computed maximum stress intensity in the vanadium alloy struc-
ture occurring at the inlet is 762 MPa which slightly exceeds the allowable 3
Sh value of 705 MPa. Similarly, the maximum elastically computed stress in-
tensity in the coating is 883 MPa occurring at the location of maximum surface
heat flux (4 MW/mZ). Since the yield strength of the beryllium coating is ex-
pected to be of the order of 240-290 MPa and that of vanadium is about 450
MPa, such high stresses will not be sustained in either the coating or the
structure and they will both yield. If the coating is cracked so that it does
not offer any constraint on the defcrmation of the underlying structure, the
maximum stress intensity in the structure, including the primary bending
stress (160 MPa) due to the coolant pressure, occurs at the location of maxi-
mum surface heat flux (4 MW/mZ) and equals 610 MPa which is easily within the
allowable stress limit. The allowable fatigue cycles of the vanadium struc-—
ture, even in the absence of cracking of the coating, is in excess of 107

cycles and is considered adequate.

The leading edge of the limiter was analyzed (geuneralized plane strain)
for a slightly different geometry (Fig. 7-73) using the ANSYS Finite Element
Code. The coating thickness for the top surface is 10 mm (Be) and for the
leading edge is 1 mm (Ta). It is realized that in reality such aa abrupt
change in coating thickness cannot be maintained and is undesirable because of
gstress concentration effects. Therefore the finite element model was not re-
fined at the top surface, near the leading e=dge, in order to capture this
stress concentration effect in the poloidal direction. The maximum thermal

stress which occurs in the toroidal direction is adequately represented in the

present analysis.

Figure 7-74 shows the thermal and pressure loadings assumed for the
analysis. The top surface was subjected to a constant surface heat flux of 2
MW/m2 and the leading edge was subjected to a cosinusoidally decreasing sur-
face heat flux beginning with 1.7 HW/m2 at the top surface. The cooclant pres-
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Figure 7-73. Geometry and finite element model of the leading edge of the
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sure was conservatively assumed to be 5 MPa. The nodal temperatures at the
coolant interface was set equal to 250°C and the bottom surface away from the
plasma was assumed to be insulated. The boundary conditions for the stress
analysis was as follows: Point B was assumed fixed in space, edge AB was free
to expand in the veritical directioa but not in the poloidal direction, edge

CD was constrained to be vertical but otherwise free to displace.

Figure 7-75 shows the computed temperature distribution in the limiter.
The maximum temperature of the vanadium alloy structure beryllium coating and
the tantalum coating are 340°C, 454°C and 370°C respectively. Figure 7-76
shows a summary of the magnitude and location of the maximum primary wmembrane
stress 1ntensity (PL), primary bending stress 1intensity (PB) and thermal
stress inten ity (Q). A maximum stress intensity of 380 MPa in the structure
occurs not at the leading edge but on the top surface and is easily within the
allowable limit. The maxXimum stress in the structure at the leading edge 1s
310 MPa. The maximum stresses in the beryllium and tantalum coatings are 415
MPa and 475 MPa respectively. These stresses are, in general, much smaller

rhan the stresses at the top surface.
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8. HELIUM-COOLED BLANKET CONCEPTS

This chapter presents the technical details of the helium—cooled blankat
concepts that were developed by the BCSS teams from GA Technologies Inc., and
Lawrence Livermore National Laboratories. The work presented here 1s the
continuation and logi~al conclusion of the work on helium~cooled blanket con-
cepts presented in the BCSS interim report,(s-l'l) and presents a uew

helinm=cooled FLiBe design which was developed in the second year.
8.1 Introduction

During the first year of the BCSS effort, helium—cooled blanket concepts
were identified as attractive candidates for selection by the study. Because
helium is totally inert, it offers the possibility of blanket designs with a
very low level of corrosion and radioactive material transport concerns.
Safety problems associated with use of coolant materials that could react
with air, water, or concrete can be eliminated. Being a nonelectrical con-
ductor, helium will not support electrical or magnetic effects, eliminating
coolant MHD concerns. Helium—cooled power ccnversion systems cffer high
cfficiency and the use of well-developed technologies. Helium cooling
appears to be well-suited to the requirements and unique environment of a
fusion reactor blanket. Heliuu does have low density and low volumetric heat
capability, leading to the need for high pressures (40 to 80 atm) and large
coolant temperature differentials. In the design of a helium—cooled fusion

reactor blanket, these characteristics must be accommodated in the design.

During the first year of the BCSS effort(8:1-1) ye reviewed the past
efforts on helium—cooled fusion reactor blanket degign and selected the pres-
surized lobe concept as the wost attractive configuration for both the toka-
mak and the tandem mirror reactor. We developed design concepts that aré at-
tractive for both solid and liquid breeder materials and identified special

issues that iequired investigation and resolution for these concepts. We



performed initial screening of helium-cooled blanket concepts tc ensure that

only viable, potentially attractive candidates were pursued.

The work done during the second year of the BCSS effort 1is reported
here. From the initial ecreening work done during the first year, a number
of promising choices had emerged for the choice of structural material, trit-
ium breeder, and neutron multiplier. Three structural materials, six tritium
breeders, and three neutron multipliers, shown on Table 8.1-1, appeared at-
tractive. A total of (3 x 6 x 3 = 54) potential helium-cooled blanket op-
tions are possible. We have explored these options, developing sufficient
information to narrow the list to four R=1 concepts that were then analyzed
in enough depth to allow full evaluation of their technical feasibility, eco-
nomic potential, safety characteristics, and R&D needs. These evaluations

are presented in Sections 3.1 through 3.4 of this report.

The detailed information associated with the design and selection proc-
ess 1s presented 1in this chapter. 0f the 54 possible options, four were
selected as R=1, attractive designs selected for detailed evaluation. These
are:

Liy0/He/FS

Li/He/F S

LiA10y/He/FS/Be

FLiBe/He/FS/Be

These designs are described in detail in Sections 8.4 through 8.7 below.
Thirteen concepts were judged to be attractive, but slightly less so than the
four R=1 concepts. These 13 were rated as "1B" or "2A" and were not pursued
further at this time. These concepts do appear to be attractive, however,
and could be considered for future design and investigation, particularly as
additional information becomes available on the various materials and tech-
nologies used in chem. If any of the four R=1 options are found to have a
desigr concern, it is possible that one or more of the R=1B/2A designs could
be used instead. Further, if one of the R=1 designs 1is found to look very
attractive in the detailed evaluation, it is possible that one or more of the

R=1B/2A concepts would also share these favorable characteristics and should



TABLE 8. 1-1
POSSIBLE HELIUM~COOLED BLANKET DESIGN OPTIONS

Structure Breeder Multiplier
® Modified 316 austenitic ® Solid breeders ® None
stainless steel Lis0 ® Beryllium
(Prime Candidate Alloy) LigZr0g ¢ Lead

Ternary ceramics
® 9-12Cr Ferritic Stainless (L1A105)
Steel (HT-9)

® Liquid breeders

® Vanadium Alloy Li
(V-15Cr-5T1) Li}yPbgs
FLiBe

Total number of potential options: (3 x 6 x 3 = 54)




be included in the R=1 category in the future. Similarly, the reason for the
unattractiveness of an R=l concept may also apply to similar R=1B and/or 2A
concepts. These concepts, attractive but not pursued further in the BCSS

project, are described in Section 7.8.

Of the remaining 37 potential options, 13 were found to be technically
infeasible for one or more reasons and were ranked R=3, It is the project's
judgment that these concepts simply will not work and should not be pursued
further. The final 24 concepta were judged, for a variety of reasons, to be
inferior to the 17 R=1 and R=1B/2A concepts. They were ranked R=2B. It is
posgible, as additional information becomes available about the materials and
technologies required, that these R=2B concepts may emerge as attractive. A
gpecific example of this situacion is the use of vanadium alloy. Vanadium
alloy has many attractive features for use with helium-cooled liquid-metal
breeder blankets. At present, however, concerns about oxidation of the vana-
dium was sufficient to relegate V/He/Li or V/He/ LiPb concepts to the R=2B
category. With additional information, this situation could be changed. The
R=2B/3 concepts are discussed in Section 8.9.

The development of the helium—cocled blanket designs for the BCSS re-
sulted in analysis of a number of special issues that are critical to the
design and evaluation of these concepts. These special issues are generally
of concern for wmore than one blanket concept. The analysis of the special

issues for helium—rjo0led blankets is discussed in Section 8.10.

Reference

8.1-1. "Blanket Comparison and Selection Study,"” ANL/FPP-83-1, October,
1983.



8.2 Summary of Final Ranking

A summary of the final ranking of the helium—cooled blanket concepts
into the various categories is presented in Table 8.2-~1. The ranking terms

are described as:

e Favored concepts
R=1 Attractive, selected for detailed evaluaticen
R=1B Attractive, but appears simiiar to an R=l concept,

not evaluated in detail

R=2A Appears less attractive than an R=1 concept.
L Concepts not pursued further

R=2B Appears inferior to R=1, 1B, or 2A concepts

R=3 Appears infeasible.

Discussion on all of the helium-cooled blanket concepts 1is presented
below. The R=1 concepts have their own sections, 8.4 Liz0/He/FS, 8.5 Li/He
/FS, B.6 LiAl10p/Be/He/FS, and 8.7 FLiBe/Be/He/FS. The other attractive con-
cepts, ranked 1B and 2A, are discussed 1in Section 8.8, and the less attrac-
tive and infeasible concepts, ranked 2B and 3, are discussed in Section 8.9.
The full matrix of preliminary rankings for the helium—-ccooled concepts is
shown in Table 8.2-2 and a brief summary of the ranking rationale 1is

presented below.

Structural Material. Austenitic steel (PCA) has much lower thermal conduc-

tivity than ferritic steel or vanadium. As a result, it is thermal-
stress—=limited to about half the wall load that FS or V are capable of carry-
ing. This relegates the PCA designs to a lower score than the same blanket
concept using FS. Vanadium is highly intolerant of oxygen at elevated tem-
peratures. For the oxide ceramic solid breeders, which release tritium at
least partially as T70, vanadium will not be allowed. For the liquid breed-

ers, the issue is less clear—cut. It should be reaﬁily possible to ensure



TABLE 8.2-1
SUMMARY OF HELIUM-COOLED BLANKET RANKINGS
{Breeder/Structure/Multiplier)

Ranking Solid Breeder Liquid Breeder

R=1 Lio0/FS, L1A102/FS/Be L1/FS, FLiBe/FS/Be

R=1B LiA10,/PCA/Be, Li/FS/Pb, LiPb/FS
LiA103/FS/Pb Li/FS/Be

R=2A Li90/PCA, Li90/PCA/Be, Li/PCA, Li/PCA/Be, or Pb,

Li90/FS/Be, LiAl02/PCA/Pb FLiBe/PCA/Be

R=2B L150/FS/Pb, Li0/PCA/Pb, LiPb/PCA, LiPb/FS or
LigZr0g - all PCA/Be or Pb,
FLiBe/FS or PCA/Pb
V=-all
R=3 LiA103/PCA or FS FLiBe/PCA or FS or V

Oxygen—-Containing Solid
Breeder/V - all




HELIUM-COOLED BLANKET RANKINGS

Structure
Breeder Multiplier PCA FS \
Solid Breeders
Lig0 None 2A 1 3
Be 2A 2A 3
Pb 2L 2B 3
LigZr0g None 28 2B 3
Be 28 2B 3
Pb 2B 28 3
LiAlOy None 3 3 3
Be 1B 1 3
Pb 2A 1B 3
Liquid Breeders
Li None 2A 1 2B
Be 2A 1B 2B
Pb 2A 1B 2B
Lij7Pbgs None 2B 1B 2B
Be B 2B 2B
Pb 2B 2B 2B
FLiBe None 3 3 3
Be 2A 1 2B
Pb 2B 2B 2B
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low oxidant levels in helium and thus allow use of vanadium. The oxidation
concerns, however, prompted the B8CSS to judge the vanadium-structured designs

less desirable than ferritic steel.

L1aZrQ¢. The materials group elevation showed it to have no advantages over
L190 or LiAlO9p with or without a neutron multiplier.

Neutron Multiplier. The helium-cooled LigZrOg, L1AlO, and FLiBe blankets

simply caunot breed adequate tritium without a neutron multiplier. Those
blankets that can breed adequately without additional multiplier (Li, LiPb,
L19Q0) are simpler and thus were Judged more desirable than the same blanket
with a multiplier. Solid breeder (LiAlOy) is better suited to solid multi-
plier (Be) than liquid multiplier (Pb). Lead was judged more difficult to

implement in all cases and to raise concerns about corrosion.

LiPb. Lithium—lead has numerous attractive features, but the ferritic steel-
LiPb interface compatihility temperature limit is fairly low. This resulcs

in low outlet hellum temperature and low thermal efficiency.

When the feasibility issues and preferences discussed above are applied
to Table 8.2-2, the rankings given emerge. The four top concepts are Lij0/
He/FS, LiAl0y/Be/He/FS, Li/He/FS, and FLiBe/Be/He/FS.

There are additional combinations of the materials options shown on
Table 8.1-1 that could be possible. Use of multiple structural materials and
use of a dili:rerent option for tbe inboard blanket of a tokamak than 1s used
for the ocutboard blanket are two examples. These are discussed briefly in
Sections 8.8 and 8.9, below.

It should be noted that all the helium-ccoled blanket concepts appear to
be equally applicable to a tandem mirror reactor as to a tokamak. The blan-
ket internals and pressure boundary configuration would be essentially iden-
tical. Only the overall mechanical structure would change somewhat. The
first wall design for a tandem mirror is greatly simplified by the absence of

any significant level of particle erosion or surface heat flux.



8.3 Key Factors

This section presents the key factors affecting the helium~ccoled blan-
ket designs for tokamak and tandem mirror reactors (TMR), namely, the reactor
configuration, the surface loading and erosion of the first wall, the helium
flow thermodynamics, tritium breeding, and tritium control. Helium=-cooled
blankets were configured and designed for these factors and they are pre-
sentad for tckamak reactor and TMR 1in Sections 8.3.1 and 8.3.2,

respectively.

8.3.1 Tokamak Reactor

In che design of blanket moduales for helium—cocled tokamak reactor, care
was taken to fit the module into the toroidal geomet-y and to design the
first wall to withstand the high surface heat loading and erosion rate.

Figure 8.3~1 shows the proposed arrangement of the helium-cooled pres—
surized module to fit the rokamak reactor sector. The modules are placed in
the toroidal direction. The coolant inlet and outlet plena are at the back
of the module, and the flow 1s acr.s- th2 modules in a poloidal direction, as
illustrated in Figs. 2.3-1 and 8.4-1. Two inlet helium pipes are located at
the bottoit of the tokamak sector and the coolant 1s collected ar the top.
The inlet and outlet coolant 1s distributed and collected by the inlet and
outlet circular ring ducts placed at the bottom of the reactor. The esti-
mated sizes of these pipes are indicated in Fig. 8.3-1. For a 36~degree mod-
ule sector, two sets of the ialet and outlet pipes will be needed between the
module and the ring ducts.

For the BCSS study, tokamak modules are to be designed for neutron and
surface loadings of 5 and 1 MW/m2, rc apectively. In addition, a first wall
erosion rate of 1 mm/yr must be accommodated. To handle the relatively high
surface loading, an internally-firned first wall cooling channel will be
needed. This concept 1s presented in detzil ir Sections 8.4 to 8.6. To
design for first wall erosion, a first wall with orthogonally grooved erod-

able material (see Section 6.7) is proposed. The additicnal material on the



OUTLET PIPE (1.2 m DIA) /,SHIELD

<
)
v
B 7 IE.SE,I oiA)
|

/ g ___OUTLET RING DUCT
INLET RING DUCT (1.8 m BIA) -7 (1.90 m DIA)

Figure 8.3-1. Tokamak module and piping arrangement
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first wall is allowed to operate beyond the HI-9 material structural design
limit of 550°C. More details of the grooved first wall analysis are pre-
sented in Section 6.7. For the helium-cooled tokamak design, the mcdule life
is defined by the thickness of the added erodable layer. The erodable layer
thickness was set at 2 mm, based on a 700°C temperature limit for the mate-
rial in the erodable layer. At an erosion rate of 1 mm/yr, this sets a two
year first wall lifetime. The creep stress limit was thus set to a two year
limit. Subsequently, the 700°C limit was found to not be applicable. Thus
additional erodable material could be added to the first all. A 4 mm layer
(four year lifetime) appears possible. This would require some redesign to
accommodate a longer creep lifetime, which has not been done, but again

appears poss*ble.

8.3.2 Tandem Mirror Reactor

The design of the helium—cooled blanket module for the TMR is conceptu-
ally much simpler than that of the tokamak reactor because of the simple
cylindrical geometry, as shown in Fig. 8.3-2, As illustrated, the modules
are aligned axialliy. The coolant inlet and outlet pipes are grouped at
one end of the module and are connected by ring ducts. Figure 8.3-2 illu-
strate:;; how the blankazt modules can be removed without moving the hefty sole-
noid coils. Because of the tapered geometry of an individual submodule, the

solid breeder plates are also arranged in a tapered fashion, as discussed in
Section 8.4.2,

For the first wall design, there is no problem in handling the relative-
ly low surface loading of 0.05 MW/m2 and erosion rate of 0.1 mm/yr. The
blanket iifetime of the module is then defined not by erosion, but by the HT-
9 irradiation damage limit of 190 dpa, which corresponds to a module 1life of
at 3.2 years of continuous operation at the reference neutron wall loeding of
5 MW/m2. (12 dpa = 1 MW/m? was assumed.)
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8.3.3 Helium Flow Thermodynamics

A key factor common to all the helium~cooled designs is the low volu-
metric heat capacity of helium. In order tc keep the pumping power down, a
high gas pressure 1is used (~40 to 80 atm) to increase density, and a large
heliuin temperature rise through the blanket 1is used to reduce the flow rate
required. Materials temperature limits restrict the helium outlet tempera-
ture to ~500°C to 550°C. Steam generator pinch point concerns limit the
blanket helium inlet temperature to about 250°C or above. The high outlet
temperature dictates that the coolant flow radially outward through the
blanket. Cool inlet helium 1s directed to the first wall and front of the
blanket where the power density is highest.

The pressure chosen for the four reference helium—-cooled designs is
5 MPa for both tokamak and tandem mirror reactors. The pumping power for the
eight designs 1is about 2% to 4% of the blanket thermal power, which trans-—
lates into about 5% to 10%Z of the plant electric power. Although most of
this power is returned to the coolant as heat, the conversion losses are
lost. A higher helium pressure would reduce the pumping power requirement
and should be investigated in the future. This is discussed further in Sec-
tion 8.11.

8.3.4 Tritium Breeding

It should be noted that for helium—cooled blankets designed by the GA
Technologies design team for the BCSS, the design philosophy was +o design
for minimum blanket thickness with adequate tritium breeding ratio (TBR).
Because of the importance that was subsequently placed on TBR, this approach
may give designs which are not necessarily optimized. The design point was
chosen to be a one-dimensional calculated TBR of 1.21. This decision was
based on the corresponding three-dimensional TBRs equal to ~1.15 for differ—
ent R=] helium-cooled designs as indicated in the BCSS interim report. As
the requirement of three-dimensional TBR for fusion reactor blankets becomes
more firmly known due to resolution of the maay uncertainties associated with

TBR calculations, detailed designs for different helium—cooled blankets can
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then be adjusted to meet the specified TBR requirement. Examples of poten-
tial adjustments are changes of blanket thickness and/or the reduction or
addition of neutron multiplier zone thickness. For differeat blanket con-
cepts, the sensitivities of TBR to these changes are different and will be

discussed in the summary and issues sections.

8.3.5 Tritium Control

Tritium control in the helium purge flow and coolant streams would be
quite straightforward if chemical equilibrium could be relied upon. If ~10
appm excess oxygen is maintained in the helium streams, at equilibrium chemi-
cal thermodynamics shculd force virtually all of the tritium present into the
form of T90. Preliminary results from the TRIO-0l experiment, however, indi-
cate that a significant fraction of the tritium may be released in the Tp
form. Further, a study of Ty + T90 conversion kinetics suggests that equili-
brium may require too much time to achleve, although the effect of oxide
layers and other possible oxidizing mechanisms 1is unknown. Because of this
concern, it was assumed in the BCSS that all the tritium appears and stays as
To. This assumpiion makes tritium control much more difficult, requiring
larger clean—up systems and isotopic dilution by adding Hy to the helium
streams. The tritium oxidation behavior in the helium streams is a critical

R&D need and is discussed further in Section 6.6.
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8.4 1i90/Helium/HT-9 (R=1)

This section presents the design of the R=l Li50, helium—cooled blanket
using ferritic steel as the structural material. The tokamak version is
described in Section 8.4.1, and the mirror version is describec in Section
8.4.2‘

8.4.1 Tokamak

8.4.1.1 Blanket Configuration

The helium-cooled/Li90/HT-9 design for tokamak reactors is illustrated
in Fig. 8.4~1. It is a pressurized module design containing the 5 MPa (50
«tm) helium and arranged in the toroidal direction as illustrated in Fig.
8.3-1. Lij0 may be the only solid breederthat will be able to breed adequate
tritium wi. hout the wuse of a neutron multiplier. The breeder Li0 is in
plate geometry and clad in HT-9 in order to maximize the blanket breeder vol-
ume fraction. A separate purge stream of helium flows through the breeder
plates for tritium extraction. Hydrogen is added to the purge stream for
tritium permeation control. Coolant helium flows through the module side
inlet channels toward the plasma, cools the first wall, turns at the apex of

the module, and then flows radially outward to cool the breeder plates.

To enhance the first wall cooling for the tokamak reactor, finned cool-
ing channels are needed to remove the heat resulting from surface loading and
volumetric power generation. The total blanket thickness, Including the
plenum, was selected to be different at inboard and outboard locations, being
0.41 and 0.85 m, respectively. This choice would allow the minimum overall
reactor dimension while providing adequate tritium breeding. This observa-
tion was based on the trade-off between shield and blanket thickness. In

general, the blanket is not as effective as a specifically design sghield to
perform the function of shielding.

During the BCSS study, the swelling of Lig0 at high neutron fluence was
identified as a potentially critical problem for the design as discussed in
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Section 6.3. The magnitude of the induced swelling and how much of it can be
relaxed by material creep still has to be determined. A‘fqglling-tolerant
plate design was proposed to accommodate volumetric swelling up to 10%.
Mechanical, neutronics, aund thermal-hydraulics details of this blanket
design, and the consideration of tritium inventory, extraction and control

are presented in Section 8.10.

8.4.1.2 Design Summary and Issues

This section presents the design summary of the tokamak helium—cooled
Li90 design. Its favorable design features are identified, as are the issues

that need to be addressed in future studies.

Table 8.4-1 summarizes the design characteristics of the tokamak helium-
cooled LioQ design. The following favorable characteristics of the reference
design can be identified:

) Compared to liquid-lithium designs, this design has relatively low

chemical energy content.

® No neutron multiplier is needed for this design to breed adequate
tritium.

L No ®Li enrichment will be required.

e With the purge flow design, it has double-wall tritium containment
(breeder clad and heat exchanger). The chemistry of the purge
helium stream can be adjusted relatively easily for tritium extrac-—
tion and/or control; and for the control of breeder and cladding

material interaction.
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TABLE 8.4-1

MAJOR PARAMETERS AND FEATURES OF
THE TOKAMAK HELIUM-COOLED Lio0 DESIGN

General Description

Materials
Coolant
Breeder
Neutron multiplier
Structure

Major Design Parameters

Reactor blanket thermal power, MW
Average neutron wall load, MW/m2
Average first wall surface heat flux, MW/m2
Coolant
Inlet/outlet temperature, °C/°C
Maximum pressure, MPa
Breeder
Minimum/maximum temperature, °C/°C
Purge stream pressure, MPa
Structure

First wall/blanket maximum temperature, °C

Mininum/maximum temperature at:
Coolant interface, °C/°C
Breeder interface, °C/°C

Neutronics
Tritium breeding ratio
1-D, 100% coverage

Net (3-D with all geometrical
details and penetration)?@

Maximum nuclear heating rates
Breeder, W/ce

Structure, W/ ce
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Helium @ 5 MPa (50 atm)

Lig0
None
HT-9

5382
5.0
1.0

275/510
5.0

510/795
0.1

547 (first wall)
649 (erodable surface
at beginning of life)

275/515

442/515

1.21
1.113

47
50



TABLE 8.4~1 (Continued)

Energy (1-D calculatiomn)
Multiplication factor
Deposited in heat recovery zone, MeV
Deposited in heat loss zone, MeV
First Wall/Blanket Design Description
Inboard first wall/blanket
Thickness (including manifolds), m
Manifold thickness, m

Percent structure/Z% coolant
in manifold region, %/%

Coolant AP (total), MPa

Outboard first wall/blanket
Thickness (including manifolds), m
Manifold thickness, m

Percent structure/% coolant
in manifold region, %/%

Coolant AP (total), MPa
Primary coolant loop pumping power, MW
First Wall

Description

Minimum/maximum coolant temperature, °C/°C

Maximum structure temperature, °C

Blanket

Description

61,1 enrichment, 7
Minimum/maximum coolant temperature, °C/°C
Maximum structure temperature, °C

Tritium removal from breeder
Method
Steady-state breeder tritium inventory, g
Purge gas

Material
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1,18P
16.65
0.44

0.41
0.11

20/80
0.095

0.85
0.22

20/80
0.122
237

Internal fins
275/334

547 (first wall)
649 (erodable surface at
beginning of life)

Pressurized module, Lij0
clad in l.l-cm-thick plates

7.4 (natural)
334/507
515

Purge flow
133.6

Helium



TABLE 8.4-1 (Continued)

Temperature, °C
Pressure, MPa

Tritium burriers

Power Conversion System

Thermal storage provision (tokamak)
Technique
Storage medium
Steam generator
Type
Single or double wall tubes
Steam
Inlet/outlet temperature, °C/°C
Maximum pressure, MPa

Tritium barriers

Thermal efficiency
] (Mwe)out _ (MWg)
n MWy, TOTAL
Gross (MWo/MWen), %
Steady-State Tritium Losses, Ci/d

um o
pump

300-500
0.1

Natural oxide on main
helium coolant side

Packed bed thermal storage
Steel balls

Helical wound tube and shell
Single

204/460
8.3

Natural oxide on both sides
of steam generator walld

36.4

39.2
43.6 (100% Tp)Cse

85s calculated by Tritium Breeding Task Group.

bNeutron energy multiplication only.

cHydrogen is added into the purge stream at a rate equal to 100 times the

mass generation rate of tritium.

YBarrier factor of 100 was assumed on the surface of the .all or clad, as

discussed in Section 6.6.

®Iritium influx from the first wall at 0.22 g/day.
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Generic issues for the helium—-cooled HT-9 blanket designs are identified
in Section 3.4 and 8.3. Potentlal issues that need to be addressed specif-
ically for the helium—cooled Lis0 HT-9 design are the following:

L) Irradiation-induced swelling of 1190 is a potentislly critical
issue. Racdiatice=induced swelling st Lig0) needs to b= quantified.
The effect should be studied in a constrained design such that the
material creep property can be coupied into the swelling effects,
The swelling-tolerant design as described in Section 8.10.1 should

be studied experimentally.

L] The issues of tritium extraction and containment need to be addres-
sed further by experiment. Such a program would include qualifica~
tion and quantification of purge flow design under an in-situ simu-
lated fusion reactor environment. Tritium permeation data under
reference design operating conditions are critical for predicting

and controlling the bred tritium.

L Understanding of LiOH mass transfer is needed. Experiments will be
needed to simulate the LiOH mass transfer in the tritium purge
stream under the recommended fiow conditions of the reference

design.

[ ) The tritium breeding ratio of Li;0 15 modest, but adequate. This
quantity should be reviewed with further understanding of the TBR

requirements for the tokamak reactor.

L Mechanical properties of Lis0 are needed. These properties are
needed 1a order to project breeder behavior under thermal stresses
and irvediation gradient conditions. Simulation of the breeder/

clad mechanlcal interaction is also needed.
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8.4.2 Tandem Mirror Reactor

8.4.2,1 Blanket Configuration

The helium—-cooled/Li70/HT-9 design for tandem-mirror reactors is similar
to the deeign illustrated in Fig. 8.4-!. The differences between these de-
signs are In the coolant routing in the plenum design and in the design of
the first wall. As illustrated ia Fig. 8.3-2, the coolant in the plenum of
the TMR module flows in the module axial direction, which fits the mirror
reactor geometry. The inlet/outlet piping is on one ride of the module to
ansure that the module segment can he removed without moving the hefty sole-
noid coils. Since the surface heat loading for the TMR is 0.05 MW/mz, which
is much smaller than the 1.0 MW/m?2 for the tokamak reactor, a simple channel
first wall is adequate to cool the first wall structure as indicated in Fig.
8.4~1. Similarly, because of the smc'l surface heat load and negligible
first wall erosion rate for the TMR, no grooving of the first wall or erosion

layer will be needed.

This may also be the only solid breeder for TMR that can breed adequate
tritium without the use of a neutron multiplier. The module is pressurized
to 5 MPa (50 atm) and can be arranged in the axial direction, as illustrated
in Fig. 8.3-2, The breeder Lij0 is in tapered plates to fit the cylindrical
configuration. They are clad in HT-9 in order to maximize the blanket breed-
er volume fraction. A separate purge stream of helium is fed through the
breeder plates for tritium extraction. Hydrogen is added to the purge stream
for permeation control. Coolant helium flows through the module side inlet
channels toward the plasma, cools the first wall, turns at the apex of the
module and then flows radially outward to cool the breeder plates. The total
blanket thickness, including the plenum, was selected to be 0.62 m. This
thickness would allow the minimum overall reactor dimension while providing
for adequate tritium breeding.

During the BCSS study, the swelling of Lij0 at high neutron fluence was

identified as a potentially critical problem for the design. The magnitude

of the induced swelling and how much of it can be relaxed by material creep
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still has to be determined. A swelling—tolerant plate design was proposed to
accommodate volumetric swelling up to 10%. Mechanical, neutronics, and
thermal-hydraulics details of this blanket design, and the consideration of

tritium ianventory, extraction, and ccitrol are given in Section 8.10.

8.4.2.2 Design Summary and Issues

This section presents the design summary of the TMR helium-cooled Lig0
design. Its favorable design features are identified, as are the issues that

need to be addressed in future studiles.

Table 8.4-2 summarizes the design characteristics of the TMR helium-—
cooled Lij0 design. The following favorable characteristics of the reference
design can be identified:

L] Compared to liquid-lithium designs, this design has relatively low

chemical energy content.

° No neutron multiplier is needed for this design to breed adequate
tritium.

® No ®Li enrichment will be required.

L With the purge flow design, it has double wall tritium containment
(breeder clad and heat exchanger). The chemistry of the purge
helium stream can be adjusted relatively easily for tritium extrac-
tion and/or control; and for the control of breeder and cladding

material interaction.
Generic issues for the helium—cooled HT-9 tlanket designs are identified
in Sections 3.4 and 8.3. Potential issues that need to be addressed specif-

ically for the helium—cooled Lij0 HT-9 design are the following:

L Irradiation-induced swelling of 1i90 is a potentially critical
issue. Radiation-induced swelling of Lig0 needs to be quantified.
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TABLE 8.4-2

MAJOR PARAMETERS AND FEATURES OF
THE TMR HELIUM-COOLED Lij0 DESIGN

General Description

Materials
Coolant
Breader
tieutron multiplier
Structure

Mzjor Design Parameters

Reactor blanket thermal power, MW
Average neutron wall load, MW/m2
Average first wall surface heat flux, MW/m2
Coolant
Inlet/outlet temperature, °C/°C
Maximum pressure, MPa
Breeder
Minimum/maximum temperature, °C/°C
Maximum pressure, MPa
Structure
First wall/blanket maximum temperature, °C
Minimum/maximum temperature at
Coolant interface, °C/°C
Breeder interface, °C/°C
Neutronics
Tritium breeding ratio
1-D, 100% coverage

Net (3-D with all geometrical
detai’s and penetration)?@

Maximum nuclear heating rates
Breeder, W/cc

Structure, W/ce
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Helium @ 5 MPa (50 atm)
Lio0
None

HT~9
2958
5.0

0.05

275/540
5.2

519/782
0.1

546 (cladding)
275/546

437/546

1.19
1.176

47
50



TABLE 8.4-2 (Continued)

Energy (1-D calculation)
Multiplication factor
Deposited in heat recovery zone, MeV
Deposited in heat loss zone, MeV

First Wall/Blanket Design Description
Blanket thickness (including manifolds), m
Manifold thickness, m

Percent structure/% coolant
in manifold ‘region, %/%

Coolant AP (total), MPa
Primary coolant loop pumping power, MW
First Wall
Description
Minimum/maximum coolant temperature, °C/°C
Maximum structure temperature, °C
Blanket

Uescription

6L1 enrichment, 7%
Minimum/maximum coolant temperature, °C/°C
Maximum structure temperature, °C
Tritium removal from breeder
Method
Steady—state breeder tritium inventory, g
Purge gas
Material
Temperature, °C
Pressure, MPa

Tritium barriers
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1.19b
16.72
0.45

0.63
0.10

20/80
0.03
62

Simple channel
275/303
448

Pressurized module, Lig0
clad in 1.1 to l.9-cm~thick
tapered plates

7.6 (natural)
303/538
546

Purge flow
130.7

Helium
300-500
0.1

Natural oxide on main helium
coolant sided



TABLE 8.4-2 (Continued)

Power Conversion System

Steam generator
Type
Single or double wall tubes
Steam
Inlet/outlet temperature, °C/°C
Maximum pressure, MPa
Tritium barriers
Thermal efficiency
(Mwe)out - (Mwe)pump
n= MWcp, TOTAL » b
Gross (MWg/MWeh), %
Steady-State Tritium Losses, Ci/d

Helical wound tube and shell
Single

204/490
8.3
Natural oxide on both sidesd

38.4

40.2
40.5 (100% To)C»e

3ps calculated by Tritium Breeding Task Group.

Neutron energy multiplication only.

cHydrogen is added into the purge stream at a rate equal to 100 times the

mass generation rate of tritium.

dBarrier factor of 100 was assumed on the surface of the wall or

clad, as discussed in Sectionm 6.6.

®Tritium influx from the first wall at 0.2 g/day.
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8.5

The effect should be studied 1n a constrained design such that the
matecvial creep property can be coupled into the swelling effects.
The swelling tolerant design as described in Section 8.10.1 should
be studied experimentally.

The issues of tritilum extraction and containment will need to be
addressed further by experiment. Such a program would include
qualification and quantification of purge flow design under in-situ
simulated fusion reactor environment. Tritium permeation data
under reference design operating conditions are critical for pre-

dicting and controlling the bred tritium.

Understanding of L10H mass transfer i1s needed. Experiments will be
needed to slmulate the L1OH mass transfer in the tritium purge
stream under the recommended flow conditions of the reference

design.

Tritium breeding ratio. The tritium breeding ratio of Lip0 1is
marginally adequate at this point. This should be reviewed with
further understanding on the requirements of TBR for the TMR.

Mechanical properties of L1950 are needed. These properties are
needed in order to project breeder behavior under thermal stresses
and irradiation gradient conditions. Simulation of the breeder/

clad mechaical interaction is also needed.

Li/Helium/HT-9 (R=1)

section presents the design of the R=1 1liquid 1lithium, helium—-

cooled blanket using ferritic steel as the structural material. The tokamak

version i1s described in Section 8.5.1, and the mirror version is described in
Section 8.5.2.
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8.5.1 Tokamak

8,5.1.1 Blanket Configuration

The design developed for detailed comparative evaluations and investiga-
tions of critical issues of the liquid lithium, helium-cooled tokamak blanket
concept is shown in Fig. 8.5-~1. It consists of a pressurized module contain-
ing 5 MPa (50 atm) helium and arranged in the toroidal direction as illu-
strated in Fig. 8.3-1. This mechanically simple configuration features an
HT-9 lobed first wall of the internal-fin type, HT-9 tube fuel elements con-
taining very slowly circulating liquid lithium breeder, and a plate-type HT=-9
reflector/hot shield region. Helium coolant entering the blanket at 275°C is
directed initially along side inlet channels to the first wall region and
then r.adially cross—-flowad through the 1lithium tube bank and reflector
plates. The helium outlet temperature is 510°C, allowing a net power conver-—

sion system efficiency of 36.0Z includivg pumping power losses.

8.5.1.2 Design Summary and Issues

The key features and parameters of the helium-cooled, 1liquid lithium
tokamak blanket design are presented in Table 8.5-1 and summarized in this
section., Details of the mechanical, neutronic and thermal-hydraulic design,
and considerations of tritium extraction and control are provided in Section
8.10.

To enhance the first wall cooling for the tokamak reactor, finned cool-
ing channels are needed to remove the heat from surface loading and volumet-
ric power generation. Total blanket inboard/outbuard thicknesses of 0.61/
1.20 m were selected to minimize overall reactor cost while designing for
adequate tritium breeding. Inboard/outboard lithium breeding zone thick-
nesses are 0.24/0.78 m« The lithium 1is contained in 4.7 ecm o0.d. 1.1 mm
thickness HT-9 tubes 1in a triangular 5.1 cm pitch. Tritium is recovered by
slow circulation of the lithium (0.092 m3/s for the reactor) to a molten salt
extractor.(8.5-1) One cm thick inlet/outlet plena for lithium distribution
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Figure 8.5-1. Liquid lithium/He blanket design
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TABLE 8.5-1

MAJOR PAKAMETERS AND FEATURES OF
THE TOKAMAK HELIUM-COOLED LIQUID LITHIUM DESIGN

General Description

Materials
Coolant
Breeder
Neutron multiplier
Structure

Major Design Parameters

Reactor blanket thermal power, MW
Average neutron wall load, MW/m2
Average first wall surface heat flux, MW/m2
Coolant
Inlet/outlet temperature, °C/°C
Maximum pressure, MPa
Breeder
Minimum/maximum temperature, °C/°C
Maximum pressure, MPa
Stru~ture

First wall/clanket maximum temperature, °C

Minimum/maximvm temperature at:
Coolant interface, °C/°C
Breeder interface, °C/°C

Neutronics
Tritium breeding ratio
1-p, 100% coverage

Net (3-D with all geometrical
details and penetration)?

Maximum nuclear heating rates
Breeder, W/cc

Structure, W/cd
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Helium @ 5 MPa (50 atm)

Li
None

HI-9

5577
5.0
1.0

275/510
5.0

500/560
5.0

547 (first wall)
649 (erodable surface
at beginning of life)

275/533

500/535

1.16
1.12

23
50



TABLE 8.5-1 (Continued)

Energy (1-D calculation)
Multiplicat.=i: .actor
Denusited in heat recovery zone, MeV
Deposited in heat loss zone, MeV
Fivst Wall/Blanket Design Description
Inboard first wall/blanket
Thickness (including manifolds), m
Manifold thickness, m

Percent structure/% coolant
in manifold region, %/%

Coolant AP (total), MPa

Qutboard first wall/blanket
Thickness (including manifolds), m
Manifold thickness, m

Percent structure/% coolant
in manifold region, %/%

Coolant AP (total), MPa
Primary coolant loop pumping power, MW
First Wall
Description
Minimum/maximum coolant temperature, C/°C

Maximum structure temperature, °C

Blanket
Description

b1 enrichment, %

Minimum/maximum coolant temperature, °C/°C

Maximum structure temperature, °C
Steady—-state breeder tritium inventory, g
Tritium Recovery
Total MHD lithium AP (inboard), MPa
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1.23b
17.4

0.61
0.11

20/80
0.101

1.20
0.22

20/80
0.142
262

Internal fins
275/334

547 (first wall)
649 (erodable surface at
beginning of life)

Pressurized wodule, Li in
HT=9 tubes

7.4 (natural)
328/507

515

330

1.01



TABLE 8.5-1 (Continued)

Power Conversion System

Thermal storage provision (tokamak)
Technique
Storage medium
Steam generacor
Type
Single or double wall tubes
Steam
Inlet/outlet temperature, °C/°C
Maximum pressure, MPa

Tritium barriers

Thermal efficiency
- (Mwe)out - (Mwe%pump 9
MW¢ TOTAL * e
Gross (MWo/MW¢p), %
Steady-State Tritium Losses, Ci/d

n

Packed bed thermal storage
Steel balls

Helical wound tube and shell
Single

204/460
8.3

Natural oxide on water side
of steam generator wall

36.0

39.2
16.1 d

3As calculated by Tritium Breeding Task Group.

bNeutron energy multiplication only.

STritium barrier factors of 2 and 100 are assumed to be on the wall/clad
of the main helium coolant and water side of the steam generator,

respectively.

dHydrogen is added into the main helium cooiant stream at 22 gm/day, which
is 100 times the tritium influx rate from the first wall at 0.22 gm/day.
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are located at both ends of the lithium tubes. Inlet/outlet 1lithium col-
lector piping is located inside the helium plenum at the back of the module,
occupying less than 10% of the flow space and increasing the plenum thickness
accordingly. The tritium inventory in the lithium is 330 g, resulting in a
tritium loss rate via permeation through the steam generator of 16.1 Ci/d.
Total MHD pressure drop in the inboard blanket loop resulting from the lith-
ium ecirculation is 0.01 MPa.

Considering the reference design, the following favorable charactar—
istics can be identified for the helium—cooled 1liquid 1lithium blanket
design:

) Conceptually simple mechanical, mneutronic, and thermal-hydraulic

design.
° No 611 enrichment required.
° Lower lithium inventory than self-cooled concepts.
® Lithium is circulated slowly only for tritium recovery with moder-

ately low attendant MHD pressure droo, making it less vulnerable

than self-cooled concepts.

° Low inventory and double containment of tritium (blanket breeder

tubes and heat exchanger).
° Inherent safety features described below.

The present design offers multiple safety features. It incorporates a
multiple containment approach to liquid breede+ release, and since the cool-
ant is helium, the inventory of liquid breeder is minimized to that required
only from neutronics considerations. There is no appreciable potential for
breeder—coolant chemical ‘nteraction due tc the 1low level of impurities in
the helium. In a depressurization event, the design allows for rapid commun-—

ication between submodules. The design is projected to withstand the maximum
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forces expected without propagation to adjacent submodules. With gas cool~
ant, the capability exists to circulate the depressurized coolant for heat
removal during accident conditions, which will prevent module failure from
excessive temperatures. The capability #lso exists to provide a redundant
and diverse auxiliary cooling circuit via rtecirculation of the 1liquid
breeder. Under complete loss of cooling, the blanket has a large heat capac-
ity (L1) and offers good heat conduction for heat removal from the first wall

region.

The critical feasibility issue in this concept 1s that of 1liquid metal
corrosion and compatibility with the contalament tube material. The maximum
structural interface temperature is the critical design constraint on the
thermal-hydraulics. The tradeoff between this temperature limit and the max-
imum acceptable pumping power through the breeder zone establishes the tube

dimensions and pitch.

Though not a critical 1ssue, a significant design constraint is the neu-
tronic distribution of energy between the inboard and outboard blankets. The
economic tradeoff of minimizing the inboard blanket thickness while maintain-
ing adequate neutronic protection of the magnet versus maximizing the total
energy recovered at useful temperatures establishes the relative inboard/
outboard blanket thicknesses. Though the resultant blanket design exhibits
relatively low power density, its performance can be significantly ilmproved

by incorporating a neutron multiplier (Be or Pb).

8.5.2 Tandem Mirror Reactor

8.5.2.1 Blanket Configuration

The TMR helium-cooled liquid 1lithiwv., HT-9 design is similar to the
design shown in Fig. 8.5-1. The differences are ia the design of the coolant
routing in the plenum and in the design of the first wall, The module 1is
also tapered to fit the cylindrical geometry. As illustrated in Fig. 8.3-2,
the coolant in the plenum of a TMR module flows in the inodule axial direc~-

tion, which fits the mirror reactor geometry. The module inlet/outlet piping
L
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is on one eide of the module to make sure that the module segment can be
removed without moving the solenoid coils. Since the surface loading for the
TMR is 0.05 MW/m2, which is much smaller than the 1.0 MW/m2 for the toka-
mak reactor, a simple channel first wall 1is adequate to cool the first wall
structure, as indicated in Fig. 8.4-1. The design offers a mechanically
simple configuration and features, in addition to the simple channel HT-9
lobed wall, HT=9 tube fuel elements containing slowly circulating liquid
lithium breeder, and a plate-type HT-9 reflector/hot shield region., Helium
coolant entering the blanket at 275°C is directed initially to the first wall
region by a flow baffle and subsequently cross flowed through the lithium
tube bank and reflector plates. The helium outlet temperature is 540°C, al-
lowing a net power conversion system efficiency of 38.5%Z, dincluding pumping
power losses.

8.5.2.2 Design Summary and Issues

The key features and parameters of the helium-cooled, liquid lithium TMR
blanket design are presented in Table 8.5-2 and summarized in this section.
Details of the mechanical, neutronic, and thermal-hydraulic design, and con-

siderations of tritium extraction and control are provided in Section §.10.

As discussed earlier, a simple channel first wall is adequate for remov-
ing the heat from surface loading and volumetric power generation. A total
blanket thickness of 1.08 m was selected to minimize overall reactor cost
while desigﬁing for adequate tritium breeding. The lithium breeding zone
thickness is 0.78 m« The lithium is contained in 4.8 cm o.d. 1.1 mm thick-
ness HI=-9 tubes in a triangular 5.1 cm pitch. Tritium is recovered by slow
circulation of the Li (0.11 m3/s) to a molten salt extractor. The tritium
inventory 1in the Li is 330 g. The tritium loss rate via permeation through

the steam generator is 10.2 Ci/d. Total MHD pressure drop resulting from the
Li circulation is 0.2 MPa.
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TABLE 8.5-2

MAJOR PARAMETERS AND FEATURES OF
THE TMR HELIUM-COOLED LIQUID LITHIUM DESIGN

General Description

Materials
Coolant
Breeder
Neutron multiplier
Structure

Major Design Parameters

Reactor blanket thermal power, MW
Average neutron wall load, MW/m2
Average first wall surface heat flux, MW/m2
Coclant
Inlet/outlet *temperature, °C/°C
Maximum pressure, MPa
Breeder
Minimum/maximum temperature, °C/°C
Maximum pressure, MPa
Structure
First wall/blanket maximum temperature, °C
Minimum/maximum temperature at:
Coolant interface, °C/°C
Breeder interface, °C/°C
Neutronics
Tritium breeding ratio
1-D, 100% coverage

Net (3-D with all geometrical
details and penetration)a

Maximum nuclear heating rates
Breeder, W/cc

Structure, W/cc
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Helium @ 5 MPa (50 atm)
Li

None

HT-9

3056
5.0

0.05

275/540
5.0

470/560
5.0

547 (cladding)

275/548

470/550

1.28
1.13

23
50



TABLE 8.5-2 (Continued)

Energy (1-D calculation)
Multiplication factor
Deposited in heat recovery zone, MeV
Deposited in heat loss zone, MeV

First Wall/Blanket Design Description

Inboard first wall/blanket
Thickness (including manifolds), m
Manifold thickness, m

Percent structure/? coolant
in manifold region, %/%

Coolant AP (total), MPa
Primary coolant loop pumping power, MW
First Wall
Description
Minimum/maximum coolant temperature, °C/°C
Maximum structure temperature, °C
Blanket
Description

6L enrichment, %

Minimum/maximum coolant temperature, °C/°C

Maximum structure temperature, °C
Steady-state breeder tritium inventory, g
Tritium Recovery

Total MHD lithium AP, MPa

Power Conversion System

Steam generator
Type
Single or double wall tubes
Steam
Inlet/outlet temperature, °C/°C
Maximum pressure, MPa

Tritium barriers
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1.24b
17.5
0.3

1.08
0.10

20/80
0.059
80

Simple channel
275/303
448

Pressurized module, Li in
HT-9 tubes

7.6 (natural)
303/538

546

330

0.2

Helical weound tube and shell
Single

204/490
8.3

Natural oxide on water side
of steam generator wallC



TABLE 8.5-2 (Continued)

Thermal efficiency
(MWg) (MWe)

= out - pumE Y/ ;
n MW.p, TOTAL » 38.3
Gross (MWg/MWen), % 40.2
Steady-State Tritium Losses, Ci/d 10.2d

8)s calculated by Tritium Breeding Task Group.
bNeutron energy multiplication omnly.

®Iritium barrier factor of 2 and 100 are assumed to be on the wall/clad of
the main helium coolant and water side of the steam gemerator, respectively.

dHydrogen is added into the main helium coolant stream at 20 gm/day, which
is 100 times the tritium influx rate from the first wall of 0.20 gm/day.
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Considering the reference design, the following favorable character-
istics can be identified for the helium—cooled liquid 1lithium blanket
design:

Y Conceptually simple mechanical, neutronic, and thermal-hydraulic

design.

L No neutron multiplier needed for adequate tritium breeding and

energy multiplicatiocn.

L No O®Li enrichment required.
L Lower lithium inventory than self-cooled concepts.
L Lithium is circulated slowly only for tritium recovery with moder-

ately low attendant MHD pressure drop, making it less vulnerable

than self-cooled concepts.

e Low inventory and double contaiment of tritium (blanket breeder

tubes and heat exchanger).
. Inherent safety features described below.

The present design offers multiple safety features. It incorporates a
multiple containment approach to liquid breeder release, and since the cool-
ant is helium, the inventory of liquid breeder is minimized to that required
only from neutronics considerations. There is no appreciable potential for
breeder—-coolant chemical interaction due to the low level of impurities in
the helium. In a depressurization event, the design allows for rapid commun-
ication between submodules. The design is projected to withstand the maximum
forces expected without propagation to adjacent submodules. With gas cool-
ant, the capability exists to circulate the depressurized coolant for heat
removal during accident conditions, which will prevent module failure from
excessive temperatures. The capability also exists to provide a redundant

and diverse auxiliary cooling circuit via recirculation of the liquid
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capacity (L1) and offers good heat conduction through the blanket for heat
removal from the first wall region to the shield.

The critical feasibility issue in this concept is that of 1liquid metal
corrosion and compatibility with the containment tube material. The maximum
structural interface temperature 1s the critical design constraint on the
thermal~-hydraulics. The tradeoff between this temperature limit and the max-~
imum acceptable pumping power through the breeder zone establishes the tube

dimensions and pitch.

Though not a critical issue, a significant design concern is the rela-
tively low power density of the blanket. This issue could be addressed and
the blanket and reactor performance improved by incorporating a neutron mul-
tiplier (Be or Pb) in the design.

Reference

8.5-1. "Blanket Comparison and Selection Study,” ANL/FPP-83-1, October,
1983.



8.6 LiAl09/Be/Helium/HT-9 (R=l)

This section presents the design of the F=1 LiAlOj helium-cooled blanket
using beryllium rods as the neutron multiplier and ferritic steel as the
structural material. The tokamak version is described in Section 8.6,1, and

the mirror version is described in Section 8.6.2.

8.6.1 Tokamak

8.6.1.1 Blanket Configuration

The helium-cooled/LiA109/Be/HT-9 design for tokamak reactors is illustrated
in Fig. 8.6-1. It is a pressurized module design containing the 5 MPa (50
atm) helium and arranged in the toroidal direction, as illustrated in Fig.
8.3-1. In order to provide adequate tritium breeding, bare beryllium rods
are placed in front of the LiAlOy region for neutron multiplication. In
order to maximize the blanket breeder volume fraciion, the breeder L1A10; is
in plate geometry and clad in HI-9. A separate purge stream of helium passes
through the breeder plates for tritium extraction. Hydrogen is added in the
purge stream for permeation control and for the control of potential surface
tritium inventory, as explained in Section 6.3. Coolant helium flows through
the module side inlet channels toward the plasma, cools the first wall and
turns at the apex of the module, then flows radially outward to cool the

beryllium rods and the breeder plates.

To enhance the first wall cooling for the tokamak reactor, finned cool-
ing channels, as shown in Fig. 8.4~1, are needed to remove the heat from sur—
face loading and volumetric power generationa. The total blanket thickness,
including plenum, was selected to be different at inboard and outboard loca-
tions, with thicknesses of 0.41 and 0.70 m, regpectively, This would allow
the minimum inboard thickness and thus the minimum overall reactor dimension,
while designing for adequate tritium breeding. To maintain minimum inboard
thickness and reduce the use of beryllium, no beryllium is utilized in the

inboard blanket. Details of the mechanical, neutronics, thermal-hydraulics
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design of the blanket module, and the considerations of tritium inventory,

extraction, and control are presented in Section 8.10.

8,6.1.2 Design Summary and Lssues

This section presents the design summary of the tokamak helium—-cooled
L1A102/Be design. Its favorable design features are identified, as are the

issues that need to be addressed in future studies.

Table 8.6=1 summarize- the design characteristics of the helium-cooled
LiAl1070/Be design. The following favorable design characteristics of the
reference design can be identified:

L Compared to liquid-lithium designs, this design has relatively low

chemical energy content.
L Compared to Li0, LiAlO7 is a much easier material to handle.

L With the purge flow design, it has double wall tritium containment
(breeder clad and heat exchanger). The chemistry of the purge
helium stream can be adjusted relatively easily for tritium extrac-
tion and/or control; and for the control of breeder and cladding

material interaction compatibility.

L The tritium breeding potential for this design has not been
reached. If it 1is necessary, 10 cm of beryllium can be added to
the inboard blanket allowing a TBR increase of 6%, or the thickness
of the outboard-LiAl0j zone can be increased by 10 cm to also ob-
tain an increase of tritium breeding by 6%. Use of both inboard
beryllium and a thicker LiAlOj zone would increase TBR by over 10%.
A configuration change to allow mixing of the beryllium and LiAlO9
zones would increase TBR by an additional 10% to 15%.

8-43



TABLE 8.6-1

MAJOR PARAMETERS AND FEATURES (¥
THE TOKAMAK HELIUM-COOLED LiAl09/Be DESIGN

General Description
Materials

Coolant

Breeder
Neutron multiplier
Structure

Major Design Parameters

Reactor blanket thermal power, MW
Average neutron wall load, MW/m?2
Average first wall surface heat flux, MW/m2
Coolant
Inlet/outle! temperature, °C/°C
Maximum pressure, MPa
Breeder
Minimum/maximum temperature, °C/°C
Maximum pressure, MPa
Structure

First wall/blanket maximum temperature, °C

Minimum/maximum temperature at:
Coolant interface, °C/°C
Breeder interface, °C/°C

Neutronics
Tritium breeding ratio
1-D, 100% coverage

Net (3-D with all geometrical
details and penetration)?

Maximum nuclear heating rates
Breeder, W/ cc
Neutron multiplier

Structure, W/cc
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Helium @ 5 MPa (50 atm)

LiA109
Beryllium
HT-9

5499
5.0
1.0

275/510
5.0

520/1000
0.1

544 (first wall)
646 (erodable surface
at BOL)

275/521
509/521

1.21
1.04

64
30
52



TABLFE, 8.6~1 (Continued)

Energy (1-D calculation)
Mulriplication factor
Deposited in heat recovery zone, MeV
Deposited in heat loss zone, MeV
First Wall/Blanket Design Description

Inboard first wall/blanket
Thickness (including manifolds), m
Manifold thickness, m

Percent structure/% coolant
in manifold region, %/%

Coolant AT (total), MPa

Qutboard first wall/blanket
Thickness (including manifolds), m
Manifold thickness, m

Percent structure/% coolant
in manifold region, %/%

Coolant AP (total), MPa
Primary coolant lrop pumping power, MW
First Wall
Description
Minimum/maximum coolant temperature, °C/°C

Maximum structure temperature, °C

Blanket
Description

b1 enrichment, %
Minimum/maximum coolant temperature, °C/°C
Maximum structure temperature, °C
Tritium removal from breede-
tiethod
Power loss (thermal), % total

Steady-state breeder tritivm inventory, g
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1.21b
17.12
0.84

0.41
0.11

20/80
0.099

0.70
0- 22

20/80
0.127
179

Internal fins
275/332

544 (first wall)
646 (erodable surface at
beginning of 1life)

Pressurized module, bare
beryllium rods and LiAlOg
clad in 0.9 cm thick plates

60
332/507
520

Purge flow
~0
38.2



TABLE 8.6—-1 (Continued)

Purge gas

Material Helium

Temperature, °C 300-500

Pressure, MPa 0.1

Tritium barriers Natural oxilde on main helium

coolant sided

Power Conversion System

Thermal srorage provision (tokamak)
Technique Packed bed thermal storage
Storage medium Steel balls

Steam generator

Type Helical wound tube and shell
Single or double wall tubes Single
Steam

Inlet/outlet temperature, °C/°C 204/ 460

Maximum pressure, MPa 8.3

Tritium barriers Natural oxide on both sides

of steam generator walld

Thermal efficiency

(Mig) . _ (MWg)

- t - pump
& MWpp, TOTAL » 36.2
Gross (MWg/MW ), % 39.2
Steady—-State Tritium Losses, Ci/d 24,0 (100% Tz)d:f

4As calculated by Tritium Breeding Task Group.
bNeutron energy multiplication only.

cHydrogen is added into the purge stream at a rate equal to 100 times the
mass generation rate of tritium.

d
Barrier factor of 100 was assumed on the gurface of the steam generator
wall or breeder clad.

“Bol - beginning of life,.

f.. .
Tritium faflux from the first wall at 0.22 g/day.
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Generlc issues for the helium~cooled-HT-9 blanket designs are identified

in Sections 3.4 and 8.3. Potential issues that need to be addressed specif-
ically for the helium-cooled LiAl0O9/Be HT-9 design are the following:

The issues of trivium extraction and containment will need to be
addressed further by experiment. Such a program would include
qualification and quantification of the tritium system design under
an 1n-situ simulated fusion reactor environment. Tritium permea-
tion data under reference design operating conditions are critical

for the predicting and controlling cf the bred tritium.

Beryllium resources 1limitation is still a concern. The beryllium
rods have been designed to allow recycling of the beryllium to help

to ease the problem. Demonstration of recycling is needed.

Irradiation damage of beryllium. In our design, care was taken to
allow the bare beryllium rods to take the thermal and swelling
stresses as presented in Section 8.10.1. More detailed analysis

and simulated experiments will be needed to confirm and improve the

design.

Tritium generation in beryllium. In the use of beryllium as the
neutron multiplier, tritium will be generated through the (n,T)
reaction at 0.3% of the blanket tritium production rate. Poten—-
tially, the accumylated tritium in the bare beryllium rod can be
diffused out to the main coolant helium. At close to equilibrium,
the tritium outflux from the beryllium rod can be significant. 1f
such an outflux is too high, impacting permeation leakage to steam
generator, the beryllium rod may need to be clad. Tritium can then
be purged through the clad beryllium rods.

Module refabrication. The procedure in the assembly of hot refab-

ricated beryllium rods into the blanket module will need to be
developed.
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8.6.2 Tandem Mirror Reactor

8.6.2.1 Blanket Configuration

The helium—cooled/LiAl0;/Be/HT-9 design for tandem mirror reactors is
similar to the design illustrated in Fig. 8.6-1. The differences between the
two designs are in the coolant routing in the plenum design and in the design
of the first wall. As illustrated in Fig. 8.3-2, the coolant in the plenum
of the TMR module flows in the module axial direction which fits the mirror
reactor geometry. The inlet/outlet piping is on ~ne side of the module to
assure that the module segment can be removed without moving the hefty sole-
noid coils. Since the surface loading for the TMR 1is 0,05 MW/m2, which is
much smaller than the 1.0 MW/m? for the tokamak reactor, a simple channel
first wall is adequate to cool the first wall structure as indicated in
Fig. 8.4-1. Similarly, because of the negligible first wall erosion rate for
TMR, no first wall grooving will be needed.

The module is pressurized to 5 MPa (50 atm) and can be arranged in the
axial direction, as illustrated in Fig. 8.3-2. In order to provid= adequate
tritium breeding, beryllium rods are placed in front of the LiAlOjp region for
neutron multiplication. The breeder LiAlOjp is in tapered plates to fit the
cylindrical configuration, in order to maximize the blanket breeder volume
fraction. They are clad in HT-9. A separate purge stream of helium is fed
through the breeder plates for tritium extraction. Hydrogen is added in the
purge stream for permeation cnntrol and for the control of potential surface
tritium inventory, as explained in Section 6.3. Coolant helium flows through
the module side inlet channels toward the plasma, cools the first wall and
turns at the apex of the module, then flows radially outward to cool the
beryllium rods and the breeder plates. The total blanket thickness, includ-
ing the plenum, was selected to be 0.58 m. This cthickness would allow the
minimum overall reactor dimension while designing for adequate tritium breed-
ing. Details or this bianket mechanical, neutronics, and thermal-hydraulics
design, and the consideration of tritium inventory, extraction, and control

are given in Section 8.10.
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8.6.2.2 Design Summary and Issues

This section presents the design summary of the TMR helium—-cooled
LiAlO9/Be design. Its favorable design feacures are identified, as are the
issues that need to be addressed in {future studies.

Table 8.6~2 summarizes the design characteristics of the hellum—-cooled
Lio0 design. The following favorable characteristics of the vreference design
can be identified:

* Compared to liquid-lithium designs, this design has relatively low

chemical energy content.
L] Compared to LigQ, Li1AlQ) is a much easier material to handle.

L With the purge flow design, it has double wall tritium contaiment
(breeder clad and heat exchanger). The chemistry of the purge
helium stream can be adjusted relatively easily for tritium extrac-
tion and/or control; and for the control of breeder and cladding

material interaction.

. The tritium breeding potential for this design is relntively high.
If it is nacessary, beryllium zone thickness can be increased to

obrain higher tritium breeding than indicated in this design.

Generic lssues for the helium-cooled HI-9 blanket designs are identified
in Sections 3.4 and 8.3. Potential issues that need to be addressed specif-

ically for the helium-cooled LiAl0j/Be design are the following:

L The issues of tritium extraction and contul.z i Wwill need to be
addressed further by experiment. This would mean qualification and
quantification of the purge flow design under an 1in—-situ simulated
fusion reactor environment. Tritium permeation data under refer-
ence design operating conditions are critical for the understanding
aud control of the bred tritium.
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TABLE 8.6-2

MAJOR PARAMETERS AND FEATURES OF
THE TMR HELIUM-COOLED LiAl0,/Be DESIGN

General Description

Materials
Coolant
Breeder
Neutron multiplier
Structure

Major Design Parameters

Reactor blanket thermal power, MW
Average neutron wall load, MW/m2
Average first wall surface heat flux, MW/m?2
Coolant
Inlet/outlet temperature, °C/°C
Maximum pressure, MPa
Breeder
Minimum/maximum tewmperature, °C/°C
Maximum pressure, MPa
Structure
First wall/blanket maximum temperature, °C
Minimun/maximum temperature at
Coolant interface, °C/°C
Breeder interface, °C/°C
Neutronics
Tritium breeding ratio
1-D, 100% coverage

Net (3-D with all geometrical
d¢. 'ils and penetration)?

Maximum nuclear heating rates
Breeder, W/cc
Neutron multiplier

Structure, W/ecc

8-50

Helium @ 5 MPa (50 atm)
LiA109

Beryllium

HT-9

3106
5.0
0.05

275/ 540
5.2

520/1000
0.1

550 (cladding)
275/550

473/550

1.26
1.186

64
30
52




TABLE 8.6-2 (Continued)

Energy (1=D calculation)
Multiplication factor
Deposited in heat recovery zone, MeV
Deposited in heat loss zone, MeV
First Wall/Blanket Design Description
Inboard first wall/blanket
Thickness (including wanifolds)P, n
Manifold thickness, m

Percent structure/% coolant
in manifold region, %4/%

Coolant AP (total), MPa
Primary coolant loop pumping power, MW
First Wall
Description
Minimum/maximum coolant temperature, °C/°C
Maximum structure temperature, °C
Blanket
Description

6L enrichment, %
Minimum/maximum coolant temperature, °C/°C
Maximum structure temperature, °C
Tritium removal from breeder
Method
Power loss (thermal), 7% total
Steady-state breeder tritium inventory, g
Purge gas (if applicable)
Material
Temperature, °C
Pressure, MPa

Tritium barriers
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1.25b
17.57
0.66

0.58
0.1

20/80
0.059
84

Simple channel
275/302
450

Pressurized module, bare
beryllium rods and LiAlO9
breeder in 1.1-1.9 cm
tapered plates

60
302/538
550

Purge flow
~0
24.1

Helium
300-5G9
0.1

Natural oxide on main helium

coolant sided



TABLE 8.6-2 (Continued)

Power Converslion System

Steam generator

Type Helical wound tube and shell
Single or double wall tubes Single
Steam

Inlet/outlet temperature, °C/°C 2047490

Maximum pressure, MPa 8.3

Tritium barriers Natural oxide on both sides

of the ..ceam generator wal1d
Thermal efficiency

(MW MW
n = ©ou - {1Ve)pung % 38.2
MWy, TOTAL ’
Gross (MWg/MWyyn), % 40
Steady-State Tritium Losses, Cifd 27.6 (100% T))C»e

3As calculated by Tritium Breeding Task Group.
bNeutron energy multiplication only.

cHydrogen is added into the purge stream at a rate equal to 100 times the
mass generacion rate of tritium.

dBarrier factor of 100 was acsumed on the surface of the steam generator
wall or breeder clad.

®Pritium influx from the first wall at 0.2 g/day.
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Beryllium resources limitation is still a concern. The beryllium
rods have been designed to allow recycling of the beryliium to help

to ease the problem. Demonstration of recycling is needed.

Irradiation damage of beryllium. In our design, care was taken te
allow the bare beryllium rods to take the thermal and swelling
stresses, as presented in Section 8.10.1. More detailed analysis
and simulated experiments will be needed to confirm and improve the

design.

Tritium generation in beryllium. In the use of beryllium as the
neutron multiplier, tritium will be generated through the (n,T)
reaction at 0.3% of the blanket of the tritium production rate.
Potentially, the accumulated tritium in the bare beryllium rod can
be diifused out to the main coolant helium. At close to equili-
brium, the tritium cutflux from the beryllium rod can be signifi-
cant. If such an outflux is too high, impacting from permeation
leakage to steam geinerator, the beryllium rod may need to be clad.

Tritium can then be purged through the clad beryllium rods.
Module refabrication. The procedure in the assembly of hot refab-

ricated beryllium rods into the blanket module wil!l need to be
developed.
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8.7 Flibe/Be/He/FS Concept (R=1)

8.7.1 Design Choices

Tlhe blanket concept is shown in Fig. 8.7-1. Beryllium, in the fgrm of
pebbles nominally 1 cm diameter in a 20 cm thick bed, is employed to multiply
neutrons. The multiplier zone is followed by a zone of silicon carbide (SiC)
which slows neutrons. Neutrons are captured in the Lithium—6 carried in thc
molten fluoride salt (LiF+BeF- melting point, 363°C) to breed tritium and
release extra energy in exothermic nuclear reactions. The salt flows slowly
through tubes in the blanket and out to a simple flash separator where the
tritium is removed. Helium flcws radially through the Be pebble bed and SiC
region carrying the heat out to the thermal conversion plant. The tubes are
coated either on the inside or outside with a 10 um tungsten barrier by
chemical vapor deposition to cut down tritium permeation to the helium
coolant circuit. With the tungsten barrier on the inside the tritium
inventory in the tube walls is small and tungsten will contribute to
corrosion inhibition. A l-um aluminum jacket on the steam generator tubes
keeps the tritium permeation to the steam down to 30 curies per day. The
design can be converted iato a fission—suppressed fissile breeder by thicken-
1ng the beryllium zone by a factor of 2 or so and adding ThFA to the salt
in which case 6 tonnes of uranium - 233 would be produced per year.

Beryllium is chosen as the neutron multiplier because of its large
(n,2n) nuclear reaction cross-section and low cross-section for competing
side reactions. By comparison to other materials, beryllium significantly
stands out as a neutron multiplier as can be seen in the infinite media
results of Fig. 8.7-2. The material having the next largest neutron
multiplication® is 7Li. However, because its density is 3.8 times lower
than beryllium, it requires a very thick blanket to approach its infinite
media multiplication ability. The multiplication in Pb is much lower than
in beryllium but is still quite appreciable.

Beryllium is a limited resource and some people have thought it

inadvisable to use in fusion plant designs because then fusion power would

*7Li 'is not truly a multiplier but has the same effect because of the

Li(n,n'T)*He reaction which produces tritium and preserves the
incident neutron.
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not be inexhaustible. We find beryllium so advantageous that this question
needs re-examining carefully. There is enough beryllium for many hundreds
of plants and this would allow fusion to be deployed extensively enough for
people to become familiar with the technology. After the first 30-70 years
of introduction, the amount of beryllium employed in the blanket could be
reduced by more neutronically efficient designs. Apparently, with careful
design and full recycle of used beryllium, fusion power based on the use of
beryllium can be considered semi-inexhaustible. Beryllium resources were
discussed in last years report and elsewhere in this report.

We chose beryllium in the form of pebbles to facilitate recycle of
irradiated beryllium. A bed cf pebbles can potentially accommodate some
swelling and relative thermal expansion, and can be loaded and unloaded by
flowing. We envision blankets to be factory made, shipped to the plant and
installed after testing aud inspection. The recycled beryllium would have a
contact dose rate that would not allow extensive personnel exposure.
Therefore, the pebbles would be loaded into the blanket sometime after
manufacturing, perhaps at the plant. If beryllium in a form not suitable
for flowing were used, chen the beryllium, or any other recycled material,
would have to be loaded into the blanket during the manufacturing process
and would require remote manufacturing of blankets. No one has shown how to
fabricate something as complicated as a blanket by remote methods. Surely
it can be done, but the cost may be prohibitive, not just double the usual
manufacturing cost, for example.

Flibe was chosen as the tritium breeding material. It has been shown to
have a very low corrosion rate with austenitic steel and is expected to be
low with ferritic steel if the salt is kept in a reducing state (deficiency
of flourine). Flibe is one of the few lithium bearing materials that will
not react exothermically with air or water. Therefore, catastrophic
accidents caused by such reactions are not possible.

The activation products for both flibe and Beryllium have a relatively
short half-life so that they can be disposed of by shallow burial. After
ten years, out-of-the-reactor worker protection is still needed; however,
after 100 years flibe and beryllium can be handled without worker protection.
Flibe has an extremely low tritium solubility which makes for very easy
tritium removal but also leads to an increased tendency for tritium to

permeate into the helium stream.
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The blanket configuration shown in Fig. 8.7-1 was chosen for this study.
This basic pod design for the helium pressure vessel forms the basis for most
of the helium cooled designs and therefore, the first wall, manifolding,
plena, and many other features are in common and do not come up as a unique
issue when considering the flibe design.

We prefer to be able to gravity drain both the flibe and the beryllium
pebbles. Bcth these objectives were achieved in the design developed for the
tandem mirror. However, due to the non-commonality with the other helium
cooled designs considered in the BCSS, we relegated this to a “"backup"
design. It is shown in Fig. 8.7-3. The end view is shown in Fip 8.7-4. An

adaptation to the tokamak configuration has been worked out but 1s not shown.

8.7.2 Tokamak Blanket Configuration

The pod modules shown in Fig. 8.7-1 are arranged to fit the Tokamak con-
figuration as shown in Fig. 8.3-1. The module ends, where oue sectcr fits
very close to the next sector, is not shown, but is discussed elsewhere in
this report. Much more effort needs to be devoted to module end design as it
has a major impact on bianket design and is not not just a perturbation to

the design.

8.7.3 Tandem Mirror Blanket Configuration

The pod modules shown in Fig. B.7-1 are arranged to fit the Tandem
Mirror configuration as shown in Fig. 8.3-2. The dimensions are basad on the
MARS study (B.G. Logan et. al., "Mirror Advanced Reactor Study (MARS)",
Lawrence Livermore National Labora.osry Report UCRL-53563, (1984)). The first
wall radius is 0.6 m and the center cell (blankets) is 130 m long. The

vacuum magnetic field on axis is 4.7 T.

8.7.4 Design Summary and Issues

The key issue with the Flibe design is tritium control. The tungsten on
the flibe tubes and the aluminum jacket including the oxide layer on the steam
generator tubes must be shown to be workable and reliable as tritium barriers.

Another important issue is integrity of beryllium during its residence in
the blanket. A limited amount of breakup could be tolerated to the point where
flying particles would damage the helium circulator or plug the pebble bed. We

speculate a two year residence time (8 MWy/mz) might be economically
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acceptable after which time the pebbles could be remanufactured especially
with the back-up design in which the pebbles could be removed and replaced
on a shorter time than the blanket changeout time.

The question of tritium which is generated in the beryllium being
released into the helium was not addressed. Since only 1% of the tritium is
produced in the beryllium, the problem was considered unimportant.

Some people believe the remanufacturing of beryllium pebbles will
require a large development effort. We bzalieve, however, that use of
automated, free flowing powder techniques now being implemented in the
beryllium industry will allow remanufacturing of these pebbles by straight
forward but automated powder metallurgical techniques withGut a large
developmental effort.

Hydrogen (tritium) embrittlement has been flagged as a special problem
for the flibe design because the tritium concentration estimated for the
HT-9 tubes is 1.5 wppm versus 0.3 to 0.6 wppm for the other designs not
using flibe. This 1.5 wppm was appropriate for the tungsten layer on the
outside of the tubes. With tungsten on the inside the tritium concentration
should go down by a large factor. Experiments will be needed to determine
under realiscic operating conditions the actual tritium concentration and
see Lf this is any problem whatsoever.

Corrosion of HT-9 tubes by flibe has been flagged as a significant
problem for the flibe design by the BCSS, With austenitic steel the
corrosion has been shown experimentally to be very small, and with feriritic
steel we expect it to be very low. Pumped loop experiments will be needed
to prove the corrosion rates are low, especially with realistic impurities.

MHD and radiation effects are not predicted to be important.
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8.8 Attractive Concepts, Rank:d 1B and 2A

Seventeen of the 54 helium—cooled blanket concepts that were investi-
gated as part of the BCSS were judged to be attractive concepts. Because of
the limitations of time and effort available for the BCSS work, it was judged
impractical to provide a full evaluation of all !7 of these attractive con-
cepts. As a consequence, a further subdivision was made. The attractive
concepts were divided into the R=1 category (full evaluation), the R=1B cate-
gory (concepts judged to be equally attractive yet similar to the R=1 con-
cepts and thus not evaluated at this time), and the R=2A category (concepts
which were judged to be slightly less attractive than either the R=1 or R=1B
concepts). Four of the helium—cooled blanket concepts were ranked as 1 and
received full evaluation. These are described in detail in Sections 8.4
through 8.7 above. Five of the remaining concepts were judged to be R=1B and
eight were judged to be R=2A. The 13 attractive concepts that could not be
fully evaluated in the course of the BCSS are discussed briefly in the

sections below.

Although these R=1B/2A concepts did not receive full evaluation, we
believe them to be attractive. If any of the four R=1 concepts prove to have
technical problems not shared by a similar R=1B/2A concept, a substitution
could be made. If an R=1 concept proves to be particularly attractive, simi-
lar R=1B/2A concepts might also be elevated to R=l status to receive full
evaluation. Conversely, if an R=1 concept does not do well in the detailed

evaluation, similar R=1B and/or 2A concepts may also not do well.

8.8.1 R=1B Concepts

Five of the 17 attractive helium-cooled blanket concepts were judged to
be very similar to the four R=1 concepts, and thus, because of limitations of
time and funding, it ‘was decided that these five concepts would not receive
full evaluation. It should be moted that these appear to be almost as
attractive as the four R=1 comncepts and should be given serious consideration

in the future. These concepts are discussed briefly below.
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8.8.1.1 Solid Breeders

LiAl0y/PCA/Be. The ternary ceramic PCA/beryllium blanket 1is virtually
identical to the ternary ceramic beryllium blanket wusing ferritic steel
structure, the only difference being substitution of austenitic steel (PCA,
prime candidate alloy)} for the ferritic steel. All other characteristics
would be identical. The principal difference between these blankets is the
lower thermal conductivity of the PCA and its non—-magnetic nature. For the
tokamak reactor the low thermal conductivity of PCA results in higher thermal
stresses at a given wall load, and this results in a limitation of approxi-
mately 0.6 MW/m? for the surface heat flux that the helium—cooled PCA first
wall can tolerate. Although this design has not been fully optimized, it is
clear that the use of ferritic steel significantly increases the first wall
heat flux ability. On the other hand, the elimination of paramagnetic forces
on the structural material with use of non-magnetic PCA results in a simpler
design because, although the forces are quite modest, they must be accounted
for 1iun the design. These two effects tend to counterbalance one another;
hence, it 1is felt that the ternary ceramic PCA/beryllium blanket 1is very
similar in its overall dasirability to the R=l canked ternary ceramic fer-
ritic steel beryllium blanket. The radiation lifetime of both PCA and fer-
ritie steel is subject to uncertainty. It is expected that both will be
capable of totzl exposures in the range of 100-150 dpa, but this remains to
be shown for both of these materials. If the PCA proves to have the sort of
severe swelling problems that are found to be associated with 316-5S, it
could result in a significantly shorter lifetime could result, causing this

concept to be moved to a 2B category.

LiAl09/FS/Pb.  This connept is very similar to the R=1 LiAl0y/FS/Be blanket
with the substitution of lead-filled tubes for the beryllium rods as the neu-
tron multiplying material at the front of the blanket. The neutronic perfor-
mance of this blanket would be very similar to that of the beryllium multi-
plier blanket, but would require a thicker lead zome than the roughly 10-
cm-thick beryllium =zone in the R=1 alternate. The use of lead, however,
eliminates concern about beryllium resource limitations, although it would

require a piping system to allow draining and filling of the lead to
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prevent the stresses assoclated with thermal expansion from melting and
freezing in the tubes. The piping system for the lead would be virtually
identical to that used in the helium-coolad lithium blanket concepts.

8.8.1.2 Liquid breeders

Li/FS/Pb. The use of a neutron multiplier with the helium—cooled lithium
blanket is not required in order to achieve adequate tritium breeding. The
use of the multiplier, however, would allow a thinner blanket to be achieved.
The tritium breeding performance of the lithium blanket with a lead multi-
plier is very similar to the excellent performance achieved by the lithium
lead blanket. Separation of the lithium and the lead into separate zones
introduces additional complication in the blanket, and would require two
separate piping systems, one for the lithium and the other for the lead. On
the other hand, this separation would allow much better control of tritium
than for the LIPb/FS concept (see below)}, in that the solubility of tritium
in 'ithium is quite high, whereas the solubility in lithium lead 1is quite
low. All told, it is expected that the adiitional complexity of this blanket
would be well balanced by the potential f.ur ‘amprovea tritium control and

improved tritium production.

LE!E§£§E! This concept adds beryllium multiplier to the front of the helium—
cooled lithium/ferritic steel blanket. The addition of beryllium would sig-
nificantly enhance the tritium production capabiiity of the blanket and would
allow use of a thinner blanket while still achieving adequate tritium produc-
tion. A thioner blanket could achieve economic benefits relative to the
lithium/ferritic steel blanket. The configuration of this blanket would be
quite simple in that approximately 10 cm of the lithium~containing tubes at
the front of the blanket would be replaced by beryllium rods virtually
identical to those used 1in the 1lithium oluminate/ferritic steel/beryllium
blanket that is rated as an R=l comncept., Because of the extreme importance
placed upon tritium breeding ratio and tritium leakage in the engineering and
safety evaluations, it is possible that the L!/FS/Be or Li/FS/Pb blankets

8-63




would rate even higher than the Li/FS blanket. These options should be

explored further in the future.

LiPb/FS. Tt.s blanket is very similar to the R=l lithium/ferritic steel

blanket with the substitution of lithium lead for 1lithium. The use of
lithium lead would allow bhetter tritium production performance than 1is found
in the lithium blanket case, thus allowing the use of a thinner blanket which
could improve the overail economics. Use of the lithium lead will result in
a higher leakage rate of tritium from the breeder into the helium coolant
stream, but this should be manageable by use of a higher helium stream clean-
up rate, The lithium lead does result in a lower materials compatibility
temperature limit at the interface between the lithium lead and the ferritic
steel than 1s found in the 1lithium/ferritic steel blanket. Because the
lithium lead is circulating only very slowly in the helium~cooled concepts,
the temperature restriction is not severe. The interface temperature limit
is 4753° C, which will allow reasonable helium outlet gas temperature and
acceptable power conversion system efficiency. The reduction in efficiency is
believed to be balanced by the economic benefits of a thinner blanket and

higher tritium production rate.

8.8.2 R=2A Concepts

Eight of the 17 attractive helium—cooled concepts were judged to be less
attractive than the 9 R=1 or 1B concepts that have been described in the sec-
tions above. Although less attractive, they are on an absolute scale still
considered attractive blanket concepts. If information on the materials and
technologies needed for these blankets that is developed during the develop-
ment phases proves favorable, it is quite possible that some of these R=2A

concepts could, in fact, be moved to R=l status.

8.8.2.1 Solid Breeders

Li»0/PCA. This blanket would be virtually identical to the R=1 L120/FS blan-
ket concept. For the tokamak reactor, the use of PCA instead of ferritic

steel results in a lower allowed first wall heat flux load of approximately
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0.6 MW/m2, as compared with the capability of ferritic steel to exceed
1.0 MW/m2, This difference is due to the lower thermal conductivity of PCA
and the resulting higher thermal stresses. PCA has a lower tntal neutron
fluence lifetime than ferritic steel, which is also a consideration in rank-

ing this concept R=2A.

LioQ/PCA and FS/Be. The use of beryllium as a multiplier with the lithium

oxide breeding material appears tc offer no advantages compared with the use
of lithium aluminate termary ceramic as the breeding material. If a beryl-
lium neutron multiplier is added, ample tritium production can easily be
achieved using lithium aluminate. The potential difficulties associated with
use of the more chemically reactive lithium oxide as opposed to lithium
aluminate thus appears to have little incentive. Thus, it appears that these
concepts would be inferior to the lithium oxide blankets without a beryllium
multiplier in terms of increased complexicy and the beryllium resource con-
cern, and would be slightly inferior to the lithium aluminate/beryllium con-

cepts in terms of increased technical risk.

LiA109/PCA/Pb.  This concept is very similar to the R=1 LiAl03/FS/Be blanket
and the R=1B LiAl0;/FS/Pb blanket. In this case, however, the use of PCA is
considered slightly inferior to use of ferritic steel, and the uvse of Pb as a
neutron multiplier is considered slightly inferior for a soli- breeder blan-

ket to the use of solid beryllium. As a consequence, this concept 1is rated
R=2A.

8.8.2.2 Liquid Breeders

Li/PCA. This concept is identical to the R=1 Li/FS blanket with the substi-
tution of PCA for ferritic steel. In addition to the comments made above
with regard to the relative desirability of PCA and [~ ritic steel for the
first wall material, PCA also has a lower temperature limit than does fer~
ritic steel for the interface between lithium and the structural material.
The Li/PCA temperature limit is 495°C in slowly circulating lithium; that for
Li/FS is 565°C. Although the 495°C temperature limit will allow acceptable

power conversion system efficiency, it is c¢learly less desirable than the
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temperatures which could be achieved with ferriti~ steel. Thus, due to the
reduced potential for surface bzat flux wall loading for the tokamak reactors

and reduced outlat gas temperature, this concept is judged to be R=2A.

Li/PCA/Be or Pb. As was discussed in Section 8.8.1 above, the addition of a

neutron multiplier to the nelium—cooled lithium breeder blankets may result
in very attractive blanket systems. This would apply for wuse of either
beryllium or lead as the neutron rmultiplier. The limitations 1in terms of
surface heat flux and outlet gas temperature discussed above for PCA in a
lithium breeder blanket result in this concept being judged slightly inferior
to the Li/FS/Be or Pb concepts. Thus, 1t 1is categorized 's R=2A.

FLiBe/PCA/Be. This concept 1is very similar to the R=1 FLiBe/FS/Be blanket
concept with the substitution of PCA for ferritic steel. As has been dis-
cussed above, PCA is considered somewhat inferior to ferritic steel due to
its lower thermal conductivity that causes a lower surface heat flux limit
and the concern about a lower radiation damage lifetime. Because of these
considerations, this concept is rated R=2A, slightly inferior to the FLiBe/
FS/Be concept.

8.8.2.3 Mulciple Structural Materials

The helium—cooled blanket concepts appear to offer potential for advan-
tageous use of multiple structural materials. A blanket coucept could use
one structural material for the first wz1l and a second .Jtructural material
for the breeder containment material. This scheme could be particularly use-
ful in the case of the 1liquid breeders where materials compatibility 1s the
key consideration in breeder contzinment, whereas surface heat flux dictates
the first wall structurzl material selection. A particularly attractive
potential combination is the use of ferritic steel as the structural material
and vanadium alioy as the breeder containment. Vanadium alloy offers a much
higher compatability temperature iimit (750°C) than either ferritic steel or
PCA in contact with either Li or LiPb. Vanadivm, on the other hand, is ex-
pensive and complex welding may be difficult to achieve. Use of simple tube

geonetry for the breeder containment could be easily achieved with the
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vanadium alloy structural materials. The design could allow helium outlet
gas temperatures approaching 700°C (similar to HIGR conditions), which, in
turn, could result in higher efficlency and economic advantages. 1If ferritic
steel were used for the first wall and balance of blanket structural mate-
rial, the fabrication and cost concerns of vanadium could be avcidad for the
majority of the blanket structure. The concerns that are discussed 1n Sec-—
tion B.9 below for use of vanadium alloys in a helium environment precluded
this concept from being scriously pursued in the BCSS. We believe, however,
that this concept of multiple structural materials (ferritic steel and vana-
dium alloy) in a helium—cooled blanket does warrant further investigation in
the future. There appear to be no clear—cut advantages t> using combinations
of PCA and ferritic .teel in a helium~cooled blanket. In all cases the fer-
ritic steel appears to be superior to PCA for use as both the breeder con-
tainment material and the first wall material. As a consequence, the inves-
tigation of multiple struc*ural materials was not carried out further and

these concepts were rated as R=2A,

8.9 Concepts lanked R=2B and R=3

Of the 54 helium—cooled blanket concepts that were investigated as part
of the BCSS, 37 were judged to be either less attractive, R=2B, or infeas-
ivle, R=3, These concepts are discussed in this section and the reasons for
the less favorable ranking are described. It is possible that, as further
information is obtained on the materials and technologies necded for these
blanket concepts the ranking could change upward. This is particularly the
case in the R=2B concepts. Those concepts rated as infeasible, R=3 are

highly unlikely to be moved into the more feasible category.

.9.1 Less Attractive Concepts, Ranked R=2B

Twenty-three concepts were judged, for a variety of reasons, to be in-
ferior to the R=1 and R=1B or 2A concepts. Although these were not rated as
infeasible, they were considered very inferior to the more highly ranked con-
capts. They were ranked R=2B.
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8.9.1.,1 R=2B Solid Breeders

LiQO/FS or PCA/Pb. The use of lead as a neutron multiplier with the lithium

oxide blankets, using either ferritic steel or PCA structure, is clearly less
desirable than either using the lithium oxide without a multiplier, using
lithium oxide with a beryllium multiplier, or using lithium aluminate with a
lead or beryllium multiplier. The use of a solid breeder with a liquid mul-
tiplier 1like lead requires the use of a double piping system: (1) for the
purge flow into and out of the blanket; (2) for the lead-containing pipes.
The piping system for the lead would be required to accommodate the expansion
and contraction that will occur when the lead melts and freezes during start-
up and shutdown. While these concepts are not infeasible from a technical
point of view, they are clearly less desirable than the other alternatives.
These two concepts appear to combine the worst features of both the solid
breeder and liquid breeder concepts and to obviate several of the advantages
of both.

LigZrOg - All. LigZrOg appeared to be an attractive potential solid breeder.
It has a high lithium content and thus may not need a neutron multiplier, and
it was hoped that it could be more chemically stable than lithium oxide.
Investigations by the Solid Breeder Special Issues group during the BCSS,
indicated that the chemical stability of LigZrOg is no: expecied to be signi- ;
ficantly better than lithium oxide. There appears to be a phase change at
660°C. Tritium breeding calculations as a result of the BCSS clearly indi-
cated the desirability of higher tritium breeding ratios than LigZrOg can
provide. Thus, LigZrOg appears to offer no advantages over lithium oxide,
either with or without a neutron multiplier, and no advantages over lithium
aluminste with a neutron multinlier. As a consequence, it was rated as

clearly less desirable, and was not pursued further in the study.

8.9.1.2 R=2B Liquid Breeders

LiPb/PCA. The compatibility temperature limit for LiPb 1in contact with PCA,
even with slowly flowing or static LiPb, is only 430°C. This low temperature

limit imposes a severe restriction on the helium outlet temperature that can
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be achieved, which, in turn, results in low power conversion sytem effic-
iency. As a result, this concept is clearly inferior to the LiPb/FS blanket
concept, which is capable of remperatures up to 475°C. While not strictly
infeasible, the low temperature allowed for this blanket means that it is not
attractive for use with a helium-cooled power conversion system. This rank

would be raised if high temperature limits are posaible.

LiPh/FS or PCA/Be or Pb. Lithium lead contains the built—in neutron multi-

plier, lead, and is capable of achieviag excellent tritium breeding perform-—
ance. Thus, the use of beryllium or lead as an additional neut:.n multi-
plier, in conjunction with the LiPb treeding material, does not make any
sense at all, and is rated as clearly less desirable than the use of lithium

lead without a neutron multiplier.

FLiBe/PCA or FS/Pb. The use of a separate lead multiplier with a FLiBe

breeding material blanket is clearly 1less desirable than the use of FLiBe
with a beryllium multiplier. The lead would require a piping system separate
from the FLiBe. Further, FLiBe requires buffering with excess beryllium to
maintain tritium in the gaseous state and avoid production of tritium fluo-—
ride. Thus, the use of beryllium in direct contact with FLiBe is an attrac-

tive combination. Use of lead multiplier is clearly less desirable.

Liquid Breeder/V - All. The use of vanadium as a structural material in a

helium—cooled liquid breeder blanket has a number of desirable characteris-—
tics. The high temperature capability of the vanadium, even in contact with
liquid metals, can be fully utilized with the helium power conversion system
to achieve higher efficiencies. Vanadium and vanadium alloys, however, are
highly intolerant of an oxidizing environment at temperatures above ~250°-
300°C.  Although helium is completely chemically inert, and would not react
with vanadium at any temperature, concern was raised that small levels of
impurities in the helium stream would result in unacceptable oxidization of
the vanadium structure, Work done during the first year of the BCSS (Ref.
8.9~1) shows that the partial pressure of oxygen or moisture in the coolant
strem must be kept to very low levels, below 1 ppm. Oxidizing impurity

levels in this range were routinely maintained during operation of the Peach
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Bottom and Fort St. Vrain HIGRs, and very pure helium production on a labora-
tory scale basis is done rnutinely. Further, the techniques used in liquid
metal coolant designs to prevent ingress of moisture or oxygen into the cool-
ant stream could be used very easily with the helium—cooled vanadium struc~
tured design. These include use of a double-wall steam generator with a
lower pressure in the space between the two walls than appear either in the
helium or on the water side, and use of pumps and seals that do not contain
watear. Calculations were done which suggested that the moisture and oxygen
that inevitably would get into the helium Lloop during shutdown for mainte-
nance and repair could be readily accommodated within the oxygen content
limits suggested by Gold and Bajaj (Ref. 7.9-2) without excessive oxidization
or embrittlement of the vanadium structure. The BCSS Structural Materials
group, however, ruled that use of vanadium in a helium-cooled blanket design
had sufficient technical difficulties or uncertainties that it was ruled as
less attractive than use of alternate structural materials. There are rea-
sons to believe that, as further information on vanadium alloys and on helium
power conversion systems is developed, it 1is quite possible the vanadium
alloy-structured, helium—cooled blanket concepts will become very attractive

contenders and can be moved to the R=1 or R=2A categories.

8.9.1.3 Differeant Inboard/Outboard Blanket

During the course of the BCSS investigations, it was suggested that use
of different blanket concepts on the inboard and the outboard side of the
tokamak reactor could offer some significant advantages. Use of a very thin
blanket on the inboard side of the tokamak could allow a smaller major radius
and economic savings. This could theu be compensated for by use of a thicker
blanket on the outboard side. It appears that the complications associated
with using different helium—-cooled blankets inboard and outboard do not give
any significant advantages. It is possible that use of water-cooled blankets
on the inboard or outboard side, and helium-cooled blankets on the other,
would allow some very interesting coupling of power conversion systems with
the net result of a very high efficiency. These sorts of investigations,

however, ar~ more closely related to overall reactor design than to blanket
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concept investigation, and 1t was decided not to pursue the different

inboard/outboard concepts any further during the BCSS.

8.9.2 Concepts Ranked 3, Infeasible

Fourteen of the helium—coaled blanket concepts were found to be tech-
nically infeasible for a variety of reasons. These concepts simply will not
work with our present understanding of the technical limitations of the mate-
rials and technologies in the fusion reactor blanket environment. While it
is possible that future developments in materials research or technology
areas may improve the chances of these coucepts, we believe it 1s highly

unlikely they can be moved out of the R=3 category.

8.9.2.1 R=3 Solid Breeders

LiAlO9/PCA or FS. The use of a ternary ceramic such as LiAlOj7 with any

structural material requires the use of a neutron multiplier. Thus, blanket
concepts using ternary ceramics without use of a separate neutron multiplier

are clearly infeasible.

Solid Breeder/V — All. Tritium is released from solid breeders at least par-—

tially in the form of T90. Because of the vanadium oxidation concerns men—
tioned in Section 8.9.1.2 above, this raises a significant problem for use of
vanadium structure. The helium-cooled designs will require breeding materjal
temperatures in excess of 400°C. Use of the solid breeder releasing tritium
in the form of T90 in contact with the vanadium structure at these tempera-—
tures would surely result in excessive oxidization and embrittlement of the
vanadium material. The nine concepts that combine solid breeders and multi-

pliers with vanadium are thus ruled infeasible.

8.9.2.2 R=3 Liquid Breeders

FLiBe/PCA or FS or Vanadium. The use of FLiBe alone without an additional

neutron multiplier results in tritium breeding ratios less than unity for any
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credible reactor blanket design. As a consequence, these concepts are ruled

R=3.
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8.10. Analysis of Special Issues

8.10.1 Mechanical Design

During the fivst ycar of the BCSS, the pressurized lobe design was
identified as the most suitable structure for the helium—cooled
designs.(s-lo‘l) Since then the stronghback and plenum designs for the
blanket module were analyzed. Radiation-induced swelling of Lig0 was identi-
fied to be a potential critical problem for the Lio0 designs. To accommodate
a volumetric swelling up to 10%, a swelling-tolerant Lij0O-plate design was
introduced. The first wall/module structural design was analyzed by con-
sidering loads from coolant pressure, thermal effects, and disruption. Bare
beryllium rods were used for the LiAlOy/Be design. The structural behavior
of these rods wunider thermal and irradiation-induced swellng behavior was
investigated. These design issues were studied in the second year of the

BCSS and the results are presented in this section.

8.10.1.1 Solid and Lithium Breeder Designs

Furtner development of the strongback structural concept has been car-
ried out and integrated intv the configuration, which is little changed from
that in Fig. IX.4-6 of Ref. 8.10-1. The blanket consists of lobed units

with the first wall tied to a back structure which contains the gas coolant



distribution system. The front space in the lobe contains the breeding
material in the form of plates between which coolant is circulated from front

to rear.

Further development ¢’ the Lij0 breeder plates has also been carried out
to ensure that the plate installation is swelling tolerant. Figure IX.4-6 in
Ref. 8.10-1 shows the structural design as it existed at the beginning of
FY-84 effort and Fig. IX.4-15 shows the breeder plates.

Figure 8.4-1 shows the presently-developed version of this design in its
tokamak form. A version approprviate to the mirror configuration is shewn in
Fig. 8.4-2.

The mechanical design of the module with its gas distribution system
tends to be 1independent of the breeder contents. Two other breeder types,
one with lithium aluminate plates and beryllium rods, and the other with
liquid lithium contained in tubes and stainless steel reflective plates, are

described below.

The gas supply system shown in Fig. 8.4-1 is for the tokamak, with the
gas entering and leaving the module through the rear region of the planes of
the tieback walls. The tieback function 1s ccmpleted by the individual
streamlined attachment points, as illustrated in Fig. 8.4-1. The hot and
cold gas streams crossing through the module are divided by thermally insu-
lated walls of ~05. cm thick. The thermal insulation is accomplished by sim—
ply providing 0.5 cm of stagnant helium (k{Lp=0.3 W/m-K at 500°C) between the
hot and cold duct walls. If the detailed design shows natural convection
within the stagnant helium to be a concern, the 0.5 cm gap may be filled with
commercially available ceramic fiber insulation (A103/S10y, service to
1260°C), virtually identical to the thermal barrier used on the HTGR.

Considering again Fig. 8.4-1, a major structural plate separates the
crossflow streams from the breeder material, but penetrations are made in
this plate to allow the coolant to circulate and a gas distribution plenum

exists between the plate and the breeder material.
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Figure 8.3-2 shows the simpler gas system associated with the mirror
machines where the major gas flows are not required to penetrate the tichack
planes. A5 is usual in these configurations, gas flow is down the tieback
planes into the front region, cooling the first wall, thence diffusing back
through the blanket to the outlet.

The blanket and first wall structural functions are to carry the weight
of the blanket contents and to serve as the preasure containment in a fusion
reactor environment. The back of the lobe c¢risists of a scructural frame,
with gas passages and lobe ends which cantilever from the back to carry the
end pressures, and can reiieve the first wall of end load constraints due

either to pressure, rwelling, or thermal effects.

This strorgback design concept places the structural functions of the
blanket at the rear of the module. The pressure lobes, end walls, and blan—
ket internal supports are then tung from the stroagback structure. The ad-
vantages of this design are: (1) relief of the first wall from all struc—
tural requirements except containment of the coolant pressure; (2) protection
of the structure located at the rear from the intense radiation; (3) absence
of structure in front of the blanket to avoid attenuation of the neutron

flux, which would reduce tritium breeding.

Figure 8.10~1 shows the simplest strong-back structure where the end
forces are carried entirely in bending across the back. This type of struc—-
ture is most suitable for the mirror machines where the gas does not flow
through the tieback plates. In the tokamak design, the bending from the end
forces is carried by the back plate and a plate between the manifold zone and
the collection channel =zone, as shown in Fig. 8.4-1. The breeder fuel ele-
ments ends (plates, tubes and rods) will have to be designed to fit the geo-
metry indicated by the reinforcing plates.

The first wall is described in the BCSS interim report.(g'lo“l) For

both mirror and tokamak machines, the wall does not structurally interact

with the ¢nd plates, being merely restrained at the tieback points. The
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END PLATE

REINFORCING PLATES

BACKING PLATES (DIMENSIONS - IED

TO FIT TOKAMAK AND
T™R)

Figure 8.10-1. Blanket module structure.
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tokamak first wall is essentially a two-dimensional grooved design on the
outside to deal with erosion and is finned at the coolant side to accommodate
surface load effects. The mirror wall is flat on the plasma side, with a sim—

pte channel for cooling inside.

Figures 8.10-2 and 8.10-3 show details of Lij0 breeder plates and
their installation anc represent development work on concepts shown in Ret.
8.10-1, Fig. IX.4-15. Metal honeycomb foil is crushed to accommodate
swelling at the rear of a plate, as shown in Fig. 8.10-2 and the plate
front is denigned to be sufficiently convoluted to allow it to stretch a few
percent without rupture. This design feature creates crushable zones which
are part of the side insulatior to allow plate front edge swelling, as shown
in Fig. 8.10~3. As indicated, at the front end of the plates facing the
plasma, maximum allowance in the crushing dimension change is expected, yet
it couples welli with the minimum requirement of the thermal insulation. On
the other hand, at the back of the plates, where thermal insulation is needed
to separate the Ilnlet—outlet coolant, the swelling tolerant requirement is at
a minimum. Tt was estimated that this swelling tolerant design can withstand
volume swelling of up to 10%. The necessity for this crushable design will
be clarified when more experimental information is available on the swelling
and creep behavior of Lip0 under high fluence. Recent unpublished results
from the FUBR experiments appear to indicate that Lig0 will creep readily

under irradiation, thus relieving swelling.

Lithium—-Helium Designs

The liquid-lithium helium designe differ from the solid breeder only in
the blanket contents. Figure 8.5-1 shows the arrangement, simple stainless
plates at the rear acting as a reflector with the front occupied by a tubular
array filled with semi-stagnant lithium. The tubes will tend to curve and
lengthen under irradiation, but the stresses induced by the restraint system
to hold the geometry are small, since the side plena are not rigidly fixed
and the tubes can grow in length with relatively little constraint and are
only held against bending.
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Figure 8.10-2. Liy0 swelling accommodation - Design I.

8-77



Li,0
BXEEDER
PANELS 1

=L~ INSULATION

Muw
|

A X~ ALLOWABLE
DIMENSION
ADJUSTMENT

CRUSHABLE
METAL HONEYCOMB
INSULATOR PANEL
46X = 3.5 mm/SIDE

Ly
|

/
m 4
|

RADIATION

Figure 8.10-3. Li90 swelling accommodation - Design II.

8-78



Coolant flow and structural aspects are similar to the solid Li30 design
above. An investigation was made into the stability of the 1lithium tubes
under different depressurization conditions. When the module depressurizes,
the tensile stress on the Li-tube is ~0.8 primary stress limit (Sm). When
the lithium depressurizes, the loading to buckle the tube was ralculated to
be ~6.5 MPa, which is higher than the 3.0 MPa exerted by the coolant helium.
Therefore, from the above observations, the lithium tubes for the Li-He/FS
design shouid p: stable under both module or lithium depressurization condi-

tions.

First Wall/Module Structural Analysis

A parametric evaluation of the helium—-coonled first wall design for the
tokamak was carried out to determine the effects of primary loads, thermal
constraints, and plasma disruptions. The structural criteria specified in

the BCSS guidelines were used to assess the integrity of the first wall.

Stresses were calculated at the most critical point in the wall at the
apex of the lobe nearest the plasma and at the base of the lobe, as illu-
strated in Fig. 8.10-4. An equivalent axisymmetric finite element model
(referred to as "local analysis”) was used after the consevvatism of such an
approach was verified by studying the overall thermal displacements of the

structure in the poloidal direction (referred to as "lobe analysis").

Lobe Analzsis

This analysis was done using the computer code MODSAP.(8:10-2)  The
model, shown in Fig. 8.10-4, consists of a cross—section of the structural
part of the lobe module. Thermal loadings applied were wall temperature dis-
tribution (including sctrongback temperature and detailed distributions
through the wall) and internmal pressure. It was assumed that no constraint
was imposed in the longitudinal {toroidal) direction by the strongback end
plates. The stresses induced at the most critical location were compared
with those obtained from an analysis assuming a fully axisymmetric structure

(Fig. 8.10-5) having the same temperature distribution as at the critical
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Figure 8.10-4. Lobe model and two-dimensional axisymmetric model
for detailed analysis.

8-80



location. The stresses in the lobe model were found to be lower. All
further stress analysis was, therefore, done with the axisymmetric model

below.

Local Analysis (Axisymmetric Model)

Figure 8.10~5 shows the extent of finite element model used for the
analysis. The computer code TepPc(8.10-3) (an in~house GA Technologies code)

was used in this case.

A smooth surface was assumed for the plasma side incorporating an erod-
able layer which was consumed at the rate of 1 mmn per year of operation.
Stresses were calculated at both the beginning of life and at the end of two

calender years of service.

Table 8.10-1 gives a summary of the stresses calculated for HT-9 and
shows a comparison with the allowables from the design guidelines. Values
are given for the top of the lobe nearest the plasma and for the base loca-
tion where adjacent lobes meet. The wall was designed to a primary stress
allowable (Syp¢) of 163 MPa. This corresponds to a creep lifetime of 2 years
(100 dpa)}. This is not an inherent limit, however, but rather a design
choice made much earlier when an upper temperature limit of 700°C was applied
to the first wall erodable layer. With this limit, the maximum erodable
layer thickness is about 2 mm, corresponding to a lifetime of two years at
1 nm per year. With the 1lifetime thus specified, the structural design of
the first wall was performed using two-year creep stress design limits. When
the 700°C liuit was relaxed late in the study, it appears that a 4 mm erod-
able layer could be used. If the additional 2 mm of material were included
in the stress analysis, the resulting creep in two years will be less than
the 5% allowable, but it would probably not last a full four vears. This
would result in a thicker non-erodable first wall and slightly reduced
tritium breeding ratio.
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78-8

TABLE 8.10-1
STRESS ANALYSIS RESULTS FROM THE HELIUM~CQOLED LOBE MODULE
CONSIDERING PRIMARY, THERMAL, AND DISRUPTION LOADINGS

Pressure
+
Pressure Disruption
+ +
Pressure Disruption Thermal
(MPa) (MPa) (MPa)
Time Temperature
Location (yr) °C Py, 1.0 Sy PyiPp 1.5 8y  PpiPp+Dd? 3 55
Top Outside 649 176 330
of Midwall 0 497 112 155 175 263
Lobe Inside 344 353 615
Top Outside 549 87 480
of Midwall 2 444 157 163 244 234
Lobe Ingide 340 312 615
Base of Lobe 0 344 109 163 230 308
Base of Lobe 2 340 154 163 306 509

a .
Py, ~ primary stress,

Pg ~ thermal stress, D — disruption stress.
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Conclusions

PCA was found to be dnsatisfactory in this application because of the
high thermal stresses induced with a 1 MW/m? surface heat flux. Lower heat
fluxes (50.6 MW.m2) could be tolerated.

The stresses in the HT=9 material were below the allowables 1in the
guidelines, but the metal temperature exceeded the allowable value at the be-
ginning of life. This excessive temperature can be alleviated by using a

grooved surface on the plasma side.

Further analrwsis is required to perform fatigue and crack propagation

analyses for the grooved wall configuration.

Response to External Loadings

Zeroth~order analyses were performed for seismic loads and ferromagnetic

forces for the helium—cooled pressurized module designs.

An individual 30-cm~wide module has to withstand an 1internal helium
pressure of 5 MPa (730 psi). Calculating the section denmsity of the module,
it would have a loading o7 <7C KPa (10 psi} due to gravity. Even under an
acceleration of 4.4 g, the maximum loading will be <303 KPa (44 psi), which
is much less than the module design internal loading.

Considering the overall lobe assembly for the tokamak, which has to be
constrained to a D-shape configuration, the moment generated by the pres-
surized modules on the D-ring would be about an order of magnitude higher
than the moment generated by the seismic loadings. This indicates that, with
proper support, the module structur: can withstand the seismic loads. Cor-

respondingly, no problem is expected for the TMR.

The ferromagnetic loadings for an HT-9 blanket structure in a STARFIRE-
type tokamak magnetic field were calculated.(8.10-4) With the assumption
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that all of the blanket internals are supported from the strongback
structure, the overall load equivalent from ferromagnetic effects is approxi-
mately twice the weight of the module. Thus the ferromagnetic effects are of
sufficient magnitude that they must be included in the design calculations,

but do not appear to be of concern as a critical issue or problem for the

design.
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8.10.1.2 Flibe/He/FS/Be Concept

The following section discusses a number of special issues for the Flibe
design. The salt tubes immersed in the bed of beryllium balls must be spaced
so the balls can flow inte or out of the tube region with no bridging result-
ing in flow stoppage. We have conducted flow tests which show that if the
balls are no larger in diameter than one-nalf of the free space between tube
walls, free flow will occur. Since some balls may crack or swell and develop
imperfections of shape, we prefer that the ball diameter not exceed one-third
of that free space. The pebble size is picked to be large enough to avoid
excessive pumping power but small enough to freely flow between the tubes
during pebble changeout and during periodic pebbles movement to allow for

pebble swelling. The nominal values we have chosen are given in Table 8.10-2.

Table 8.10-2
NOMINAL PEBBLE/PIPE PARAMETERS

Pipe outside diameter 1.7 cm
Pipe spacing 4.7 cm
Pipe wall thickness 0.5 mm
Pebble diameter 1.0 cm

The tubes are held in place by clips attaching them to perforated grid
spacers not shown in the figure.

The tube diameter is large enough so that freeze~up will not occur and
small enough so that the centerline temperature will stay well below the
boiling point (1300°C at one atmosphere). These limits are discussed in
the thermal hydraulic section. The tube spacing is selected based on
nucleonics. Too large a spacing will give parasitic loss of neutrons in the
beryllium and too small a spacing will displace beryllium and reduce fast
neutron multiplication. The tube wall thickness is selected tc reduce
parasitic absorption in the steel and yet be thick enough to avoid buckling
caused by the helium pressure being higher than the salt pressure. Normally,
the salt pressure is one atmosphere below the helium pressure, but abnormally
the salt may be depressurized to one atmosphere in which case the tubes will

not buckle.
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Beryllium and Flibe Requirements

The salt volume is 9% of the blanket. The steel tube walls are 1% by
volume and the structural fraction is 5% steel in the beryllium zone. The
beryllium pebbles take up 53% and the Helium occupies 324. In the reflector
zone, the beryllium is replaced by S$iC which occupies 75% of the volume,

The beryllium zone is 20 cm thick and the §iC zone is 37 cm thick, except on
the inside of the Tokamak where it is only & cm thick.

The beryllium zone volume is 0.2 m3 per m? of first wall area in a
Tokamak and 0.23 m for the tandem mirror (larger due to the small first
wall radius). The volume of the 37 cm thick SiC region is 0.59 m3 in the
mirror and 0.37 md {(assuming the same coverag=» on the inside as the
outside) in the Tokamak. Taking 53% of the volume being beryllium and a full
theoretical density of 1.84 g/cm3 we get 0.20 tonnea/m2 for a Tokamal
and 0.22 tonnes/m2 for a mirror. The salt volume is 0.033 n3 per m2

in a Tokamak and 0.053 m~ in a mirror. For 3000 MW fusion and 5 MW/m2

[EC R WA

neutron, there are 480 m~ of wall area. The salt volume in the blanket for
a Tokamak is "6 m3 and in a mirror is 25 m3. The mass of beryllium is
96 tonnes in a Tokamak and 110 tonnes in a mirror. There are approximately

100 million pebbles of 1 cm diameter.

Tube Failure Rate

Breeder tube failrre rate is a concern for this concept. With so many
tubes, the question comes up of the failure rate. For the case of a tube
nominal spacing of 4.7 cm on a triangular array, there would be 80,000 tubes
in the blanket each having an average length of 11 m. If we can tolerate
one failure per five years, then the failure rate per tube per nour of
operation must be less than 4x10_10. The hz2lium pressure outside Lhe tube
is about 1 atmosphere higher than the pressure of the molten salt in the
tube. Small cracks, at welds, for example, w.,uld result in leakage of helium
into the salt and does not constitute a failure. Too large a crack would
result in too large a helium leak rate and force a shut down and module
change but have little overall consequence. An offset tube break could lead
to molten salt contamination of the helium coolant loop. This would require
shut down 2nd a clean up procedure to follow. Analysis should be carried
out to determine what size of crack is tolerable and then if an acceptable

. -10
failure rate (< 4x10 per tube per hr) caa be achieved.
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Alternate Module End Design

An alternative module end design to that shown in Fig. 8.10-1 is pre-
sented hare. The idea is to allow the end modules of one sector ta support
the end modules of the adjacent sector as shown in Fig. 8.10-6. The viewer
is looking in the poloidal direction in a tokamak or the azimuthal direction
in a tandem mirror. The direction of the lobes is shown here to be poloidal
(azimuthal) but could be oriented toroidally (axially) and the idea is
equally applicable. Consideration must be given to tolerance accumulation
which can cause overstress of module sidewalls. Also, unintentional 'cold
welding" of walls in contact could occur. This would prevent disassembly
without damaging the module end-wall in contact with a neighboring sector.
Both of these unpleasant effects can be overcome by a simple expedient. An
aluminum oxide plate (or several smaller pads) can be mounted on the end
walls of modules in adjacent sectors. The aluminum oxide pad thickness can
be selected just before final assembly to compensate for tolerance build-up
in the manufactured condition. Alternatively, a pressurized cushion could he
used in conjunction with the aluminum oxide plate to take up the tolerance.
The ceramic pads will not weld inside the vacuum. Pad spacing and area must
be controlled to minimize any local wall bending stresses in an unsupported
area. The space occupied by these thin ceramic pads can be small so that
valuable breeding volume is conserved and parasitic neutron capture minimized.

Clearly, further work is needed on design of the module end support.
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Alternate module end design.
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LiAlQ9/Beryllium Rod Design

This design has gas—flow characteristics similar to the lithium oxide
and liquid lithium designs. The plate design for lithium aluminate has not
been extensively examined, since it was felt that the lithium oxide plate is

a more difficult task and will encompass the aluminate design.

Figure 8.6-1 shows the beryllium rod configuration. 1Its design and sup-
port have been examined fairly closely in view of the poor uwelling behavior
of beryllium wuader neutron irradiation. Further, the swelling behavior is
strongly temperature-dependent. If significant temperature gradients exist,

the large differential swelling can result in the build-up of stresses.

Figure 8.10-7 shows a summary of this work. The lower view shows a
plot of the temperature gradient, which is fairly small, across a 2-cm diam—
eter beryllium rod having a maximum of 10°C from center to rear of rod. This
and the flux difference gives rise to a swelling which is plotted on the same
view. The rods are held as shown in the upper view, and gross swelling is
allowed to slide out. The support points are arranged such that the differ-
ential swelling, which produces a circular curve in the unrestrained bar,
gives an equal deflection of the bar toward and away from the plasma. The
exponential swelling component, which is seen as the curvature in the swell-
ing plot, is averaged by the curvature and a residuum of 0.03% trapped strain
is 1left. Thus, assuming no creep, a stress of 82.7 MPa (12,000 psi) is
trapped, versus a yield of 207 MPa (30,000 psi). Rods further from the plas-
ma see progressively less movement as shown in the center view. It is con~
cluded that this bare beryllium rod assembly is ccceptable based on the
beryllium—-swelling data that are available.

8.10.2 Neutronics Designs

8.10.2.1 Solid Breeder Designs

In this section the neutronics designs are presented for the solid

breeder blankets, namely, Li;0/He and LiAlOy/Be/He designs for both tokamak
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and tandem mirror reactors (TMR). Only one-dimensional blanket models and
neutronic results are discussed here, since they were provided as preliminary
input to the overall blanket design evaluations. Subsequent three-
dimensioﬁal neutronic results are discussed in Section 6.10. All neutronics
calculations Jn this and the following section (Li/He designs) were performed
using the one-dimensional transport code ANTSN(8.10-3) with P3Sg approxima~-
tion 1in cylindrical geometry. The nuclear data libraries wused are the
ENDF /B~IV-based VITAMIN-C(8:10=6) and MaCKLIB-Iv,(8-.10-7)  and the ENDF/B-V
based, MATXS 1library(8:10-8)_ The VITAMIN-C library was collapsed by ANL
into 46 neutron group and 21 gamma—-ray group structures. The LANL MATXS
library was used only for tritium breeding calculations because of its capa-

bility of producing more accurate 7Li(n,n‘u) reaction rates.

Lis0/He Design —— Tokamak

Table 8.10-3 shows the zone thicknesses and compositions of the refer-
ence helium—-cooled Lij0 blanket for a tokamak reactor system. As shown in
this table, the inboard blanket consists of a 6 cm first wall zone, a 24-cm
blanket zone, and an ll-cm plenum. The {irst wall is composed of only 11.7
vol. % ferritic steel, structure and the balance of helium, resulting in a
net metal thickness of about 7 mm at the beginning of life (BOL) before any
erosion occurs. The blanket is divided into two regions to include the ef-
fect of more supporting st.ucture in rthe back region of the blanket. Blanket
region-1, which is 12 cm thi k in this design, consists of 7.9% HT-9, S0.6%
Lig0, and the balance of b:.lium, all by volume. Blanket region-2, which is
also 12 cm thick, consists of more structure (28.6%), less Lig0 (62.5%), and
the balance of helium. The plenum =zone is composed of 20% structural HT-9
alloy and the balance of helium. The zone thicknesses and compositions of
the outboard blanket are essentially identical as those in the inboard blan-
ket, except that in the osutboard blanket, the blanket region—1 zone is 45 em
thick and the plenum is 22 cm thick. The total blanket thicknesses for the

inboard and outboard blanket are 41 and 85 cm, respectively.
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TABLE 8.10-3
ONE-DIMENSTONAL BLANKET ZONES AND MATERIAL COMPOSITIONS
FOR THE REFERENCE HELIUM-COOLED LioO BLANKET FOR TOKAMAK REACTOR

Inboard Outhoard
Zone Component (Thickness) (Thickness)
1 First Wall 11.7% BT-9 11.7% HT-9
+ +
88.3% Helium 88.3% Helium
(6 cm) (6 cm)
2 Blanket 7.9% HT-9 7.9% HT-9
Region + +
1 80.6% Liy02 80.6% Lip0®
+ +
11.5% Helium 11.5% Helium
(12 cm) (45 cm)
3 Blanket 28.6% HT-9 28.6% HT~9
Region + +
2 62.5% Lip02 62.5% Lio03
+ +
8.9% Helium 8.9% Helium
(12 cm) (12 cm)
4 Plenum 20% HT-9 20% HT-9
+ +
807 Helium 807% Helium
(11 cm) (22 cm)
5 Shieldb 100% HT-9 100% HT-9
(30 cm) (30 cm)

#80% dense; natural lithium in Li0.

bIncluded in the calculation to simulate the albedo
effect of the shield.

8-93



The neutronics calculations were performed wusing two one~dimensional

models:

l. Poloidal model - an infinite cylinder with the centerline of tne
pcloidal plasma as the centerline of the cylinder. This model is
used to represent the top and bottom of the tokamak blanket

geometry.

2. Toroidal model - also an infinite cylinder; however, with the cen-
terline of the tokamak toroid as the centerline of the cylinder.
This model is used to simulate the geometry representing the com=
bination of inboard and outboard blankets, and allows the design of

different inboard and outboard blanket thicknesses.

A combined performance, 0.4 x {poloidal model) + 0.6 x (toroidal model),
is employed to simulate the 1-D full coverage blanket performance in a coka-
mak geometry. (The actual blanket performance should be calculated wusing a
realistic 3-D geometry with a Monte Carlo transport code such as MCNP, as
given in Section 5.7.) Table 8.10-4 gives the calculated neutronic results
for the two models mentioned above. The combined performance for the full
coverage tokamak geometry simulation, also given in Table 8.10-4, indicates
that a tritium breeding ratio of 1.21 tritons per D-T neutron can be obtained
for the helium—cooled Li0 blanket with a blanket nuclear heating of about
16.7 MeV per D-T neutron, or a blanket energy multiplication of 1.18.

Lis0 Design - Tandem Mirror Reactor

Table B8.10-5 gives che one~dimensional blanket model for tbhe helium-
cooled Lip0 blanket for the tandem mirror reactor. The blanket consists of a
6-cm HT-9 first wall, a 35-cm region—l breeding zone, a 12-cm region—-2 breed-
ing zone, and a 10-cm plenum. The component zone compositions are the same
as those in a tokamak blanket except for the first wall which is 10.3% HT-¢

structure instead of 11.7%, as designed for the tokamak reactor.
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TABLE 8.10-4
TRITIUM BREEDING RATIOS (T/D-T NEUTRON) AND
NUCLEAR HEATING RATES (MeV/D-T NEUTRON)
IN THE REFERENCE HELIUM-COOLED Liy0 BLANKET
— TOKAMAK REACTOR

Calculation I 11 I x 0.4 +
Model Poloidal Toroidal II x 0.6
Simulation Top and Bottom Inboard and Out- 3-D Full
Blankets board Blankets Coverage
Combined Blanket
Tg 0.905 0.869 0.883
Ty 0.337 0.312 0.322
TBR 1.242 1.181 1.205
Blanket nuclear heating 16.5 16.6 16.7
Total nuclear heating 17.1 17.2 17.2
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Neutronic calculations were performed using the one—~dimensional infinite
cylinder model with plasma and first wall radil of 49 and 60 cm, respec-
tively. The calculated results for the reference blanket are presented in
Table 8.10-6. Note that this blanket g¢ives a tritium breeding ratio of
1.19 tritons per D-T neutron and a blanket muclear heating of 16.6 MeV per

D=T neutron.

LiAl05/Be/ Design - Tokamak

Table 8.10-7 describes the blanket zones and material compositions for
the reference helium-cooled, beryllium=-multiplier, LiAlO; blanket for a toka-—
mak reactor. The beryllium zone (10 cm thick) 1s 1incorporated only in the
outboard blanket in an attempt to minimize the total beryllium inventory
needed for the tokamak reactor. The inboard blanket design 1is similar to
that for the Li170/He inboard blanket as described previocusly, except that the
breeder is replaced by LiAlO;. The outboard blanket requires a 10-cm beryl-
lium zone (blanket region-1), which consists of 4.7% HT-9, 54%Z beryllium and
the balance of helium; and a L1Al0; breeding zone (blanket region-2). The
breeding zone is composed of 15.7% HT-9, 75.3%Z LiAlD7 and the balance of
helium, all by volume. The total blanket thicknesses are 41 and 70 cm,

respectively, for the inboard and outboard blankets.

Table 8.10-8 summarizes the neutronic results for the tokamak reactor
system employing the models mentioned previously for the Li,0/He system. As
seen in Table 8.10-8, the combined 1-D full-coverage blanket estimate gilves a
tritium breeding of 1.2l tritons per D-T neutron. The nuclear heat deposited

in the blanket is about 17.1 MeV per D-T neutron, which is equivalent to a
blanket energy multiplication of 1.21.

LiAlQ5/Be Design - Tandem Mirror Reactor

The blanket zones and material compositions for the reference TMR
helium—cooled beryllium—multiplier LiAl0) blanket are displayed 1in Table
§.10-9. Note that this design 1s essentlally the 3ame as that for the
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TABLE 8.10-5
ONE-DIMENSIONAL BLANKET ZONES AND COMPOSITIONS
FOR THE K-FERENCE HELIUM-COOLED Li»0 BLANKET
FOR TANDEM MiRROR REACTOR

Zone Component Composition and Thilckness
1 First Wall 10.3% HT-9
+
89.7% Helium
(6 cm)
2 Blanket 7.9% HT-9
Region +
1 80.67% Lip02
+
11.5% Helium
(35 cm)
3 Blanket 28.6% HT-9
Region +
2 62.5% Lip02
+
8.97 Helium
(12 cm)
4 Plenum 20% HT-9
+
807 Helium
(10 cm)
5 Shieldb 100% HT-9
(30 cm)

20% dense; natural lithium in Li50.

LIncluded in the calculation to account for
the :lbedo effect of the shield.
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TABLE 8.10-6
TRITIUM BREEDING RATIO (T/D-T NEUTRON)
AND NUCLEAR HEATING RATE (MeV/D-T NEUTRON)
IN THE REFERENCE HELIUM=-COOLED Lij0 BLANKET
- TANDEM MIRROR REACTOR

Tritium Breeding

Tg 0.854
Tz 0.338
TBR 1.192

Nuclear Heating

Blanket 16.6
Total 17.2
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TABLE 8.10-7

ONE-DIMENSIONAL BLANKET ZONES AND MATERIAL COMPOSITIONS
FOR THE REFERENCE HELIUM-COOLED BERYLLIUM-MULTIPLIER
LiAl109 BLANKET FOR TOKAMAK REACTOR

Inboard Outboard
Zone Component (Thickness) (Thickness)
1 First Wall 11.7% HT-9 11.7% HT-9
+ +
88.37 Helium 88.3% Helium
(6 cm) (6 cm)
2 Blanket 7.9% HT-9 4.7% HT-9
Region + +
1 80.6% LiAl0,3 54.0% Beb
+ +
11.5% Helium 41.3% Helium
(12 cm) (10 cm)
3 Blanket 28.67% HT-9 15.7% HT-9
Region + +
2 62.5% LiAl0,2 75.37% LiAl0,2
+ +
8.97 Helium 97 Helium
(12 cm) (32 cm)
4 Plenum 207% 4T-9 20% HT-9
+ +
80% Helium 807% Helium
(11 cm) (22 cm)
5 Shield® 100% HT-9 100% HT-9
(30 cm) (30 cm)

ag0% dense; 60% OLi in lithium.

b80% dense.

cIncluded in the neutronic calculation

for the albedo effect of the shield.
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TABLE 8.10-8
TRITIUM BREEDING RATIOS (T/D-T NEUTRON)
AND NUCLEAR HEATING RATES (MeV/D-T NEUTRON)
IN THE REFERENCE HELIUM-COOLED BERYLLIUM-MULTIPLIER LiAlO9 BLANKET
FOR TOKAMAK REACTOR

Calculation I II I x 0.4 +

Model Poloidal Toroidal II x 0.6

Simulation Top~ and Bottom- Inboard and Out- 3-D Full

Board Blanket board Blankets Coverage

Combined Blanket

Te 1.225 1.158 1.185

Ty 0.025 0.027 0.026

TBR 1.250 1.185 1.211
Blanket nuclear heating 17.5 16.9 17.1
Total nuclear heating 18.3 17.8 18.0
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TABLE 8.10-9
ONE-DIMENSIONAL BLANKET ZONES AND MATERIAL COMPOSITION
FOR THE REFERENCE HELIUM-COOLED BERYLLIUM-MULTIPLIER
LiAlOg BLANKET FOR TANDEM MIRROR REACTOR

Zone Component Composition and Thickness
1 First Wall 10.3% HT-9
+
89.7% Helium
(6 cm)
2 Blanket 4.7% HT-9
Regi-.n +
i 547 Bed
+
41.37% Helium
(10 cm)
3 Blanket 15.7% HT-9
Region +
2 75.3% LiAlogb
+
9% Helium
(32 cm)
4 Plenum 20% HT-9
+
80% Helium
(10 cm)
5 Shield® 100% HT-9
(30 cm)

a80% dense.
becy dense; 60% 6Li in lithium.

CIncluded in the neutronic calculation to
account for the albedo effect of the shield.
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tokamak outhoard blanket except that the plenum needed for the TMR design is
only 10 cm thick instead of 22 cm, as designed for the tokamak reactor. The
total blanket thickness is thus only 58 cm.

Table 8.10~10 presents the calculated neutronic results for the refer—
ence LiA107/Be TME blanket. The tritium breeding ratio is 1.26 tritons per
D-T neutron. The blanket nuclear heating is about 17.6 MeV per D-T neutron
resulting in a blanket energy multiplication of 1.25.

8.10.2.2 Li/He Desigas

In this section, the neutronics designs for the helium-cooled, liquid-

lithium blankets are described for the tokamak reactor and TMR systems.

Li/He Design = Tokamak

Table 8.10-11 describes the blanket zones and material compositions for
both inboard and oucboard blankets. In this design, a high structure content
zone (blanket regfon-2) was arranged behind the breeding zone (blanket
region—1) to enhanca the nuclear energy deposition in the blanket. Blanket
region—1 consists of 8% HT-9 structure, 66%Z liquid lithium, and the balance
of helium, all by volume; and blanket—-2 =zone consists of 88% HT-9 and the
balance of helium. The thicknesses of these zones are 24 cm (blanket—-1) and
20 cm (blanket region-2), and 78 and 14 cm, respectively, for 1inboard and
outboard blankets. Including the plena, the total thickness for the inboard

and outboard blankets are 0.6l and 1.2 m, respectively.

Table 8.10-12 gives the calculated neutronic performance for the Li/He
ceference blanket. As In the previous section, the neutronic results for
poloidal, toroidal, and combined models for the tokamak system are given in
this table. As seen 1in Table 8.10-12, the combined 1-D tokamak full cov-
erage blanket performance gives a tritium breeding ratio of 1.22 tritons per
D-T neutron. The blanket nuclear heating for the reference blanket is also
about 17.4 MeV per D-T neutron based on ENDF/B-V, LANL processed nuclear
data library. This is equivalent to a blanket energy multiplication of 1.23.
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TABLE 8.10-10
TRITIUM BREEDING RATIO (T/D-T NEUTKON)
AND NUCLEAR HEATING RATE (MeV/D-T NEUTRON)
THE REFERENCE HELIUM~COOLED BERYLLIUM-MULTIPLIER
L1A109 BLANKET FOR TANDEM MIRROR REACTOR

Tritium Breeding

T 1.233
T4 0.025
TBR 1.258

Nuclear Heating

Blanket 17.6
Total 18.8
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TABLE 8.10-11

ONE-DIMENSIONAL BLANKET ZONES AND MATERIAL COMPOSITIONS
FOR THE REFERENCE HELIUM-COOLED LITHIUM BLANKET

FOR TOKAMAK
Inboard Qutboard
Zone Component ( Thickness) (Thickness)
1 First Wall 11.7% HT-9 11.7% HT~9
+ +
88.3% Helium 88.3% Helium
(6 cm) (6 rm)
2 Blanket 8% HT-9 8% HT-9
Region + +
1 66% Lithiumd 667% Lithium
+ +
26% Helium 267 Helium
(24 cm) (78 cm)
3 Blanket 88% HT-9 88% HT-9
Region + +
2 127 Helium 12% Helium
(20 cm) (14 cm)
4 Plenum 20% HT-9 2G% HT-9
+ +
80% Helium 80% Helium
(11 cm) (22 cm)
5 Shieldb 100% HT-9 100% HT-9
(30 cm) (30 cm)

8Natural lithium.

Included in the blanket neutronic calculation to
account for the albedo effect from the shield.
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TABLE 8.10~12
TRITIUM EREEDING RATIOS (T/D~T NEUTRON)
AND NUCLEAR HEATING RATES (MeV/D-T KNEUTRON)
IN THE REFERENCE HELIUM~COOLED LITHIUM BLANKET

FOR TQKAMAK
Calculation I I1 I x 0.4+
Model Poloidal Toroidal IT x 0.6
Simulation Top— and Bottom—  Inboard and Out— 3=D Full
RBoard Blanket Board Combined Coverage
Blankets Blanket
Tg 0.87¢ 0.825 0.845
Ty G.399 0.360 0.376
TBR 1.275 1.185 1.221
Blanket nuclear heating 17.5 17.4 17.4
Total nuclear heating 17.6 17.6 17.5
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8.10.2.3 Flibe/He Design

Scoping Study

Initial scoping calculations were done by Lee at LLNL with the TART code
and ENDL data to determine the tritium breeding potential of this blanket
type. A radially zoned cylindrical nucleonics model was used and is
described in Table 8.10-13. Note that the LiF and BeF2 mole fractions of
Flibe were inadvertently reversed but the effects of this error are insigni-
ficant. Results, local (100Z blanket coverage) T and M vs Be zone thickness,
are shown in Fig. 8.10-8. The tritium breeding ratio, T, is seen to vary
between 0.5 with no Be to 1.7 with a 60-cm Be zone. Correspondingly, energy
multiplication, M, varies between 1.1 and l.4. The effects of less than 100%
blanket coverage on T is shown in Fig. 8.10-9., For example, if the effective
coverage is only 80, a 15-cm Be zcne is needed for T = 1.0l compared to 10 cm
at full coverage. Higher T can be achieved, of course, by increasing the Be
zone thickness. Another possibly attractive use of the excess neutrons
generated in Be is for higher M. While this was not the ogbjective here it
is clearly possible to include material in the blanket with significantly
higher Q's than 4.8 MeV for the Li6{(n,t) reaction. Also e.-iching the Li in

Li6 can increase T.

TMR and Tokamak Reference Blankets

The next step in the nuclear analysis of this blanket was the 1-d
calculations of reference blankets for the tokamak and the tandem mirror.
This was done by Jung at ANL with Lhe same codes and data used for the other
candidate blankets.

The computation was carried out vsing: (1) ANISN (SBPB) with the
VITAMIN-C/MACKLIB~IV libraries (both based on ENDF/B-1V); and (2) MCNP with
ENDF/B-V. For the sake of comparison, additional Monte Carlo computations
were made using MCNP along with the ENDF/B-IV data.

In the case of the TMR design, the MCNP-ENDF/B~V computation results in
a TBR of v 1.46 (+1%) while the ANISN-MACK computation yields a TBR of
" 1.40. For comparison on the basis of consistent data library of
ENDF/B-IV, the ANISN TBR should be compared to % 1.36 (+1%) of the

corresponding MCNP calculation.
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The blanket energy deposition was calculated only by ANISN/MACK and
estimated to be 21.3 MeV/D-T (i.e., an energy multiplication factor of
"% 1.5 per 14.06-McV neutron). Evidently, such a high energy multiplication
was brought about by the substantial neutron multiplication by the Be(n,2n)
reaction in this design. Indeed, the Be(n,2n) reaction rate amounts of
v 0.95/D-T (ANISN estimate).

On the other hand, the tokamak Flibe d~sign yields a TBR of ™ 1.22
(+ 1%Z) by the MCNP-ENDF/B-V computation, which is compared to v 1.25 by
ANISN-MACK and to v 1.17 (+ 1%) by MCNP-ENDF/B-IV. The reason for the
substantial decrease of TBR in this design, relative to the TMR design is
twofold: namely, the increased first wall thickness due to the sacrificial
structural material against erosion and the substantially thinner inboard
blsuket than the outboard. In fact, the TBR increases to 1.44 (: 1%4) by
extending the inboard blanket as much as the outboard blanket.

The energy deposition is estimated to be % 20.5 MeV/D-T and the
Be(n,2n) reaction rate amounts to v 0.87/D-T in this case.

A more detailed summary of these results is given in Table 8.10-14 while
blanket material compositions and system dimensions and zonal material

compositions are given in Tables 8.10-15 and 8.10-16.

Discussion of Nuclear Analysis

The blanket 1-d model given in Table 8.10-16 does not include structure
needed to close the module ends.

Refined estimates of the composition of the He/Flibe/Be blankets for
the tokamak and mirror are given in Table 8.10-17. These estimates include
the structure for first wall, end plates, reinforcing plates and backing
plates and lobe walls, by homogenizing these materials in the appropriate
zones. The blanket module structural concept is GA's "book end" design; see
Fig. 8.10~10 taken from Jan. 3 — Feb. 1, 1984 handouts distributed by G. D.
Morgan with additional information from Clement Wong. The Flibe zones
contain an additional 1 v/o structure to account for the tubes and manifolds.

The major change occurs in the back region of the SiC zone where the
backing plates add 22 v/o additional structure. The plena zones also have
increased structure (27 v/o) because of the backing plates. If this
additional structure is found to reduce breeding significantly, a thicker Be

zone and/or additional Flibe and/or Li6 enrichment can be used to counter
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the increased structure. It is probably cost effective to just increase the
Be zone thickness sl ghtly and take advantage of the added structure for
higher M.

These models do not account for penetration. such as divertors in
tokamaks and end cells in mirrors. For the tandem mirror, end cell effects
as determined in the MARS study result in an effective blanket coverage of
0.97. For the tokamak the effective blanket coverage is 0.90 based on

Starfire with an INTOR-type limiter.

Fluorine Activation

Fluorine is a major element of Flibe [LiF (46.9 m/o) + BeF, (53.1
m/o)}, the tritium breeding material we are proposing. One of the initial
blanket neutronic calculations used tou determine tritium breeding ratio is
representative and used here to calculate activities and afterheat caused by
fluorine activation. The mole frations of LiF and Ber were inadvertently
reversed, but the effect on the results is expected to be very smail. The
activation and decay chain evaluated is shown in Fig. 8-10-11. Results are
listed in Table 8.10-18. Column 1 lists the 8 F(n,x)Y reactions calculated,
+ of which result in radioisotopes. The calculated reaction rates for these
8 reactions are given in column 2. The TART code with ENDL data was used
for this calculation. Column 3 lists F reactions per F atom in the blanket
per 1.0 MWY /m? exposure. Since the total is ouly 6 parts per million per
unit exposure, chemical contamination 1is not expacted to be a problem.
Column 4 lists the products of the F{n,x)Y reactions, with column 5 listing
the half-lives of the radioactive products. Column 6 lists the type, energy,
and intensity of the radioactive praduce decay. The beta energies listed are
maximum values. Column 7 gives the equilibrium activities in Curies/wa
for the radioactive products. The final column (8) lists the stable end
products of the 8 fluorine reactions.

Afterheat - The total energy release from the 4 radioactive products of
the F(n,x)Y reactions is 0.117 MeV/DT neutrons. This is only 0.53% of the
prompt energy release in the blanket. Thus, the afterheat level due to
fluorine reactions at shutdown is 0.53% minus the fraction carried away by
neutrinos. Five minutes after shutdown the afterheat level drops to 0.022%

(apain, minus the neutrino fraction).
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Conclusion

Based on 3-D analysis to date we predict the reference Flibe blanket to

perform as follows:

Tokamak Tandem Mirror
T 1.14 1.29
E (Blk) 22.3 21.6

And we can confidently predict that based on the initial scoping calculations

we can significantly increase T and/or M by increasing Be zone thickness.
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TABLE 8.10-13
NUCLEONICS MODEL ¥OR FLIRE ELANKET
CALCULATIONS (CYLINDRICAL)

ZONE R CM A R,CM COMPOSITION
PLASMA 0 60
FIRST WALL 199.5 0.5 FE (100 v/o)
INNER BLANKET 200 0 FLIBE* (9 v/o)
TO
60 FE (6 v/o)
BE (53 v/o)
OUTER BLANKET 200 100 FLIBE (9 v/o)
TO TO
260 40 FE (6 v/o)
SIC (53 v/o)
SHIELD 300 20 FE (100 v/o)

%
53,1 M/o LiF (NAT. LI) K+ 46.9 M/O BEF2 - These mole fractions were

mistakenly reversed

TRANSPORT CODE - TART MONTE CARLO
DATA - ENDL BASED 175 GOROUP LIBRARY
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TABLE 8.10-14
SUMMARY OF NUCLEAR ANALYSIS 1-D RESULTS

TBR Energy Deposition
MCNP-ENDF5 ANISN-MACK ANISN-MACK
(a) TMR
First wall (cm) - - 0.72
BANK-1 (20 cm)  0.946 (+1%) 0.943 (0.941)%  13.48
BANK~1 (37 cm)  0.512 (+1%) 0.457 (0.457)% 6.73
Plenum (22 ~m) - —— 0.38
TOTAL 1.458 (+1%) 1.400 (1.398)% 21.31 MeV/D-T
[1.375 (1140)]b
(B) TOKAMAK
Inboard
Plenum (1l cm) -== - 0.33
BANK-2 (12 cm) -—- 0.083 (0.083)2 1.55
BANK-1 (12 cm)  0.081 (+3%) 0.195 (0.195)@ 2,93
First wall (6 cm) e . 0.41
Qutboard
First wall (6 cm) L L 0.97
BANK-1 (20 cm) 0.656 (+1%) 0.683 (0.682)% 9.96
BANK-2 (37 cm) 0.296 (+2%) 0.288 (0.288)° 4,12
Plenum (22 cm) - - 0.20
TOTAL 1.222 (*1%) 1.248 (1.247)% 20,47 MeV/D-T

[1.166 (+1%)]°

a
T6 + 0.85 T7.

PRased on MGNP~ENDF/B-1V.
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TABLE 8.10-15

MATERIAL COMPOSITIONS

@ 100% T.D. atom/b-cm
HT~9 Fe 7.058-2
Cr 1.070-2
Mo 4.833-4

. 6. .
Flibe Li 1.135-3
(Natural lithium) 7L 1.420-2
Be 1.729-2
F 4.991~2
sic Si 4,834-2
C 4.834-2
Beryliium Be 1.236-1
Fe-2422 Fe 7.028-2
Mn 1.219-2
Cr 1.849-3
Ni 1.581-3
HZO 6.686-2
3.348-2
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TABLE 8.10-16

SYSTEM DIMENSIONS AND ZONAL MATERTAL COMPOSITIONS

Quter Radius

Zone (cm) Composition
(A) TMR
Plasma 46 -—=
Scrape—off 60 -
First wall 66 8.3%Z HT-9
BANK-1 86 6% HT-9 + 9% Flibe + 53% beryllium®
BANK-2 123 6% HT-9 + 9% Flibe + 75% SiC
Plenum 145 20% HT-9
Shield 175 Fe-1422 + 20% HO

Quter Major
Zone Radius (cm) Composition

(B) Tokamakb

Inboard
Shield (415-) 445 80% Fe—~1422 + 204 H20
Plenum 456 20% HT-9
BANK-2 468 64 HT-9 + 9% Flibe + 75% SiC
BANK-1 480 6% HT-9 + 9% FLIBE + 53% beryllium?
First wall 486 11.7% HT-9
Scrape—off 506 ——=
Plasma 894 -
Outboard
Scrape-off 914 ———
First wall 920 11.7% HT-9
BANK-1 940 6% HT-9 + 9% Flibe + 53% beryllium?
BANK-2 977 6% HT-9 + 97 FLIBE + 75% Sic
Plenum 999 207 HT-9
Shield 1029 80% Fe-422 + 207 H.,0

2

aBeryllium: 100% T.D.

Based on a major radius model at the reactor midplane.
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TABLE 8.10-17

REFINED MODEL DIMENSIONS AND ZONAL MATERIALS COMPGSITIONS

Outer Radius

Zone cm Composition
(A) MR
Plasma 46 -
Scrape—of f 60 -
First wall 66 8.7%4 HT-9
BANK-1 86 6% HT-9 + 9% Flibe + 53% beryllium®
BANK=-2 98 6% HT-9 + 9% Flibe + 75% SiC
BANK-13 123 28% HT-9 + 9% Flibe + 53% S§icC
Plenum 145 27% HT-9
Shield 175

Fe-1422 + 20% H20

Outer Major
Zone Radius (cm)

Composition

(B) Tokamak?

Inboard
Shield (415-) 445
Plenum 456
BANK-2 460
BANK~-1 480
First wall 486
Scrape-off 506
Plasma 894

Outboard
Scrape-off 914
First wall 920
BANK-1 940
BANK-2 952
BANK-3 977
Plenum 999
Shield 1029

80% Fe-1422 + 20% H,0

27% HT-9

6% HT-9 + 9Z Flibe + 75% SiC

6% HT-9 + 9% Flibe + 53% beryllium®
11.74 Ht-9

11.7% HT-9

6% HT-9 + 9% Flibe + 53% beryllium?
6% HT~9 + 9% Flibe + 75% SiC

28% HT-9 + 9% Flibe + 53% SiC

27% HT-9

80% Fe-1422 + 20% H,0

2 Beryllium: 100% T.D.

b Based on a major radius model at the reactor midplane
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STTI-8

TABLE 8.10-18

NUCLEAR REACTOR RATES FOR FLUORINE

Reactions Reaction Decay, Type, Equilibrium
Reaction per per F Atom Energy (MeV) Activity End
Type DT Neutvon per MWY/m2 Product Halflife Intensity (%) (Curies/MW¢) Product

n,2n 2.84(—3)* 7.53(-6) F-18 110 m B+(.635),€ 2.7(4) 0-18
y(.511) 200%

n,n'p  7.40(-4) 1.96(-6) 0-18 - - -— 0-18

n,n'a 4.37(-3) 1.16(-5) N-15 - - - N-15

n,p 2.62(-3) 6.94(-6) 0-19 27 s B (4.6) -- F-19
v(.2, 97%,

1.4, 59%) 2.5(4)

a,d 1.03(-3) 2.73(-6) 0-18 - — - 0-18

n,t 5.98(-4) 1.59(-6) 0-17 -~ — - 0-17

n,a 8.03(-3) 2.13(-5) N-16 7 s 8 (10.4) 0-16
v(6.13, 69%) 7.7(4)

n,g 2.21(-3) 5.86(-6) F-20 11 s 87(5.4) 2.1(4) Ne-20
y(1.63, 100%)

Totals 0.022 5.75(=5) 1.5(5)

*(-3) = x 1(]-.3
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Li/He Design - Tandem Mirror Reactor

Table 8.10-19 gives the one-dimensional blanket =zones and material
compositions for tlie reference helium~cooled lithium blanket for the TMR sys-
tem. They are similar to that for the tokamak outboard blanket, except for
the first wall material composition, which is 10.3% HT-9 in this design, as
opposed to 11.7% in the tokamak design, and the blanket region thicknesses,
which are 78 cm (blanket region-1) and 14 cm (blanket reglon-2). The total
blanket thickness, including plenum, is 1.08 m.

- Table 8.10-20 shows the calculated neutronic performance for the ref-
d?ence TMR Li/He blanket. It provides a 1.28 tritium breeding ratio and
17.5 MeV/ D~T neutron blanket nuclear heating, or 1.24 blanket energy multi-

plication.

The above results were obtained using atom densities based on a lithium
tube wall thickness of 0.6 mm. This thickness was increased to 1.1 mm late
in the study in order to satisfy the structural design requirements of module
and tube depressurizatiovn accidents. This increase in structure volume frac—
tion would reduce the tritium breeding ratio by ~3.5%Z for both the tokamak
and TMR designs. These final results were used for the BCSS design evalua-

tions, but are not shown on the tables in this section.

8.10.3 Thermal-Hydraulics Design

The thermal-hydraulic design of a gas—cocled reactor system should
design to high thermal efficiency and low pressure drop. The high efficiency
requirement dictates a high coolant onutlet temperature, restricted by the
maximum operating temperature limits of the reactor materials. The low pres-—
sure drop requirement leads to high system operating pressure to obtain high
coolant density, a large coolant inlet-to-outlet temperature differential,

and restricted velocities of the coolant In various sections of the coolant
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TABLE 8.10-19
ONE-DIMENSIONAL BLANKET ZONES AND MATERIAL COMPOSITIONS
FOR THE REFERENCE HELIUM-COOLED LITHIUM BLANKET
FOR TANDEM MIRROR REACTOR

Zone Compounent Composition and Thickness
1 First Wall 10.3% HT-9
+
89.7% Helium
(6 cm)
8.3% HT-9
+
2 Blanket 68.47% Lithium?@
Region +
1 267 Helium
(78 cm)
3 Blanket 88% HT-9
Region +
2 12% Helium
(14 cm)
4 Plenum 20% HT-9
+
807% Helium
(10 cm)
5 Shieldb 100% HT-9
(30 cm)

aNatural lithium,

bIncluded in the neutronic calculation to

account for the albedo effect from the shield.
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TABLE 8.10-20
TRITIUM BREEDING RATIO (T/D-T NEUTRON)
AND NUCLEAR HEATING RATE (MeV/D-T NEUTRON)
THE REFERENCE HELIUM-COOLED LITHIUM BLANKET
FOR TANDEM MIRROR REACTOR

Tritium Breeding

Tg 0.872
T7 0.410
TBR 1.282

Nuclear Heating

Blanket 17.5
Total 17.8
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loop. On the other hand, the restrictions on material operating temperature
limits lead to high coolant velocities to maintain high heat transfer coeffi-
clents. During the course of the blanket thermal-hydraulics design, close
interaction was maintained with the mechanical design, neutronics analysis,

and material selection efforts.

The material temperature and blanket pressure drop limits and general
helium~cooled thermal-hydraulics design equations were presented in Refs.
8.10-9 and 8.10-10. The thermal-hydraulics design characteristics for dif-
ferent designs during the second year of this study are reported in this sec-
tion. The blanket designs evaluated are the solid breeder designs, including
Li70 and LiAlO9/Be; lithium breeder designs and the FLiBE/Be designs. All

these were evaluated for both tokamak and mirror reactors.

8.10.3.1 Solid Breeder Designs

This section presents the thermal-hydraulics designs for the Li;0 and
LiAl0O3/Be blankets. Results for the first wall, breeder plate, and helium

loop pressure drop analyses are reported. Both tokamak and mirror reactors

vere considered.

First Wall Design

As described in the BCSS interim report for the tokamak reactor, a
finned first wall design will be needed in order to handle the relatively
high surface loading of 1 MW/m? and the corresponding volumetric power gener-
ation from the neutron wall loading of 5 MW/m?., The finned first wall con-
figuration 1is illustrated in Fig. 7.4.1 and is explained in more detail in
the BCSS interim report.(s-lo'l) Since the first wall erosion rate is pro-
jected to be at 1 mm/year for the BCSS, an erodable layer of 2 mm was added

to the first wall for heat transfer analyses.

For the mirror reactor, a simple chaumnel first wall design 1is adequate,

since the projected surface 1lnading is relatively low at 0.05 MW/m2 even
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though the neutron wall loading is the same at 5 MW/m2. At a projected first
wall ercsion rate of 0.1 mm/yr, the difference in first wall thickness at the
beginning of life (BOL) d at the end of life (EOL) was ignored in the

analyses.

Since the first wall configuration for the helium~cooled pressurized
lobe design is similar for all the solid breeder and lithium breeder designs,
the respective design parameters and results for all the blankets are sum-
marized in Tables 8.10-21 and 8.10.22.

It can be noted from Table 8.10-15 that at the EOL for the tokamak reac—
tor and during the lifetime of the mirror reactor first wa:ll, the structure
maximum temperature is <550°C which is the design limit for HT-9 specified by
the BCSS structural material design group. At the BOL, the first wall tem—
nerature 18 allowed to operate beyond 550°C at the nonstructural, erodable
front face. It is 1likely that in order to relax scme of the bending and

thermal stresses, the erodable layer may need to be grooved.

Breeder Plate Design

As discussed in Sections 8.4 and 8.6, all the solid breeder designs are
in plate geometry. This was selected to maximize the breeder volume fraction
in the blanket, to minimize the structure volume fraction, and to reduce che
overall blanket thickness. Plate design also has the property of minimizing
the contact resistance between the clad and the breeder by relying on the
pressure differential of 4.9 MPa (715 psi) between the helium coolant and the
purge helium streams to press the clal against the so0lid breeder pellet. To
fit the respective configurations, the vokamak reactor uses plates of uniform

thicknesses and the mitrror reactor uses tapered plates to fit the cylindrical
geometry.,

Table 8.10-23 summarizes the design characteristics for the selid

breeder plate designs. The results for the Li-breeder tube design are pre-

sented in Section B8.10.3.2.
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STI-8

TABLE 8.10-21

HELIUM~COOLED FIRST WALL DESIGN PARAMETERS

Tokamak Mirror
11,0 LiA10,/Be Li Li0 LiA10,/Be Li
Neutron - .11 loading, MW/m2 5 5 5 5 5 5
Surface loading, MW/m2 1 1 1 0.05 0.05 0.05
Wall configuration Finned FFinned Finned Simple Simple Simple
Channel Channel Channel
Fin height, mm 7 7 7 NA NA NA
Fin thickness, mm 1 1 1 NA NA NA
Coolant channel width (tokamak) 1 1 1 5 5 5
height (TMR), mm
Minimum wall thicknessd 3.5/1.5 3.5/1.5 3.5/1.5 6 6 6
BOL/EOL, mm
Helium pressure, MPa (atm) 5 (50) 5 (50) 5 (50) 5 (50) 5 (50) 5 (50)
Coolant Tj,/Tours °C 275/510 275/510 275/510 2757540 275/540 275/540
Blanket energy multiplicationb 1.18 1.21 1.24 1.24 1.25 1.24

®F irst wall erosion rate of 1 mn/year was assumed for the tokamak reactor.

bResults based on one—dimensional neutronics calculations.
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TABLE 8.10-22
HELIUM-COOLED FIRST WALL DESIGN RESULTS

Tokamak Mirror
Lio0 LiAl10,/Be Li Lio0 LiAl105/Be Li
Coolant Tpax, °C 334 332 328 303 302 302
Coolant velocity, m/sec 60 61 62 31 32 32
Reynolds number 13,226 13,529 21,001 21,001 22,079 21,900
Heat transfer coefficient,2 7,831 7,105 3,437 3,437 3,573 3,551
W/m2-K
Wall Ty, BOL/EOL, °C 649/547 646/544 628/531 448 444 445
Pressure drop, kPa (psi)@ 29.0(4.2) 29.6(4.3) 31.0(4.5) 2.7(0.39) 2.7(0.39) 27(0.39)

2A roughness factor of 1.5 was assumed in the calculations.
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TABLE 8.10-23
SOLID BREEDER PLATE DESIGN CHARACTERISTICS

Lis0 LiAl05/Be

Tokamak Mirror Tokamak Mirror
Neutron wall loading, MW/m?2 5 5 5 5
Surface loading, MW/m? 1 0.05 1.0 0.05
Breeder plate configuration Uniform thickpzss Tapered Uniform thickness Tapered
Breeder thermal 2.7 2.7 1.9 1.9
conductivity, W/m-K
Plate thickness, cm 1.1 lel to 1.9 0.9 1.1 to 1.9
Coolant gap width, mm 1 1 1 1
Helium pressure, MPa{atm) 5 {50) 5 {50) 5 {50) 5 (50)
Coolant Tj,/Toue, °C 275/510 275/540 275/510 275/540
HT~-9 clad thickness 0.25 0.25 0.25 0.25
Breeder maximum heating 47 47 64 64
rate, W/ cc
Breeder T,y 795 782 1000 1000
Breeder Tyi, 510 519 520 552
Cladding Tyax 550 550 521 550




It can be noted in Table 8.10-23 that the Tpy,/Tpax for Lip0 and L1AlO»p
are within the temperature 1limits for the respective breeders. The thermal
conductivities wused for the calculations are the irradiated values at the
plate average temperature. The discussion on the effect of high fluence on
the thermal conductivity for the sintered Lig0 and LiAlOy is presented in
Section 6.3, During the course of the BCSS study, the blanket plate thick-
ness changed as more information became available on the projected thermal
conductivity of the solid hreeders as functions of temperature, packing frac-
tion, and neutron fluence. The trend was toward lower thermal conductivity.
Therefore, thinner plates were used 1in order to design within the specified
solid breeder temperature window. For a fixed module width, the module
structure was optimized to minimize the structural volume fraction of the
module wall and the first wall thickness. With a fixed coclant flow.gap
width of 1 mm, the flow cross—sectional area then incrz2ased with the reduc-
tion of plate thickness. This design variation drove the coolant flow
through the plate gaps from the turbulent to the transition flow regime, hav-
ing a Reynolds number of 4000 to 5000. It was noted that, based on this
range of Reynolds numbers, the entry-length of the coolant was quite long, in
the range of 20 to 30 cm. In such a flow regime, the laminar flow heat
transfer coefficient (~1000 W/m?-K) will be enhanced by a factor of 3 to 4.
This effect increases the heat transfer coefficient to higher values than
those obtained by turbulent flow (~2600 W/m2-K). For simplicity, 1in the
scoping calculations, a turbulent correlation was used. For more detailed
design in the future, the module width and coolant gap width can be adjusted
to maintain turbulent flow, or alternately, the transition flow regime with

consideration of entry-effects could be studied in more detail.

Since beryllium has relatively high thermal conductivity, no detatled
heat transfer calculation was performed and the design is supported by the
following consideration. TFor a bundle of beryllium rods with rod separation
of 2 mm and diameter of 2 cm at a volumetric power generation of 30 MW/m2 for
beryllium metal, the calculated rod centerline temperature ic 426°C, which is
quite acceptable. The coolant temperature at 330°C after cooling the tokamak

first wall. The temperature drop through the beryllium solid 1s less than
8°C.
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Helium Loop Pressure Drops

One of the drawbacks of using helium as the blanket coolant 1is its rela-
tively high pumping power requirement. This section presents the pressure
drop results for the solid breeder blankets from which pumping power can be
calculated. The pressure drop considered encompasses the whole helium loop
segment in the blanket, inlet/outlet piping, and steam generators. It also
includes pressure drop contributions from frictional, turning, expansion, and
contraction effects. Pressure drops and power conversion characteristics for
the solid breeder designs are presented in Table 8.10-24 1In general, the
results show that when compared with water, the hellum—-cooled design pumping
powers are relatively high. Nevertheless, when consldering the relatively
high gross thermal efficiency of helium blankets, the net thermal efficiency
of the respective blankets are still quite acceptable,

8.10.3.2 Li/He DesiEnB_

This section presents the thermal-hydraulics designs of the helium—
cooled L1 blankets Ffor tokamak and TMR reactors. Results are presented for
the breeder tube zone and the helium loop pressure drop analysis. First wall

thermal-hydraulics designs are as presented previously in Section 8.10.3.1.

Breeder Tube Zone

In the breeding zone, the thermal-hydraulics design is guided by liquid
metal/structure compatibility concerns. Figure 8.5-1 shows a schematic of
the breeder tube bank arrangement. The equations used in the analysis of
cross—flow heat transfer through the tube bank are the same as those of the
Interim Report.(s'lo'l) The resultant thermal-hydraulices designs are summa—
rized in Table 8.10-25. The designc satisfy the compatibility-limited inter-
face temperature guideline with acceptable pumping power (presented in next

section), high breeder volume fractions, and reasonable tube dimensions.
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TABLE 8.10-24
HELIUM LOOP PRESSURE DROPS AND POWER CONVERSION CHARACTERISTICS
HELIUM—COOLED, SOLID BREEDER DESIGNS

Lip0 LiAlOy/Be
) Tokamak Mirror Tokamak Mirror

Reactor thermal power, MW 5382 2958 5499 3106
Coolant pressure, MPa (atm) 3 (50) 5 (50) 5 (50) 5 (50)
Coolait Tyn/Tgur, °C 275/51¢ 275/540 275/510 275/540
Pressure drops

Blanket -~ Inboard/outboard, kPa 94.7/122.3 33.7 132/172 45.0

Inletfoutlet pipings, kPa?@ 36.9 36.9 36.9 36.9
Steam generator, kPa2 30 30 30 30
Total pumping power, MWy 237 62 246 84
Gross thermal efficiency 39.2 40 39.2 40
Net thermal efficiency 36.4 38.4 36.2 38.2

®Estimated results by allowing adjustment in characteristic flow dimensions.



TABLE 8,10-25
Li/He/HT-9 BLANKET BREEDER ZONE THERMAL~HYDRAULICS DESIGN

Tokamak Tandem Mirror

Neutron wall loading, MW/m2 5 5
Surface loading, MW/m2 1 0.05
Coolant Tj,/Tout» °C 275/510 275/ 540
Helium pressure, MPa 5 5
Tube pitch, cm 5.1 5.1
Tube outside diameter, cm 4.7 4,8
Tube wall thickness, cm 0.11 0.11
Maximum interface temperature, °C 531 547
(Maximum allowable interface (565) (565)

temperature, °C)
Maximum breeder temperature, °C 544 560
Breeder volume fraction 0.71 0.74
Structure volume fraction 0.063 0.066
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Helium Loop Pressure Drops

Calculations were performed of the total pressure drop of the cooling
circuit, including the blanket, inlet/outlet piping, and steam generators.
Included were pressure drop contributions from frictiom, turning, expansion,
and contraction effects. Pressure drop and power conversion characteristics
are presented in Table 8.10-26. The results show that though the pumping
powers are high relative to water coolant, the relatively high gross thermal
efficiency of helium blankets allows for acceptable net thermal power conver-

sion efficiencies.
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TABLE 8.10-26
HELIUM LOOF PRESSURE DROP AND POWER CONVERSION CHARACTERISTICS
HELIUM~COOLED LITHIUM BREEDER DESIGN

Tokamak Tandem Mirror

Reactor thermal power, MW 5577 3056
Coolant Tyn/Tours °C 275/510 275/540
Helium pressure, MPa 5 5
Pressure drops, kPa

Blanket, inboard/outboard 101/142 58.8

Pipingd 36.9 36.9

Steam generator?2 30.0 30.0
Total pumping power, MW 262 80
Gross thermal efficiency, % 39.2 40.2
Net thermal efficiency, 7% 36.0 38.5

aEstimated resvlts “y allowing adjustment in
characteristic flow dimensions.
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8.10.3.3 Flibe/He Concept

As in all fusion blankets many physics and engineering parameters
influence material temperature and heat transfer to the coolant. In perform-
ing thermal-hydraulics calculations for the Flibe/He concept, the first wall
was assumed to be 5 MW/mz. The ccolant is helium with a nominal pressure
of 50 atmospheres. To eliminate "pinch-point" steam generator problems a
helium inlet temperature of 275°C was specified. Helium outlet temperature
was limited to 500°C in order to not have structural HT-9 steel above

550°C. That limit for HT-9 has been imposed due to neutron damage effects
which seriously detract from its ductility and strength above that
temperature.

The blanket energy multiplication ratio has been calculated to be 1.51.
Table 8.10~27 below shows energy deposition in the various blanket layers by

nuclear analysis.

TABLE 8.10-27
BLANKET ENERGY DEPOSITION (ANISN-MACK)

First wall 0.72 MeV
Breeding zone (20 cm) 13.48 MeV
Reflector zone (37 cm) 6.73 MeV
Coolant plenum (22 cm) 0.38 MeV

Total 21.31 MeV per D-T

M = 21.31/14.1 = 1.51

The blanket analyzed has a first-wall radius of 0.7 meters; so each
meter of blanket length in a TMR produces 33.2 MW of thermal power. That
power distributes itself through the blanket elements in accordance with
Table 8.10-27. A curve (Fig. 8.10-12) was obtained by plotting the three
zone points from Table 8.10-27 that pertained to zones where salt tubes would
be present. The first-wall point was ignored because that region is nct a
breeding zone. The plenum point was used to better define the energy deposi-
tion near the back of the reflector. Power density estimates were made for

crucial blankst locations. This allowed calculation of the salt tube
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Figure 8.10-12. Neutron energy deposition in molten-salt breeding blanket.

8-135



diameters in those zones. One assumption that we made without detailed
calculation was that the helium temperature would increase 50°C in moving
from the plenum chamber to the front wall. This assumption is probably valid
for a tokamak where there is considerable first wall cooling but is probably
too large for the tandem mirror. The coolant passes the pod side walls and
cools those structural elements first before cooling the first-wall. So the

"blanket entrance temperature" (i.e., approach to first-wall) assumed is
325°C.

Table 8.10-28 shows volumetric heating rates at important blanket
locations. These were obtained by plotting the data from Table 8.10~27 and
interpolating. In order to insure adequate cooling of the salt we must know
the division of neutron energy deposition between the salt and other blanket
elements. Neutronics calculations for the two major zones reveal that in
the breeding zone 70% of the energy is deposited in the salt and 30% in the
beryllium; and in the reflector zone 75% of the energy is deposited in the
salt and 25% in the silicon carbide. Table 8.10-29 summarizes the material
fractions in those two zones. It can easily be shown neglecting heating in

the structure that the ratio of volumetric heat production is the following:

= 13.74
=25

qsalt/de

qsalt/qSiC
Hence,

x .09 + qy_ x .53 = 17.6 x 1.0
€ 3
= 136 watts/cm

qsalt
q

salt

The graphs of Figs. 8.10-13 and 8.10-14 show the film temperature drop
at the outside of the salt tube and the temperature drop across the wall of
the salt tube. Both are linear functions of tube diameter as long as we
assume a constant value for the film coefficient.

The key to control of the tube wall temperature lies in the film
coefficient at the outside of the tubes. If tne tubes have polished out-
sides, then the film coefficient will probably be in the range from .l to
.15 watts/cm2 K. Inteationally roughened tubes with a knurled-like
exterior are known to have film coefficients at least a factor of 2 higher.

Using the factor of 2 enhancement by surface roughening gives a range of

b (in the tube size range of interest) varying from .25 to .19 watts/cm? K.
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TABLE 8.10-28

VOLUMETRIC HEATING AT KEY BLANKET LOCATIONS.

Volumetric Volumetric
Average Heating Heating
Volumetric at Front at Back
Volume Heating ¢f Zone of Zone
cm3 w/cm3 w/cm3 w/cm3
Multiplier zone 1.19 x 106 17.6 22.1 13.1
(beryllium balls
and salt tubes)
Reflector zone 2.52 x 106 4.2 7.1 1.4

(silicon carbide

and salt tubes)

TABLE 8.10-29

BLANKET MATERIAL FRACTIONS.*

Multiplier Reflector
zone zone
Beryllium 53 vol % --
Silicon carbide - 75 vol %
Flibe (salt) 9 vol % 9 vol %
Ferritic steel 6 vol % 6 vol %

*Based on GA Technologies structural design

to BCSS meeting of Jan. 31, 1984.

8-137

concept presented



Table 8.10-30
SUMMARIZES THESE CALCULATIONS FOR THE TWO IMPORTANT BLANKET ZONES.

Energy deposited in salt (WIcmB)
Multiplier Zone Reflector Zone
Front Back Front Back
172 172 85 17
.. . 8.10-11
This is good agreement with the bed-of-balls value. We have chosen

a value of .2 N/cm2

K until experiments can be made on the case of tubes
within packed ball beds.

If we decide to confine the salt to a region representing 9% of the
multiplier zone volume, and further decide on a staggered tube array (i.e.,
triangular spacing), one can easily calculate the tube pitch (centerline to
centerline) of 2.86 cm and a space between tubes of 1.86 cm. Our tests on
ball flow between parallel tubes indicates that Be ball size should be no
larger than 0.33 times the space between tubes. The beryllium balls could
then be 0.62 cm in diameter and be counted on to "flow" freely into position
around the tubes or be readily emptied from the bed when desired. Both the
tube spacing and ball diameter turned out smaller than desired. Further
design work should Le done to come up with a consistent set of parameters
with larger values of these two parameters.

It is possible to select smaller tube sizes to reduce the HT-9 tube's
inside wall temperature. Tube bank (no balls) calculations show the increase
in film coefficient as tube diameter is decreased (see Fig. 8.10-15). One
pays twice for that higher film coefficient. First the number of tubes in
the blanket becomes very large and they are closely spaced. Second, the
beryllium ball diameter which will still flow through the gpaces between
tubes becomes very small and an enormous number must be manufactured to fill
“»= blanket. Another approach is to increase the breeding salt volume

s=rcent. Since the same total energy is captured, the tube surface heat flux
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Figure 8.10-13
Temperature drop through tube wall of molten salt tube.

The wall thickness is 0.5 mm.
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Temperature drop through outside coolant film on salt tube.
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Surface film coefficient of heat transfer at outside diameter of tube

versus tube diameter.
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(hence, wall film drop) will decrease. Larger tube diameters at the same
spacing require smaller beryllium balls. Optimization of the parameters,
tube diameter, volume fraction of salt, maximum tube wall temperature and
beryllium ball diameter must be obtained to yield lowest cost at acceptable
material temperature.

We have constructed Table 8.10-31 to show the coolant temperature as it
progresses through the blanket, and the resulting HT-9 temperature at the
inside surface of the salt tubes. The charts of film and wall AT
(Figs. 8.10-13 and 8.10~14) were employed and a tube diameter was chosen for
each zone which yielded a temperature slightly lower than 550°C for the
HT-9 salt tubes. Tube sizes vary from 1.0 to 2.0 cm diameter. It may prove
most economical to settle on a single size, 1.0 cm o.d. and accept slightly

conservative tube temperatures in the other blanket zomnes.

Discugsion of Results and Suggestions for Design Improvement

As the coolant moves into the reflector zone its mean temperature has
risen to 442°C. The film temperature drop on the outside of the salt tubes
becomes severely limiting. If some of the salt tubes at the rear of the
breeding zone and the front of the reflector could be eliminated, the
breeding of tritium would be slightly reduced but the temperature limit for
HT-9 tubes, 550°C, would not be encountered in that region of the blanket.
This would allow the overall mass flow of coolant to be reduced. The outlet
coolant temperature would be higher (closer to the 550°C structure tempera-
ture limit). This would both raise the thermodynamic efficiency and reduce
pumping power due to lower ccolant mzs- flow.

This design has a very large numbe~ of salt tubes. This number could be
reduced by decreasing the fraction of beryllium and increasing the fraction
of salt. The smaller neutron multiplication will result in less tritium
bred. It will also decrease the neutron energy density released in molten
salt and allow each tube to be a larger diameter. The spacing must be
increased as the tube diameter is increased in a manner so that the pebble
size can also be increased. The result is a smaller number of larger
diameter salt tubes. The tritium breeding ratio in the preseat design is
large enough that some reduction can be permitted.

The reduced fraction of beryllium and increased structure has one more

beneficial effect. By capturing more neutrons in structural material we get
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HT-9 TUBE TEMPEXATURE

TABLE 8.10-31

IN THE BLANKET.

Salt Tube
Coolant Diam. AT °C At °c HT-9 Temp.
Zone Temp - °C cm (Film) (Tube Wall) at Tube I.D.
Inlet 275° - - - -
Helium

Entering First

Wall

Enter Multiplier

Zone

Exit Multiplier

Zone

Er er

Reflector Zone

Exit Reflector

Zone

Enter Helium

Plenum

325

333

442

442

496

500°

+8° from first wall

1.1

1.0

1.1

2.0

194 7
103 4
96 4
39 1

Maximum acceptable tube wall temperature = 550°C

534°¢

549°¢

541°¢

536°¢C
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a higher energy release, more than the 4.8 MeV released in the 6Li(n,T)AHe
reaction. Tlls larger blanket energy multiplication further assists the

economics.

Pressure Drop and Power Loss in Blanket

The velocity of helium coolant based on “empty column flow" is

8.10-12 to calculate

144 cm/sec. Empty column flow is used by Ergun
pressure drop in packed beds such as our beryllium balls surrounding steel
tubes which carry molten salt.

The Reynolds number for this flrw is 736. A friction factor, fk = 2,
can be read from Fig. 9 of Ergun's paper. The void fraction in this bed of
tubes and balls is estimated to be 35%4. Using the relationship

D 3 AOPg
fk=fP'T'%"E ¥

mem

onz finds the pressure drop to be only .07 atmospheres in the beryllium ball
multiplier zone, the 20-cm-deep region just behind the first wall.

The reflector zone, behind the multiplier zone, is 37-cm deep., It is
composed of silicon carbide blocks with space between each block for helium
flow. The block spacing is about 2 mm. Since 75% of the reflector is
silicon carbide the gas velocity will be about 500 ecm/sec. This modest
velocity leads to pressure drop less than .0l atmospheres in this zome. In
the back zone where there is more structure and only 53% SiC the power
density is low and cooling becomes easier especially if we increase the salt
volume as discussed previously.

2llowance for inlet and ekit plenum flow losses as well as ball
retention screens still leads to the conclusion that overall blanket
pressure loss will not exceed 0.1 atmospheres.

If the total thermal power of the reactor is 4000 MW, we calculate that
3432 MW is developed in the blanket and 568 MW goes to the direct converter.
If 225°C is the allowable helium temperature rise, it follows that
2.94(10)6 gms/sec of helium must flow through the blanket. This is
840 m3/sec at a mean density of .0035 gms/cm3. The power consgumed in

the blanket by the coolant pressure loss is estimated to be 8.4 MW.
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8,10.4 Tritium Extraction and Control

This section presents the tritium extraction and control designs for the
helium-cooled blankets. The solid breeder designs (Lij0 and LiAlOy/Be) are
presented in Section 8.10.4.1. A purge flow design was selected, which al-
lows active control of the impurities and coolant chemistry in the purge
stream and, at the same time, :reates two barriers, the breeder plate clad
and the steam generator wall, which reduce bred tritium loss through the
steam generators. The 1lithium breeder design is presented in Section
8.10.4.2. The tritium bred in the lithium tubes is extracted in the lithium
stream. The potentially large influx of tritium from the first wall into the
main coolant stream of helium can be handled by the already existing helium
cleanup system. The FLiBE/Be design is precented in Section 8.10.4.3. Be-
caugse of the relatively low tritium solubility of FLiBe, most of the bred

tritium will be extracted from the main coolant stream of helium.

8.10.4.1 Solid Breeder Designs

Steady-State Tritium Inventory and Permeation Losses

In the helium-cooled solid breeder blanket designs (Liz0 and LiAlCq/
Be), the bred tritium is extracted by a purge stream of helium through the
solid breeder plates. This tritium extraction method permits positive con-
trol of tritium and impurity levels in the purge helium stream. Both of
these levels have direct impacts en the blanket critium migration and inven-—
tory. The purge flow loop was selected to operate at a helium pressure of
i atm (compared with the main helium coolant preséure of 50 arm) to reduce
the effect of clad-to-breeder contact regsistance and to prevent distortion of
the breeder cladding in case of ‘blanket module depressurization. This sec—
tion describes the TRIT4 code which was we.l fur the calculation of tritium

inventory and migration in the solid breeder blankets.

The release of tritium generated in the solid breeder to the extraction
system (purge gas) is a critical concern for tritium recovery and inventory.

Tne TRIT4 code developed at GA Technologies Inc., models the migration and

8-145



inventories of tritium in the breeder, purge helium loop, coolant loop, and

steam generator loop at equilibrium.

The model assumed in the breeder is as follows:

1.

Bulk diffusion was taken as the dominant mechanism for the migra-
tion of tritium from the solid breeder grains (100% theoretical
density) to the grain boundaries. Temperature-dependent bulk dif-
fusion coefficients for Lip0 and LiAlOg are given in Section 5.3.2.
To mwinimize the diffusive tritium inventory contribution from
L1A109, a small grain size of 0.2 im diameter was selected for the
reference design. On the other hand, in order to reduce the solu-
bility tritilum inventory from Lis0, its grain size was selected to
be 20 ym in diameter. ' This choilce would reduce the effect of high
tritium partial pressure in the center of the pellet due to porous
diffusior.

It was assumed that the release of tritium from grain boundaries to
open pores in the breeder pellet occurs much faster than the mean
bulk diffusion time. For the reference designs, potential surface
inventory contributiun as discussed in Section 5.3.3 1s considered
to be negligible when hydrogen is added into the helium purge

stream as a means of controlling tritium leakage.

Through porous diffusion in the pellet, the bred tritium can then
migrate out to the surface of the pellet into the purge stream.
Only the effect of concentration diffusion was used in the porous
diffusion calculation. The temperature effect on porous diffusion
was found to be negligible and the pressure gradient effect on dif-
fusion was consequently neglected. The release of Tp0 from the
grains and porous diffusion through the purge gas in the pores is
included in the calculation. The appropriate mass transport prop-
erties are calculated allowing for Knudsen, tramsition, or ordinary
diffusion in the pores of the breeder pellets. The tritium is then

released from the breeder pellet to the purge gas stream.
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4. The model calculates the temperature profile in the breeder pellet
and the pressure and concentration distributions of T80 1in Zhe
pores of the breader. The reduced thermal conductivities of Li,0
and LiAl0j due to high neutron fluence as indicated in Section
5.3.2 were used in the calculations., The temperature and presgure
distributions were then wused in the calculation of solubility and
bulk diffusion inventories.

5. Experimentally determined activities(8:10-13) yere used in the
determination of breeder solubility inventory of LiGT in Lig0 as a
function of temperature. Solubility tritium inventory 1in the
LiAlOy was assumed to be negligible.

6. The pellet was assumed representative of the entire breeder and
therefore, an average volumetric heating rate and an average veolu-

metric tritium generation rate were used in the calculation.

The tritium inventories in the coolant and in the piping, and the perme-
ation release rates were determined by iteration througa the purge and cool-
ant loops until equilibrium was reached. The coolant inventories in differ-
ent purge/coolant segments were then determined as products of tritium con-
centration 1n the gas streams and gas volumes, respectively. Gas channel
tritium inventories on metal surfaces were calculated by using the solubility
data of stainless steel and the corresponding temperatures in different seg~
ments of the blanket loop. For the tritium permeation calculations, the per-—
meability data for HT-% as given in Section 6.6 was used. With the addition
of hydrogen to the purge stream side, a barrier rfactor of 100 was wused to
account for the oxide barrier on the helium coolant side of the breeder
cladding. At the steam generator, a barrier factor of 200 was used to ac-
count for oxide barriers on both sides of the wall separating the helium and

water streaus.

Tritium inventories for Li0 and LiAl0;/Be blankets for both tokamak and

TMR reactors were calculated end the results are summarized i1in Table
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8.10-32. As can be noted, all the tritium inventories are dominated b, con-
tributions in the breeders. Ffor the L1750 designs, the breeder inventories
are dominated by solubility contributioms. For the LiAlO9 designs, the
breeder inventories are dominated by bulk diffusive contribution in the
breeder. The total 1nventories are in the range of 24 to 134 gm, which are
quite acceptable.

Tritium permeation losses for these designs are presented in Table
8.10-33. Four cases were considered for different solid breeder designs of
interest. Case 1 1s the permeation losses when 1% of the .ricium in the
purge stream is assumed to be in the form of gaseous T9. The leakazes to the
steam generator are high at >100 Ci/day. The losses increase if .11 the
tritium in the purge stream is in the gaseous form, as indicated 1in Case 2.
Case 3 shows how the leakage can be reduced to an acceptable level by the ad-
dition of hydrogen in the purge stream. All the leakage rates are <100 Ci/
day. Further adjustments can be made by changing the amount of hydrogen
added. Case 4 shows the reference cases when the influx of tritium from the
first wall is golng into the helium coolant streams. The leakages are higher
than expected, yet they are still less than 100 Ci/day. Further studies will
be needed to quantify the losses when better permeability and tritium coolant
loop chemistry under a fusion environment is available. Reliable tritium

barriers on metallic surfaces can be developed to relieve the problem.

Purge Flow Design -~ Solid Breeder - HI-9

In the helium-cooled solid breeder blanket designs (Lip0, LiAl0o/Be),
the bred tzitium is extracted by a purge stream of helium through the solid
breeder plartes. The general module configurations are given in the respec-
tive report seccions for the Lio0 (tokamak and TMR) and LiAlOj/Be (tc’ mak
and TMR) designs. Figure 8.10-16 illustrates the schematic of the proposed
purge breeder plate design. The connector mounts double as the helium purge
flow inlet/outlet channels. The purge flow enters the purge plate, whence it
flows along the plenum at one end of the plate. It then flows axially along

the plate through the purge channels as illustrated in Fig. 8.4~1 for the
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TABLE 8§.10-32
SELECTED INPUTS/OUTPUTS FOR THE HELIUM-COOLED SOLID BREEDER BLANKET TRITIUM INVENTORIES

Tokamak TMR
Lij0 LiAl0y/Be Lig0 LiAl05/Be
Reactor thermal power, MW 5382 5499 2958 3106
Tritium production rate, gm/day 897 897 562 567
Breeder mass, 103 kg 519 522 494 512
Tritium inventories,2 gm
Breeder — Diffusive 0.04 38.3 0.02 24.1
— Solubility 133.6 Negligible 130.7 Negligible
- Porous 0.04 0.04 0.04 0.04
Metal 0.28 0.08 0.23 0.08
Hellum coolant 0.33x10™% 0.11x10~% 0.38x10™% 0.13x10™4
Total, gm 134 38.4 131 24,2

aHydrogen is added into the purge stream at the rate of 100 times the mass

rate of tritium.

generation
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TABLE 8.10-33
HEAT EXCHANGER TRITIUM LOSSES (Ci/Day)

Case 4P
Case 32 100% Ty
100% T Ho Added + T2
Case 1 Case 2 Ho Added in in Leakage
1% To 100% T, Purge Stream From First Wall
Tokamak
Li,0/8e 396 1,260 39.8 43.6
11A1Cy/Bz/He 177 566 18 24.0
Mirror
Lip0/He 372 1,180 37.3 40.5
LiAl10y/Be/He 133 424 13.4 27.6

aHydrogen is added into the purge stream at a rate equal to 100 times
the mass generation rate of tritium; barrier factors of 100 and 200
assumed on the breeder clad and steam generator wall, respectively.

sz added from first wall - 0.22 gm/day for tokamak reactor and
0.2 gm/day for mirror reactor.



TABLE 8.10-34
PURGE FLOW DESIGN CHARACTERISTICS
HELIUM—-COOLED SOLID BREEDER

1618

Tokamak Mirror
Liy0 LiAl0;/Be Lip0 LiAl05/Be

Reactor thermal power, MW 5382 5499 2953 3106
Coolant Helium

Pressure, MPa (atm} 5 (50) 5 (50) 5 (50) 5 (50)

Tin/Toues °C 275/510 275/510 275/540 275/540
Volume flow rate, m3/s 1468 1570 716 751
Purge Helium

Pressure, MPa (atm) 0.1 (1.0) 0.1 (1.0) 0.1 (1.0) 0.1 (1.0)

Volume flow rate, m3/s 14.7 15 7.2 7.5
Purge'flow channel

Volume fraction % 2 2 2 2

per breeder plate

Flow velocity, m/s 4 5.4 3.3 4.3

Flow frictionald

pressure drop, Pa (psi)

1690 (0.24)

2939 (0.43)

1255 (0.18)

1953 (0.28)

8p purge flow channel length of 2 m was assumed.
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Lis0 designs. A similar arrangement is also selected for the LiAl03/Be
designs.

The purge channel spacing was determined such that the porous diffusion
path in the pellet would not be too long, in order to minimize purge flow
tritium partial pressure. The channel size of 1.5 mm dlameter was selected
to ensure that the pressure differential between the purge and main coolant
helium stream of 4.9 MPa (49 atm) would not fail the 0.25 mm HT-9 clad. As
can be seen in Fig. 8.10-17, the purge flow chanr s are located at the edge
of the plate so that the purge flow operates at .he lower temperature region
of the pellets in order to minimize mass transfer (which could be a signifi-
cant problem for the Lip0 design at temperatures above approximately 800°C).

To check that the purge flow design is acceptable, the flow velocities
and frictional pressure drops for the solid-breeder purge flow designs were
calculated. The results are summarized in Table 8.10-34. The purge flow
velocities are relatively high, yet acceptable; the frictional pressure drops
for the 2 m long breeder plates are also acceptable for all the solid breeder

helium—cooled designs.

We conclude from our purge fluid-flow analysis that the purge flow
design is feasible, More detailed study is needed to describe the complete
purge and extraction loop. At the same time, the effect of breeder thermal
stress and the problem of breeder/clad mechanical interaction needs to be
addressed. The mass transfer of solid brzeder in the purge flow channels

should also be considered in future designs.

8.10,4.2 Li/He Designs

Tritium management of the Li/He blanket designs consists of circulation
of the liquid lithium and optional siipstream cleanup of the primary coolant.
The tritium generated within the liquid lithium is recovered by slow circula-
tion of the lithium to the tritium recovery system. Tritium can be extracted
from the Li either by circulation to a yttrium bed at 450°C, extracting to
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the 1.3 wppm level, cr by molten salt extraction to the 1.0 wppm level. The
latter was used for the reference design. Tritium which enters the primary
coolant via the first wall is recovered two ways. First, by maintaining a
sufficiently low tritium partlal pressure in the lithium tubes, some of the
tritium will permeate from the helium into the coolant and be recovered as
described abave. Second, if necessary, additional tritium can be recovered

by the primary coolant slipstream cleanup system.

The requirements on the tritium management system are established by the
safety guidelines adopted by this study. Since the majority of the tritium
is recovered by circulation of the lithium, the safety guideline on tritjum
inventory trades off against the acceptable MHD pressure drop and diminishing
returns on extraction efficiency. Since the only nonrecoverable tritium per-
meation loss is through the primary heat exchanger, the safety guideline on
steam generator leakage trades off against the size and cost of the helium
clcanup system. The resultant tritium management system design parameters

are cshown in Table 8.10-35.

The table shows that the tritium inventory can be kept to 330 gm via
circulation of the lithium at rates of 0.092/0.12 m3/s for the tokamak/TMR.
The associated MHD pressure drops are 1.01/0.2 MPa. Faster circulation in-
creases the ypressure drop, but the inventory does not drop appreciably due to
the partial pressv:: corresponding to the assumed minimum achievable tritium
concentration of (.0 wppm in Li. The table also shows that steam generator
tritium loss rates of 16.1/10.2 Ci/d for the tokamak/TMR are achieved without
any slipstream processing of the main helium flow. These losses include the
influx of tritium from the first wall at 0.22 gm/day and 0.2 gm/day for the
tokamak and TMR, rexpectively. More detalls on tritium influx from the first
wall are given in Section 6.6. To obtain these steam generator leakage
rates, hydrogen was added in the main helium coolant (for isotopic dilutionm)
at the rate of 100 times of the first wall tritium influx rate. This reduc-
ing atmosphere inhibits the formation of the oxide scale on the helium side

of the blanket and heat exchanger tubes. A barrier factor of two is assumed

in the calculatioms.
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TABLE 8.10-35
Li/He BLANKET TRITIUM MANAGEMENT
SYSTEM DESIGN PARAMETERS

Tokamak Tandem Mirror

Tritium production rate, g/day 973 533
Fercentage of tritinm in element form, 7% 100 100
Blanket heat transfer area, m2 3.67x104 3.84x104
Heat traanrfer wall thickness, mm 1.1 1.1
Heat transfer wall temperature, °C 565 565
Li tube oxide barrier factor from the

helium side 2 2
Primary coolant mass, kg 3.2x10% 1.8x10%
Tritium inventory in primary coolaant, g 1.9x1076 4.8x10~7
Tritium leakage to primary coolant 0.22 0.2

(from first wall), g/day
Hydrogen addition to primary coolant, g/day 22 29
Tritium partial pressure in primary coolant, Pa 1.1x10~7 9.3x10"8
Hydrogen partial pressure in primary coolant, Pa 1.1x1073 9.3x1076
Primary coolant flow rate, l/s 1.5x106 8.3x10°
Clean—up by-pass fraction, 7% 0 0
Clean-up efficiency, % 0 0
Tritium leakage from primary coolant 2096 1910

to breeder tubes, Ci/day
Steam generator surface area, m? 4.1x10% 2.3x10%
Steam generator wall thickness 2 2
Steam generator Cemperature, °C 510 540
Steam generator wall oxide barrier factor? 102 102

(total from two sides)
Tritium leakage rate, Curie/day 16.1 10.2
Tritium recovery method Li circulation to molten

salt tritium extraction to
1.0 wppm
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TABLE 8.10-35 (Continued)

Tokamak Tandem Mirror
Extraction efficiency, % 20 10
Maximum tritium concentration in Li, wppm 1.25 l.11
Maximum tritium partial pressure in Li, Pa 8.7x10™8 6.9x10"8
Minimum tritiur partial pressure (@l.3 wppm) 5,6x10~8 5.6x10™8
in Li, Pa
Average effective tritium partial pressure 7.1x10"8 6.2x10~8
in Li, Pa
Li inventory, m3 590 640
, kg 2.9x103 3.1x10%
Tritium inventory in Li (based on average 330 330
effective partial pressure), g
Li flow rate (ieactor), n3/s 0.092 0.12
MHD pumping AP, MPa 1.01 0.2

8arrier factors of 2 and 100 were assumed on the helium and water sides of

the steam generator wall.
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8.10.4.3 Tritium Permeation and Recovery for the Flibe/He Blanket Design

A study of tritium permeation and recovery for molten salt for the
fusion breeder is reported in Ref. 8.14-14. The results are directly
relevant to the fusion electric case. This study assumes tritium to be a
gas dissolved in molten salt, with TF formation suppressed, Tritium
permeates readily through the hat steel tubes of the reactor and steam
generator and will leak into the steam system at the rate of about one gram
per day in the absence of special permeation barriers, assuming that 1% of
the helium coolant flow rate is processed for tritium recovery at 90 %
efficiency per pass. Tritiated water in the steam system is a personnel
hazard at concentration levels well below one part per million and this
level would soon be reached without costly isotopic processing. Alter-
natively, including a combination of permeation barriers on reactor and
steam generator tubes and molten galt processing is estimated to reduce the
leak rate into the steam system by over two orders of magnitude. For the
option with the loweslL estimated leak rate, 55 Ci/d, it may be possible to
purge the steam system continously to preveni tritiated water buildup. At
best, isotopic separation of dilute tritiated water may not be npecessary and
for higher leak-rate options thke isotopic processing rate can be reduced.

The proposed permeation barrier for the reactor tubes is a 10 ym layer
of tungsten which, in principle, will reduce tritium blanket permeation by a
factor of about 300 below the bare-steel rate. A research and development
effort is needed to prove feasibility or to develop alternative barriers.
The partial pressure of tritium gas dissolved in molt:n salt is high, easing
the recovery process for which a flash-separator has been chosen. A 1 mm
aluminum sleeve is proposed to suppress permeation through the steam
generator tubes. This gives a calculated reduction factor of more than 500
relative to bare steel, including a factor of 30 due to an assumed oxide
layer.

To gain a batter understanding of permeation effects, equations
describing steady-state tritium permeation without axial flow have been
derived for a multi-layer tube wall within the blanket region. A layer of
frozen salt is includeu, along with fluid boundary-layer resistances.
Calculations of the partial-pressure distribution show significant
differences for tubes irradiated at different power densities. Molten salt

boundary-layer resistance can be imnortant in the absence of a good
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permeation barrier, or for a low-power tube coated with a nominal 1l pm
tungsten barrier. Permeabilities of various metals are shown in Fig. 8.10-18.
This nominal permeation barrier will dominate the flow resistance, however,
for medium or high power~density tubes closer to the first wall. Examination
of the radial flux equation shows a complicated dependence on upstream partial
pressure, which reduces to a linear dependence at low pressures where Henry's
Law materials become flux limiters and a square-root dependence at high
tritium partial pressures where Sievert's Law materials are flux limiting.

An analytical model has been developed to establish the tritium split
between wall permeation and reactor-tube flow. Permeation barriers are shown
in Fig. 8.10-19. T"he barriers are shown on the outside of the tubes but
could equally well be on the inside. For the molten salt tubes the inside
barrier would greatly reduce the critium inventory in the tube walls and
further reduce the already very low corrosion rate. The tritium fractiom
ascaping through the tube walls has been quantified for limiting cases of
Henry's Law and Sievert's Law barriers as flux limiters. All parameters of
design interest are explicitly included: tritium generation rates and
solubility in salt, tube geometry, barrier pe..ieation parameters, and molten
salt processing rate and recovery efficiency.

The intermediate helium hzat transfer loop has been treated as a well-
mixed tank for analytical purposes, with input from the reactor, partial
tritium recovery in a slipstream process loop, and Sievert's Law permeation
loss to the steam system.

A combination of effective tritium permeation barriers are required on
both blanket and steam generator tubes together with substantial process
rates for molten salt and helium systems, in order to hold tritium permeation
into the steam system to 55 Ci/d. If this can be done, it may be feasible to
simply purge the steam system of incoming tritium with only minozr environ-
mental impact and personnel hazard from steam leaks, and without the
necessity of costly and hazardous isotopic processing to separate tritiated
and ordinary water.

A surprisingly thin (10 ym) tungsten coating will, in principle,
provide a good permeation barrier on the blanket tubes. The feasibility of,
in fact, reducing tritium blanket permeation by a factor of 300 or so below

the bare steel tube rate for some 10% m? cf tube area will require a
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research and development effort. Other materials or alloys may prove to be
superior, probably at the price of greater thickness of coating.

A relatively thick 1 mm aluminum sleeve was selected to suppress
permeation through the steam generator tubes., This gave a calculated
reduction factor of more than 500 relative to bare steel, including a factor
of 30 due to an assumed oxide layer. This is essentially a brute force
approach that may well be improved upon by the development of more sophisti-
cated permeatinn barriers.

Although we have focused attention on a tungsten barrier due to a
remarkably low tritium permeability, beryllium and other low-permeability
materials such as ceramics and cermets should be considered in a barrier
development problem.

The tritium recovery system flow sheet is shown in Fig. 8.10-20. Due to
the low solubility of tritium in the reducing salt, a simple flash separator
will allow removal of the tritium and other noncondensible gases, mainly
helium. Tritium removal from helium is virtually a standard system. The
bulk of the tritium is recovered as a hybride on a getter bed, with final
clearup accomplished by catalyzed oxidation and adsorption.

The diffusivity of tritium gas dissolved in molten salt will need to be
measured, especially to verify whether or not the fluid boundary-layer
barrier is realistic.

“inally, some definitive experimental work on the kinetics of tritium
gas conversion to tritiated water at low concentrations in helium is called
for. Popular opinion has oscillated over the last decade from an initial
optimism that thermodynamics would reduce the gas concentration to nil, to a
current pessimism that predicts no gas conversion at all in the main helium
loop. The critical experiments remain to be done, both with "clean" walls
and particulate-free helium, and in the presence of catalytic surfaces or
other reaction promoters. The challenge is to demonstrate a method of
drastically reducing tritium gas partial pressure in the intermediate helium

loop, and thus suppress permeation into the steam system.
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Figure 8.10-18
Permeation coefficient of tritium through metals.
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8.10.4.4 Tritium Inventory/Containment Structure Corrosion in Oxidized FLIBE
Environment

In the FLIBE breeder design, the tritium which is produced can be reduced

to Ty in the presence of added beryllium., The reaction which occurs is,

) 2 TF + Be ~» T2 + Ber (8. 10_1)

i

In the absence of beryllium, the tritium is expected to exist as the positive

tritium ion.(g‘lo_ls)

An advantage of having tritium ion rather than tritium
in the FLIBE is the lower partial pressure of T, that would exist.(s'lo—lb)
In a “educing salt, partial pressures of tritium can reach 0.1 atm while in an
oxidizing salt, the partial pressure of tritium will be less than 10_15 atm
(partial pressures of TF will be around 10_2 atm). Therefore lower permeation
rates are expected in situations where tritium ion rather than tritium exists
in the FLIBE breeder tubes, and the potential problem of excessive tritium

leakage might be avoided.

Besides tritium leakage, another major problem 1s the corrosion by
tritium ion of the FLIBE containing tubes. To determine the magnitude of
corrosion, a computer program was written to keep track of the produced
tritium. The tritium ion can diffuse to the wall of the FLIBE containing
tube, where it is reduced, while at the same time, the wall material is
oxidized (i.e., corrosion of the wall occurs). The tritium then permeates

through the wall and into the helium cculant strecn,

The fraction of tritium which diffuses to the wall is a function of the
rate at which FLIBE is circulated through the bianket tube. There are two
reasons for this. First of all, if it assumed that the tritium is reduced
immediately as it reaches the wall, theu the rate of transport of tritium to
the wall i3 a function of the FLIBE velocity. In terms of the Nernst boundary
layer model, higher velocities decrease the boundary layer thickness across
which tritium must diffuse in order to reach the tube wall., The second reason
is due to the fact that tr'tium is volumetrically produced in the FLIBE.
Therefore, its bulk concentration is a function of the FLIBE residence time.
The bulk concentration determines the driving force for mass transfer.
Therefore, the longer the residence time, the greater the bulk concentration

or driving force for mass transfer.
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The computer program takes into account these consideratioi.s as it keeps
track of the produced tritium and the extent of the wall recessi-~n. The
mathematical model upon which it is based derives from a mass balance over a
differential length of blanket tube. Included in the mass balance is a term
containing a mass transfer coefficient. This maes transfer coefficient Is
calculated by the program using available engineering correlations.(g'lo_”)
The parameters and values investigated using the computer model are listed in

D"' 10

Table 8.10-36. Note that a peak tritium breeding rate of 2°1 g/s is

expected in the BCSS FLIBE breeder blanket.

Figure 8.10-21 shows the tube wall recession rate as a function of
temperature and FLIBE velocity. TFor FLIBE velocities f 0.1 cm/s the wall
recassion rate is abou* 10 .m/year, while at FLIBE ve‘ocities of 10 cm/s, the
wall recession rate is less than lum/year. Either value is acceptable with
respect to tube wail recession over 5 years. This behavior appears to
contradict the Nernst boundary layer theory which would predict a mass
transfer increase with increasing FLIBE velocity. However, the rate of mass
transfer 1is also a function of the bulk concentration and the bulk
concentration 1s a function of the FLIBE residence time (i.e., the FLIBE
velocity). As FLIBE residence time is decreased (FLIBE velocity increased),
bulk tritium ion concentrations should also decrease. Figure 8.10-22 shows
the computer model predictions of how the bulk concentration of tritium in
FLIBE decreases with increasing FLIBE velocity. It is assumed that tritium
removal outside of the blanket is 100%Z efficient. The decrease in bulk
tritium concentration due to an increase in FLIBE velocity more than balances
the corresponding decrease in mass transfer resistance at the tube wall, and

thus causes a decrease in tube wall recession rate.

The fraction of tritium which remains in the FLIBE blanket tube (i.e.,
the fraction which does not permeate into the helium purge stream), was also
determined and the results are shown in Fig. 8.10-23. At a FLIBE velocity of
1.0 cm/s, about 52 of the produced tritium will permeate into the helium
coolant stream while at s FLIBE velocity of 10 cm/s, only 1% of the produced

tritium will permeate into the helium.

Qutlines of two processing schemes to remove tritium from the FLIBE are
shown in Fig. 8.10-24 and Fig. 8.10-25. In the First scheme (Fig.
8.10.4.3.4), the TF is outgassed into helium at low pressure from the FLIBE

salt. The TF is then passed through a water scrubber where it is absorbed.
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Electrolysls then removes the tritium from the water. In the second scheme
(Fig., 8.10-25), tritium is reduced to Ty which is then outgassed. An
advantage of T, outgassing over TF outgassing is the higher partial pressure
of Tq which develops over the FLIBE. The T2 is then oxidized to TZO in an
oxygen containing helium carrier gas, The tritiated water is then condensed
and electrolyzed. Details of these processing schemes are further described
in Reference 8.10-16.
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Table 8.10-36. Parameters and Values Investigated using TRIFLIB

Parameter ' Values Investigated

Tube diameter 2.8 cm

Tube length 700 cm

Temperature 500°C, 600°C

Tritium production 2 x 10'9 g/cc-sec
rate 2 x 10710 g/cc-sec

2 x 10711 g/cc-sec
Velocity 0.1, 1, 10 cm/sec
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8.11 Potential Design Improvements

Design is an 1terative process. The analysis and evaluation of a first
design inevitably leads to ideas on how to improve it, leading to the second
design, and so on. In the BCSS, little time or resources were available for
iteration of the designs. Further, some of the design criteria and evalua-
tion procedures changed during the course of the BCSS. As a result, although
we believe the designs presented are technically sound, we have found areas
where these blanket deslgns can be improved. This section 1s a summary of
potentlal design improvements for the R=1 ranking helium—cooled blankets,
that we believe would result in improving the score of respective blanket
concepts., Section 8.11.1 presents the design improvements of the helium~
cooled Liy0, Li and LiAlOp/Be blankets.

8.11.1 Lio0, Li and LiAl0,/Be Blankets

Table 8.11-1 summarizes the potential improvements for the helium-
cooled Lig0, Li and LiAlQj/Be blankets. They are grouped in the four areas
of evaluation, which are engineering feasibility, economics, safety and R&D,
The more significant impacts on improving the score of helium-cooled designs

are in the areas of tritium breeding ratio (TBR), safety and economics.

Tritium breeding ratio is a major part of the Engineering Feasibility
evaluation, comprising 25% of the total maximum possible score. The helium—
cooled blankets received relatively low scores in this area because they were
initially designed to achieve the minimum required one~dimensional TBR of
1.2, In retrospect, this did not provide adequate margin. The evaluation
procedure that 2volved eventually required a three-dimensional TBR of >1.3 to
get maximum tritium breeding score. When the requirement for TBR margin is
better defined and the related uncertainties are better understood, the
importance of TBR in the engineering evaluation may be reduced. For the

selected designs with the present evaluation procedure, different desipn
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I.

TABLE 8.11-1

POTENTIAL DESIGN IMPROVEMENTS FOR HELIUM~COOLED BLANKETS

ENGINEERING FEASIBILITY

1, Tritium Breeding Ratio
(Estimated improvements on 3~D
TBR are indicated)

® Us= of metaliic reflector (~30 cm)
in the blanket, while keeping
similar total blanket and shield
thickness.

® TIncrease blanket thickness by 10 cm.

® Incorporation of Be into inboard
blanket.

® Use of homogenized design of Be/Li-
compound, with high 61i enrichment
and minimizing the amount of Li-
compound volume fraction.

2. Power Variation

® First wall finned design can be
optimized to lower the maximum
temperature to ~500°C - thus a
higher power variation could be
tolerated.(d

Lio0 Li LiAlOy/Be
Tokamak T™MR Tokamak T™R Tokamak TMR
~ 2% ~ 2% naa) NA ~ 1% ~ 1%
~ 2% ~ 2% ~ 4% ~ 3% 67 ~ 6%
NA NA NA NA 6% NA
~15%(b) ~15%(b)  ~15%(e) ~1572(c) ~157(b} ~15%(b)
" NA Y NA " NA
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TABLE 8.11-1 (Continued)

Li90
Tokamak TMR

Li
Tokamak TMR

LiAl0,/Be
Tokamak ™R

II SAFETY

1. Tritium Inventory

® A more accurate description of the
radial breeder temperature profile
can reduce tritium inventory from
the reference design.(e

2. Tritium Leakage

® More accurate description of steam—
generator tubing temperature can
reduce tritium leakage.

® Smaller lithium tubes with larger
surface to volume ratio and thinner
walls can reduce tritium leakage to
steam generator.

III ECONOMICS

® Increased helium pressure from 50+80 atm
can reduce pumping power fraction from
4%+1%, increasirng net efficiency by
approximately 3 percentage points.

4 v
4 4
NA NA
4 4

NA NA
/ v
Y Y
4 Y

NA NA
4 4
NA NA
v 4
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IV

TABLE B8.1l-1 (Continued)

footnote (b) can avoid complexity in

the swelling tolerant plate design for
Lip0 when creep is taken into considera-
tion, which potential can relax swelling
concerns for tabular elements.

Lis0 Li L1A1032/Be
Tokamak TMR Tokamak TMR Tokamak TMR

® Metallic reflector can increase blanket / / NA NA / /
energy multiplication.

® Thicker blanket can increase blanket v/ v/ v v/ 4 4
energy multiplication.

® An iIncrease of l-reheat in the power v/ v/ v/ v/ v/ 4
conversion cycle can increase efficiency
by 1.5%-2%.

# Homogenized Be/Li-compound v 4 v v/ v 4
design as indicated above can
potentially allow thinner blanket.

R&D

® Tubular fuel elements as presented in v v NA NA NA NA
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TABLE 8.1-11 (Continued)

(a)ya - not applicable.
{b)A tubular fuel element containing Be and solid~Li-compound can be considered.
(e)a mixture of Li-in-tubes and Be-balls can be considered.
d)The present reference designs are optimized to Tpszy ~550°C.
(e)peference design numbers were conservatively calculated from average blanket radial temperature. This
improvement would be useful to Lig0 designs, since its tritium inventory is controlled by tritium solubility in

Liy0.
(f)Reference designs conservatively used maximum coolant temperature to calculate tritium leakage to steam

generator.



changes can be made to improve the TER. A3 indicated in Table 8.11.1-1, TBR
can be improved by increasing the blanket thickness for all the designs. For
the solid breeder blankets, the use of metallic reflectors can help and for
the LiAlOlee Tokamak design, the addition of Be in the inboard blanket can
improve the 3-D TRR by ~6%. If berylliium were to be incorporated into the
blanket in a homogenized design, wich the use of a maximum volume fraction of

Be and an enriched lithium compound, the TBR could be improved by ~15%.

The safety evaluation is strongly 1influenced by tritium inventory and
tritium leakage. The helium—-cooled blankets and all the solid breeder blan-
kets suffered due to the BCSS reference assumption that tritium 1is released
into the helium coolant and purge streams as T, and that oxidation to T0
will not be possible. The helium~cooled designs can obtain some benefit from
use of more detailed, less conservative calculational models and from minor
design changes. In particular, with the incorporation of the actual radial
blanket temperature distribution, the average breeder temperature would be
lowered from the peak values assumed in the reference design, thus reducing
the tritium inventory in the Lij0 breeder. With a more detailed model of the
heat exchanger wall temperatures, the average temperature would be much lower
than the maximum coclant temperature assumed in the reference calculation.
This can significantly reduce the tritium leakage rate through the steam gen-
erator. It 1s also important to polnt out that the perceived importance of
the problem of tritium leakage 1s very sensitive to the allowable leakage

rate per site, which is set at 100 Ci/day for the BCSS, independent of reac-

tor power output.

In the area of economics, the major drawback of the reference helium-
cooled designs 1is their required pumping power. This ranges from 2.1% to
4.7% of the blanket thermal power, but must be provided in the form of elec—
trical power. Thus, it results in a reduction of about 3 percentage points
in the net plant efficiency. This can be improved sigﬁificantly by increas-—

ing the helium pressure. In the case of 1increasing the pressure from
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50 to 80 atmospheres (the Gas-Cooled Fast Breeder reactor was designed to
operate at 85 atmospheres). the pumping power fraction can be reduced from
~4% to ~l%, which can improve the net plant thermal efficiency by approxi-
mately two percentage points. This can have significant impact on the eco-
nomics score of the helium~cooled blankets. Other changes that could improve
on the economics score of the helium—cooled blankets are also given in Table
8.11-1.

The interactive nature between different areas of evaluation should be
included 1in the incorporation of the improvements suggested in Table
8.11-:, e«ge, the increase of helium pressure can lead to thicker first wall
which can mean a reduction in TBR. To compensate for this, a thicker blanket
may be needed which would then impact on the economics. Yet it is our judg-—
ment, alfter exercising the BCSS evaluation procedure, and following the rules
set by BCSS, the design changes suggested in Table 8.11-1 would lead to

improvement in the scores of the helium—cooled designs.
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©. WATER-COOLED BLANKET CONCEPTS

9.1 Introductioq

The discusslons In this chapter pertain to all those concepts consldered
within the BCSS which use high temperature pressurized water as a coolant for
the first wall and blanket. The principal focua 1s on those concepts which
have a solid tritium breeder, because all the higher-ranking blankets with

water coolant were those with solid breeders.

The final rankings for all water-cooled concepts are discussed 1in Se-.
9.2. The rationale for the ranking assigned to each concept is summarized iu
that section, and discussed in more detail for each concept in Sections 9.4
through 9.7.

Key factors and issues generic to most of the water-cooled blanket con-
cepts are discussed in Sec. 9.3 for both tokamak and tandem mirror reactors
(TMR). The two top-rated (R=l) concepts, LiAlOZ/HZO/FS/Be (tokamak and TMR),
are discussed in Sectlions 9.4 and 9.5 for those two reactors respectively.
The blanket configurations are presented and design 1lssues are discussgsed in
depth.

Sections 9.6 and 9.7 present the concepts ranked R=2 and R=3 respective-
ly, with decreasing amounts of detall given for blanket configurations and in-

creasing emphasis on only the key 1ssues for the specific concept.

Finally, the subsections of Sec. 9.8 present the summaries of work per-
formed In specialized design and analysis areas:

o Sec. 9.8.1 - Thermal-Hydraulics Analyses for Solid Breeder Concepts

o Sec. 9.8.2 - Thermal-Hydraulics Analyses - First Wall

s Sec., 9.8.3 - Structural Analyses

o Sec. 9.8.4 - Neutronlcs Analyses

9.2 Final Rankings for Water-Cooled Concepts

The final rankings for all the water-cooled tokamak and TMR blanket con-
cepts considered in the BCSS are listed in Table 9.2-1. A summary of the
rationale for those rankings 1s presented in this section. A more complete
discussion 1is presented in the specific subsection in Section 9.4 through 9.7

that pertains to any given concept. The evaluation and ranking process showed
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TABLE 9.2-1.

Rmwl:
R=2A:
R=2B:
R=3:

SUMMARY OF FINAL RANKINGS FOR
WATER-COOLED BLANKET CONCEPTS

Attractive; submit to comparative evaluation
Study to resolve key issues
Severe fundamental problems or disadvantages

Not acceptable

CONCEPT

o LIQUID METALS
o Li/HZO
o LiPb/H,0

o SOLID BREEDERS
o #TC/H,0

o L120/H20

o LiBZrOB/HZO

o Li,0/H,0/Pb
o TC/HZO/Pb
o L120/H20/Be

o TG/H,0/Be

SEPARATE
NEUTRON ~ _ STRUCTURE
MULTIPLIER PCA FS V-ALLOY COMMENTS
— 3 3 3 EXPLOSIVE
_— 2B 2B 2B VERY REACTIVE
—_— 3 3 3 NET BREEDING NOT
POSSIBLE
_ 2B 28 2B ADEQUATE BREEDING
VERY UNCERTAIN;
RADIATION DAMAGE
CONCERN
- 28 28 2B NET BREEDING NOT
POSSIBLE; HIGH
ACTIVATION
Be 28 7B 2B LOW BREEDING RATIO;
HIGH ACTIVATION
Pb 2B 28 2B Pb RESULTS IN MAJOR
DESIGN PROBLEMS
Pb 28 2B 2B Pb RESULTS IN MAJOR
DESIGN PROBLEMS
Be 2A 2A 2A  RADIATION DAMAGE
CCNCERNS
Be 18?1 1B®  CONCEPT WITH FERRITIC
STEEL RECOMMENDED FOR
COMPARATIVE
EVALUATION

a7C = Ternary ceramic oxide solid breeder

(e.g., LiAlOz) other

than L182r06 .

Pyot evaluated pending outcome of concept with ferritic steel.
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that there were no essentlal differences in the relative attractiveness of
each concept whether for the tokamak or the TMR. Therefore, the rankings

shown apply for both reactor types.

9.2.1 General Conclusions for Water-Cooled Blanket Concepts

Some general concluslons from the BCSS can be made that relate to the

attractiveness of water-cooled blanket concepts for tokamaks and TMR"s:

o The two 1liquid metal coolants, Li and 17Li-83Pb (LiPb), are Buffi-
clently reactive with water to preclude thelr use together in a hlan-
ket.

o None of the candidate solid breeders, including Li,0, appear capable
of achieving adequate TBR without the use of a neutron multiplier.

o Beryllium appears to be the only viable neutron wmultiplier for con-
cepts using solid breeders.

o The low chermal conductivity and narrow range of allowable temperature
are severe design handiczps for solid breeders.

o Tritium contamination of water coolant represents the most important
concern ag well as the largest uncertalnty, with respect to safety and
environment conslderations.

o The sphere-pac fabrication approach for solid breecders appears to re-
sult in better temperature predictability as compared to sintered
product.

o Ferritic steels (FS) as structural materials are superlior overall to
PCA because of better radiation damage resistance and higher tritium
barrier factors for oxlides, and to vanadium alloy because of lower

tritium permeation rates and reduced concerns for corrosionm.

9.2.2 Summary of Rationale for Rankings

o Li/H,0/(STRUC) - R=3; LiPb/H,0/(STRUC) =~ R=2B. Tests 1indicate

reactivity between these liquid metal breeders and water coolant is

too great to permit thelr use together in blanket modules in the case
of L1, and probably in the case of LiPb as well.
o L1iAlO,/H,0/(STRUC) - R=3. Net tritium breeding cannot be achieved.
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o L1gZr0./H,0/(STRUC) - R=2B, with or without Be as neutron multi-

plier. Will probably not produce net TBR without an additional
neutron multiplier. Phage transformation at ~660°C, serlous waste
management problems, and very low thermal conductivity make this
breeder even less attractive than Li1,0 for water-cooled blankets.

o L1,0/H,0/(STRUC)/Pb; L1A10,/H,0/(STRUC)/Pb ~ R=2B. The use of molten

Pb instead of soiid Be as a neutron multiplier in water-cooled con-

cepts results in a large number of serious design problems that relate
to the proximity of lead”s solidus temperature (3279C) and the desired
operating temperature range of water coolant (280 to 3200¢).

o L1,0/H,0/¢{STRUC) - R=2B. There are major uncertainties in the via-
bility of Li,0 because of radlation-induced swelling observed in the

FUBR experiments. The interactive effects with structure and the re-
lated effects on tritium release characteristics are unknown at this
time, and require further R&D for resolution. In addition, Li,0 does
not appear to be capable of breeding with an adequate margin (Sec.
6.8) In designs with water coolant developed wusing BCSS design
guldelines, unless a neutron multiplier is included.

o L1,0/H,0/(STRUC)/Be - R=2A. The addition of Be as a neutron multi-

plier reduces the concern for achieving an adequate TBR. But the

remaining concerns for Li,0 radiation damage are sufficient to keep

this concept from being ranked R=1l.

o L1A10,/M,0/FS/Be - R=l. The concept glves adequate tritium breeding,

and appears to glve reasonable performance with no unacceptable safety
risks. FS 1s superior to austenitic stainless steel (PCA) for this
concept. Vanadium alleoy 1s less attractive, and might ultimately be
not acceptable because of high tritium permeatlon rates. The use of
sphere-pac fabrication for the breeder should give acceptable breeder
temperature predictability. LiAl0, breeder appears to be very stable
under irradiation within specified allowable temperature range. The
concept“s tokamak and TMR verslons were recommended for further devel-

opment and comparative evaluation with all other concepts ranked R=1.

9.3 Key Factors for H,0-Cooled Blanket Concepts

There are a number of very important issues for Hy0-cooled concepts using

golid tritium breeders (SB/HZO concepts) for which resolution 1s cruclal to
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eventual success of the concepts as power reactor blankets. (The emphasis in
this section 1s on solid breeder blankets because, as a group, they were the
more highly rated of all Hs0-cooled concepts.) These factors are esggantially
generic to SB/H,0 blankets, whether for tokamaks or TMR“s. Differences be-
tween concepta for the two reactor types are more design- and configuration-
related. Thus, the discussion 1in this section 1s divided into two main
parts. First, the generic issues for SB/HZO concepts are presentad:

o Sec. 9.3.1.1 - Reliability of Coolant Tubes

o Sec. 9.3.1.2 - Tritium Control

o Sec. 9.3.1.3 - Breeder Physical Integrity

o Sec. 9.3.1.4 - Breeder Temperature Control

o Sec. 9.3.1.5 - Breeder Allowable Temperature Limits

o Sec, 9.3.1.6 - 6Li Burnup Effects
The major differences between concepts for tokamaks and TMR”s are then dis-
cussed in the next four subsections:

o Sec. 9.3.2.1 - Blanket Thickness

o Sec. 9.3.2.2 - First Wall

o Sec. 9.3.2.3 - Module Shape Requirements

o Sec. 9.3.2.4 - Manifolds

9.3.1 Key Factors Generic to H,0-Cooled Blanket Concepts

9.3.1.1 Reliability of Coolant Tubes

During the first year of the BCSS(l), it was identified that the relia-
bility of small diameter coolant tubes could be very important to the econom-
ics of the concepts, due to the effects on availability of the reactor if
relatively high failure rates resulted in large amounts of machine downtime.
Based on various tube failure rate data sete examined, it was estimated that
the number of tube failures in a Starfire-size reactor could be between 1 to
100 or more per year. For Starfire(z), it was considered, based on availlabil-
ity anaiyses, that the occurrence of more than two tube fallures per year for
the entire reactor would probably be unacceptable from the standpoint of
avallability. Preferably, the number of tube falilures per year should be much

less than one, since total downtime to replace one blanket sector having a

failed tube could be from one to four weeks.
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The key prcblem 1is that any water leak into the solid breeder in the
Interior of the blanket 1s likely to force a reactor shutdown due to (l) a
buildup of steam pressure inside the blanket, (2) effects of the Hy0 carried
by the helium purgz: gas on the tritium removal subsystem, or (3) the effects
cf HZO on the solid breeder itself (especlally Lizo).

The approach taken for all SB/HZO concepts, tokamak or TMR, was to re-
place the previous single wall tubes (SWT) with double wall tubes (DWT), with
the tube ends double welded so as to form two separate pressure boundariles.
Thus, for a glven tube assembly, each of the two pressure boundaries would
have to be breached before Hy0 could contact the material inside the blanket
module. FEach tube and weld is sized to withstand the coolant design pressure

as a normal operating load.
In theory, the reliability of SWT can be defined as

n
R =1~ (Ef_) [9.3-1]

swt ¢
where R . 1s the reliability of SWT against leaks, ng 1is the number of fail-
ures of tubes in a given period, and n, is the number of tubes under consider-
ation. Then for DWT, if no common mode failures occur, the reliability of DWT
slzed and welded as described above could be given by
n
w1 - (_Ly 2 -
Rdwt =1 (E;) 19.3-2]
where Ry.. 1s the reliability of DWT against leaks. The overall reliability
of the blankets with DWT would thus be dramatlcally improved cver that for
blankets with SWT of similar configuratfon. For example, 1if (nf/nt) = 10-4,
then stt = 0.9999 and mean tiwe between fallures (MIBF) = 0.1 yr for 105
tubes. By changing to DWT, reliability could be Iincreased
¢.99959999 with MTBF = 1000 yr.

to Rdwt

The largest uncertainty at this time 1n determining the overall blanket
reliability for DWT 1s the amount by which the theoretical reliability im-
provement over SWT 1s reduced by the occurrence of common mode fallures. No

assessment of this reduction has been made within the BCSS since necessary
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information such as basic failure data for tublng made from the proper struc-
tural materials, effects of environment, and effects of radiation on the

design detalls are virtually unknown.

9.3.1.2 Tritium Control

Controlling the degree to which tritium permeates into the water coolant
in the FW and the blauket is the most important safety-related lssue for H,0-
cooled blanket concepts. Tritium from the plasma can permeate into the H,0
coolant in the first wall (Sec. 6.6). For HyO~cooled coucepts with solid
breeders, tritium in gaseous form within the breeder zone can permeate the

coolant tubes and enter the HZO coolant.

Recent experimental evidence tends to 1ndicate that tritium from the
solid breeders will remain for the most part in gaseous form while inside the
breeder zone, slnce the kinetics of oxidatlon appear to be relatively slow.
For all solid breeder concepts and all coolants, hydrogen gas 1s added to the
helium purge gas to provide elemental hydrogen sufficient to permit rapid
release of the tritium atoms from the breeder graln surface as HT. The key to
acceptable tritium control in the breeding zone 18 to keep the HT concentra-
tion sufficiently low that permeation through the double wall coolant tubes is
at levels which permit costs for tritium removal from the water to be afford-
able. The contamination level permitted for the primary coolant, 1 Ci/liter,
is the maximum acceptable level given the assumption of 100 liter/day loss of

primary coolant to the secondary side of the steam generator (all such leakage

is cousidered lost to the environment).

There are a number of design details for the SB/H20 concebts which were
selected to keep contamination of the ccolant at low levels. There are three
oxide barriers on the ferritic steel structure: the films on the two annular
surfaces of the DWT, and the film on the inside of the inner tube at the water
interface which extends throughout the primary loop including the steam gener-
ator. Hydrogen 1s added to the helium purge gas as previously mentioned.
Channels within the blanket for the purge gas were located at the coldest
breeder recions, next to the coolant tubes, to enhance release. The 15% po-
rosity among particles of the sphere-pac breeder facilitates migration of the
helium purge gas through the breeder to the purge gas channels.



The tritium that permeates through the first wall into the coolant 1s im-
planted from the plasma. Tritium flux through the first wall into the water
coolant 1s estimated to be approximately 2200 Ci/d. The oxide film on the
coolant channel inside surface 1s the only effectlive barrier to the tritium.
The largest unknowns In present estimates of the rate of tritium permeation
through the first wall are the values for the recombinatlion factors for the

front (plasma-~facing) and back (coolant—contacting) surfaces (Sec. 6.6).

The addition of an intermedliate coolant loop and heat exchanger would
greatly improve tritium coatrol for Hy0-cooled concepts in terms of tritium
loagses to the environmment. However, 1its use would make the thermal conversion
efficlency of the concepts much lower and would, therefore, sharply increase
the cost of electricity. Therefore, use of an IHX for tritium control in H,0-

cooled concepts 1s considered not acceptable.

9.3.1;3 Breeder Physical Integrity

In mosgt previous studies of solid breeder blankets, the reference fabri-
cation method for the solid breeder has been sintered product. The potential
for cracking of sintered product was evaluated analytically within the
BCSS(I). It we3 determined that sintered Li,0, and most likely other solid
breeders as well, would be expected to crack at very low stress levels, of the
order of ~12 to 20 MPa (~2 to 3 ksi).

Cracking of the solid breeder czn affect blanket performance through two
principal mechanisms. TFirst, the creation of crack surfaces normal to the
direction of heat flow produces additlonal impedances to such flow. A temper-
ature gradilent, ATg, will exlst across each such crack, the magnitude of which
is primarily a function of the crack interface pressure or the crack gap
width, and of the helium purge gas pressure. Each ATg wlill raise the breeder
maximum temperature by approximately that same magnitude. It is not possible
to predict the number, orientation, and characteristics of such cracks in a
glven design. Second, 1if breeder fragments are allowed to shift their posi-
tions aslightly relative to the surrounding breeder, the ATg values will become
far higher due to the opening up of much larger gaps at the 1lrregular surfaces
of the cracks. The danger also exisis of continued motion and ratchetting of

the fragments, and a progressive breaking-up of the breeder.



The sphere—pac breeder fabrication approach appears to offer a way to
preclude breeder cracking or relative motion (shifting) while retaining the
same overall porosity percentage and thermal conductivity (k. ) achievable with
the sintered product. The sphere-pac approach uses a specific mixture of
three different sizes of breeder spheres. The mixture can literally be poured
into a cavity, with the desired %TD and ky regulting with little additional
effort.

Three key factors involved with sphere-pac s0lld breeder are expected to
reileve the initlial problems of cracking and of interface predictabilit; (Sec.
9.3.1.4). First, 'f the 85% dense breeder 1s képt below the maximum allowable
temperature, then sintering among pellets s not expected to occur, and there-
fore macroscopic cracking of the bulk breeder cannot occur. Second, the
breeder 1s expected t> expand with increasing temperature at a faster rate
than the steel structure, so that the breeder, 1f properly confined, can be
held in contact with the structure at all times. Third, the mixture 1s ex-
pected to remain "loose”, given 15% porosity and no sintering, to accommodate
the movements of the structure. In combination with the higher thermal expan-
slon rate of the breeder, this 18 expected to keep reasonable breeder-to-

structure interface contact pregsure at all times during blanket operation.

9.3.1.4 Breeder Temperature Predictability

The degree of predictability of the heat conductance, hg' across the
breeder—to-structure (b/s) interface is of mejor importance in determining the
range of breeder temperatures allowable for the design under normal operatlng
conditions. If hg is invariant and 1is known exactly at all points, then the
full range of allowable breeder temperatures (Sec. 6.3) may be utilized for
design conditions. However, any uncertainty 1n the nominal hg value must be
accounted for by increasing the design minimum and decreasing the design maxi-
mum breeder temperature by some amount, so that the breeder does not operate
outside the allowable temperature range regardless of the true hg value. As

an example, for the DEMO L120/H20 blanket,(3) an uncertainty of only +20% in

x and Tmin’

tively. The design temperature range for the breeder in the concept would

hg results in an increase and decrease of ~30°C breeder Tma respec-

thus have to be reduced by ~609C (about 15% of the allowable range for Li,0,

for example) just to accommodate such an uncertainty range.
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Methods to accomplish the b/s interface were examined. The use of a dis-
crate helium-filled gap greater than 0.1 mm 18 considered not feasible for
power reactor conditions. The extreme sensitivity of hg——and thus of breeder
temperatures-—to very small changes in gap width (Sec. IX.2 of Ref. 1) results
in gap tolerance requirements that are unacceptable even for blanket fabrica—
tion, much less achievable during long-term blanket operation. The b/s metal-~
lurglcal bond supgested for the DEMO blanket(3) is attractive and conceptually
feagsible, but the fracture stength of sintered product solid breeders 1is pre-
sently much too low to prevent fracture of the breeder at its interface with
the compliant intermediate layer. Techniques to significantly increase
breeder fracture strength, such as the addition of chopped fibers, need to be
demonstrated before thils Interface method can be utilized. A third method is
to place the breeder in direct contact with the structure or an Intermediate
layer, and to maintain some amount of compressive load at the interface. This
method appears to yleld a reasonable degree of predictability in hg (Sec. IX,2
of Ref. 1). A key element 1s the method or process by which the interface

compression 1s maintained.

9.3.1.5 Breeder Allowable Tewperature Limits

All solid tritium breeders have allowable minimum and maximum temperature
limits established for normal operation (Sec. 6.3). These limits are based
principally on considerations of tritium release and tritium inventory
buildup. Lizo 1s a speclal case; the lower limit 1s established to prevent
formation of LiGH in liquid form, and the upper limit to prevent excessive va-
porlization of LiOT or LiOH. Temperature limits for the solid breeders are

shown in Table 9.3-1 together with lithium atom density and thermal conductiv-
ity.

The tempexr:® > ‘imits result in a relatively narrow allowable tempera-
ture rarge for - salid breeders. The amount of breeder that can be placed
around a coolant cube, for a gilvem nuclear heating rate In the breeder, 1s a
function of the product (AT)(kt), where AT 18 that part of the allowable
breeder temperature range that can actually be utilized in a given blanket
design. Since thermal conductivity, k., 18 quite low for most of the solid
breeders of interest, irradiated or unirradiated, the available temperature

window for design 1s small (Table 9.3-1) and thus the amount of breeder around
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TABLE 9.3-1. SUMMARY OF BLSS DESIGN GUIDELINES FOR
CANDIDATE S3JLID BREEDERS®

TP, p Li3 Kk, I@i", I@ux’ el. Grain
Breeder C g/cm W/ m-K [ [§ C Dia., pm
Li,0 1433 0.93 2.5¢ 410 800 390 3.0
1.279
v-LiAl0 1610 0.24 1.6 350 1000 650 0.2
2 d
1.1
LiyZr0, 1295 0.64 1.4 350 760 410 2.0

B ystimates based on limited unirraediated and Lrrediated data for sulid breeders and other
ceramic materials. See Sec. 6.3.4 for complete discussion.

b Estimated for unirradiated, sintered materials of B5% theoretical denaity at 1000 K.

€ Estimated for #5%-dense, sintered material at 1000 K after 0.7-2.8 MW yr/m2 fusion
neutton fluence.

d Lstimated for 87% solid packing fraction, sphere-psc material made of high-density

(~100% TD) particles with thres sizes (30, 300, and 1200 pm diameters) at 1000 K
{1 atm He pressure) and after 0.7-2.4 MN yc/m“ fusion neutron fluence.

a coolant tube relative to the total amount of structure and coolant is also
quite small near the front of the blanket where nuclear heating rates are
highest. This is important because tritium breeding ratio (TBR) values for
solid breeder blankets are not large, and there are limits to how much they
can be improved by simply adding more neutron multiptier to the design. Thus
the question of establishing allowable temperature limits for the breeders

themselves is very important to the feasibility of solid breeder blanket

concepts.

If solid breeder and beryliium neutron multiplier are mixed together, as
in the L1Al0,/H,0/FS/Be ccncepts 1in whicn both the breeder and Be are in
sphere-pac form in a 90:10 volume ratio, the situation changes to some extent
since (1) the AT of the mixture is now governed by the minimum and maximum
allowable temperatures of Be based on radiation damage considerations, and
(2) the kt of the mixture 1s now a function of the solid-breeder-to-Be (SB/Be)
volume ratio as well as damage level (fluence) and the pressure of the helium

purge gas. In general, thermal-hydraulics calculations (Sec. 9.8.1) indicate
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the (AT)(kt) product is not much changed compared to pure solid breeder. How-
ever, the sensitivity of the mixture”s temperature limits to changes 1n the

golild breeder temperature limits would be reduced.

9.3.1.6 °Li Burnup Effects

The potential effects of high levels of 6L1 burnup 1a regions near the
firar wall on blanket design lifetime and performance 1s a key 1ssue for
concepts with LiAlJd, and water coolant, that requires further study both to

determine the severity of the problem and to assess poteantial solutions.

Neutronics analyses of the L120/H20/PCA blanket with natural Li during
the firat part of the 8css{1) showed that lithium burnup effects on 1lifae and
performance were¢ minimal. As burnup increased with fluence, tritium produc-
tion and nuclear heating decreased 1Iin regions close to the first wall but
increased in reglons further away. The net effecta at end of life (EOL; 25
Mw—yr/mz) were a reduction In TBR of only 1%, and a reduction 1in nuclear
heating rate immediately behind the flrst wall of ~7%. For this concept the
TBR reduction was not significant and the nuclear heating rate reduction—-
only ~2.5% over the first 3 cm of the blanket--could either be accommodated by
a slight 1increase in the breeder BOL design minimum temperature, or simply

acceptad as a slight reduction in the overall power output of the reactor.

The situation for L1A102/Be systems may be more difficult, however.
Initial neutronics estimates indicate that, for the L1A102/H20/FS/Be reference
design (Sec. 9.4, 9.5), TBR could drop by >15%Z after four yeara of operation,
a serlous problem for this concept. Also, the maximum nuclear heating rate
immediately behind ihe first wall drops from 61 to 45 W/cc at EOL, a reduction
of >25% compared to ~7% for the L120/H20/PCA concept. Heatlng rates deeper
into the blanket increase somewhat over the blanket lifetime.

Accommodating these changes may be difficult. Reducing design lifetime
from >4 years to ~2 years would moderate the reductions in TBR and nuclear
heating but would increase cost of electricity (COE) for the concept because
of higher annual blanket costs and possibly decreased reactor avallability.
Changing the Be:treeder mixture volume ratio from 90:10 to 80:20 would
decrease the effects since twice as many breeder and bL1 atoms 'vould be avail-
able in the front of the blanket, but blanket TBR at BOL would be reduced

(Sec. 9.8.4). Accommodating the changes in nuclear heating rate throughout
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the blanket lifetime would probably require decreasing the breeder allowable
design temperature range, which would decrease the amount of breeder relative

to the structure and coolant, also degrading TBR.

Good potential solucions to the problems caused by high burnup rates arve
not obvious at this time. The importance of theme effecta was established
only after the design work had been ended, and thus problem severity and
potential design solutions could not be lnvestigated in the BCSS. However,
this work 1s required for fuiure designs of L1A1021H20/(STRUC)/Be gystems, to
fully establish the feasibility of such concepts.

9.3.2 Differences for Tokamak and TMR Concepts

The principal differences between tokamaks and TMR“s relating to the
attractiveness of Hy0-cooled concepts are listed in Table $. -2, together with
lwportant factors in dectermining the most desirable configurations for H,0-
cooled concepts that are the same for both confinement approaches. The four
areas cf the first wall/blanket subsystem where the most significant differ-
ences ia tokamak and TMR blamket concepts can occur are discussed in the fol-

lowing sections.

9.3.2.1 Blanket Thickness

In tokamaks, minimization of blanket thickness in the inboard region
nearest the centerpost 1is of major importance. Any additions to blanket
thickness over and above the minimum needed for reaching performance goals
(TBR, shielding, power generation) add to magnet size, reactor size, aad capi-
tal costs primarily since the plasma must be further away from the maximum
toroldal field of the TF colls. An increase in outboard blanket thickness is
not as Important, because the 1Increase has a minimum impact on the reactor

wajor axie and there is relatively a much larger distance beiween the blanket
and the inside of the TF coil outer leg.

For a TMR having the MARS configutation(4), with large discrete coils
spaced a few meters apart, the effects of increases in blanket thickness are
not as ilmportant as in the inboard regilon of a tokamak, except locally under
the coils. Additional thickness adds to capital costs, through increased
blanket and shield aaterial costs and increased magnet bore size, but the
plasma and the end cells are not affected.
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TABLE 9.3-2., MAJOR DESIGN CONSIDERATIONS AFFECTING CONFIGURATIONS OF
WATER-COOLED TMR AND TOKAMAK BLANKETS

o FACTORS® WHICH COULD PRODUCE CONFIGURATIGN DIFFERENCES

TMR TOKAMAK
- FW SURFACE EROSION RATE, mm/yr 0.1 1.0
~ FW SURFACE HEAT FLUL, mw/m? 0.05 1.0
- PEAK DISRUPTION/SUDDEN-LOSS—-OF-PLASMA
LOAD, MPa 0.02 0.76
- BURN CYCLES, n/yr ~12P ~2500¢
- FUSION CORE SHAPE CYLINDRICAL TOROIDAL

o FACTORS WHICH ARE THE SAME FOR TMR AND TOKAMAK
- HIGH NEUTRON WALL LOAD (5 MW/m?)
- COOLANT TUBE RELIABILITY CONCERNS
- BREEDER-TO-STRUCTURE INTERFACE PROBLEMS
- TBR REQUIREMENT
- TRITIUM CONTROL AND REMOVAL PROBLEMS

— MATERIALS TEMPERATURE LIMITS

8 Assumed for BCSS.
b Startup/shutdown cycles.

€ Burn cycle length = 10% s. Includes startup/shutdown cycles.
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The inboard blanket for the top-ranked SB/H20 concepts was designed to a
thickness of 35 cm, including 7 cm of manifold thickness, compared to 70 cm
for the outboard blanket. This 1s considered to be a reasonable compromise
for power production and tritium breeding, without making the inboard shield
excesslvely thick. For the TMR version, the full 70 cm thickness was used all
around the plasma. The manifold thickness was unchanged from the 1R cm used
for the tokamak outboard blanket, although the blanket in practice probably
would be reconfigured to have the coolant in the manifold flow in an axial di-
rection (leugthwise through the module) to be compatible with the locatiom of
coolant inlet/outlet pipes which would be located at the center of the module.

9.3.2.2 First Wall

Two fundamental differences between the tokamak and TMR confinement
approaches can potentially result in signficant differences in the first wall
design for Hzo—cooled concepts: (1) surface heat flux level; and (2) erosion
rate of the plasma-facing surface. For the BCSS we have assumed that the
surface heat flux and surface erosion rates are much higher for the tokamak
than fer the TMR, as shown in Table 9.3-2.

For first wall structure, thermal stresses are often the most critical
factor in determining the maximum allowable thickness. Thermal stresses are a
function of the difference between the outer and inner structural surface
temperatures, AT. For first walls actively cooled by Hy,0, the faner
structural surface temperature 1s only 10 to 209C above the local coolant
temperature (280 to 3200C). Since for the BCSS, the T . allowed for
structure is 550°C for ferritic steel, the resulting AT is relatively large,
so that structure thickness is limited only by thermal stresses and not by the
available AT. Other gaseous coolants such as helium, with higher first wall

Inside surface temperatures, do mot have this advantage.

The first walls for tokamak SB/H,0 concepts were designed to accommodate
surface heating from the plasma and nuclear heating from the breeder (or SB/Be
mixture) in contact with the back face, as well as the nuclear heating of the
first wall itself. Active cooling of tokamak first walls is mandatory. For
TMR"s, analyses were performed (Sec. 9.8.1) to determine if the very low
surface heat flux, in combination with nuclear heat from a thin breeder layer

behind the first wall, could be accommodated by the first bank of coolant
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tubes in the breeding zone without violating any limits. The results showed
that this approach was not feasible becaure the allowable breeder layer
thicknesses became extremely thin and could not physically be attained, given
the need for discrete coolant tubes of greater than 1 cm diameter. Thus,
first walls for TMR versions of SB/H20 concapts were required to be actively
cooled.

Erosion thickness requirements for tokamak first walls are much higher
than for TMR first walls. To achieve a life of approximately 4 or 5 operating
vears limited by radiation damage to the structure, an erosion thickness of 4
to 5 mm must be added to the minimum structural thickness of the first wall”s
plasma-facing surface. This thickness, 1f added directly to the structural
thickness, would result in thermal stresses above the maximum -llowable limit
for many concepts. In tokamak SB/HZO concepts, therefore, this additional
thickness of erodable wmaterial 1is orthogonally grooved (Sec. 6.7) to keep the
additional thermal stresses in the structural material to low levels, so that
thermal stress liamits are not violated. For TMR“s, this approach 1s not
needed since the additional 0.4-0.5 mm can be added directly to the structural
material thickness without violating stress limits.

Verification of the orthogonal grooving approach for tokamak first walls
1s a key R&D issue ior SB/HZO concepts. Erosion thicknesses would have to be

reduced to approximately 3 mm with a 3 year life resulting, 1f ortuogonal

grooving were shown to be unacceptable.

9.3.2.3 Module Shape

The configuration initially studied for SB/H20 blankets was the rectang-
ular-shaped or parallelepiped module with a flat first wall. Subsequently,
lobe-shaped modules with semi-cylindrical noses (similar to the helium-cooled

designs, Chapter 8) were studied and compared to tectangular modules for both

tokamak and TMR rzactors.

There are several important factors 1inwvolved in determining the best

module shape for SB/HZO blanket concepts; three of these are discussed below.

Containment of Internal Pressure — Based on work done by EG&G Idaho on

the Starfire blanket(s), it has been predicted that in the event of a coolant
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tube break 1inside the module, the internal pressure could rise as high as ~11
MPa (~1600 psi) before being relieved by such passive measures as blowout
plugs in the sides of the modules. These pressure levels would occur for both

tokamak and TMR versions of the blanket concepts.

Plasma Disruption Loads - For plasma disruptions (or loss-cf-plasma

events in the case of TMR"s), the forces produced on the first wall of a
tokamak can be as high as ~0.8 MPa (~110 psi). The forces produced in TMR
first walls would be only ~0.02 MPa, however (Sec. 5.1). These forces act as

body loads on the first wall structure, forcing it toward the plasma.

Void Spaces - The creation of void spaces between the front portions of
lobe-ghaped modules results in ~20-25% reduction in the amount of breeder or
neutron multiplier material that can be placed in this part of the blanket (up
to a depth equal to the lobe radius) compared to rectangular modules which can
be placed directly together in the poloidal direction with very little void
region between them. All other factors being equal, for lobe-shaped modules
the vold region significantly reduces the TBR obtainable from a given blanket
thickness.

These factors and others were considered in determining the best configu-
ration for the SB/H,0 concepts, as described in Sec. 9.4.3.1. The lobe-shaped
module was finally selected, for both tokamak and TMR blanket concepts, pri-
marily on the basis of 1its more efficlent accommodation of the most critical

load, the internal presure due to a coolant tube rupture.

9.3.2.4 Manifolds

The differences between the tokamak and TMR reactor coufigurations can
affect the manifolding for SB/HZO blankets. Ian tokamaks, there 1is a premium
on minimizing the inboard blanket thickness because of reactor economics
considarations (Sec. 9.3.2.1), whick forces the designer to minimize the
manifold thickness in that blanket as well., The coolant main inlet and outlet
lines are most convenlently directed radially outward away from the reactor
centerline through openings between adjacent TF coils. The number of these
lines is generally mininized to simplify maintenance operations. The manifold
region in outboard blankets can be relatively thick since there is no strong

economlc penalty other than that associated with additional amounts of mater—
ial.
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In TMR"8, the manifolds in all blanket modules around the plasma region
would be similar. For the MARS magnet configuration(a), with two discrete
large-cross-section magnets per cell, the inlet and outlet pipes would be
directed radially outward from the axial center of the cell, sc the magnets
would not be trapped by the pipes. Flow direction in the manifolds would
preferably be in the axial direction to minimize manifold thickness and to be

congistent with use of inlet and outlet lines at the cell midpoint.

The top-ranked SB/H,0 concepts used the same basic blanket configuration
for both tokamak and TMR for purposes of evaluation, with an 18-cm thick mani-
fold behind 52 cm depth of first wall and breeding zone. It 1is recognized
that in-depth analysis to optimize TMR concepts would likely lead to some
changes in manifold flow direction and thickness, but these are not considered
significant for purposes of comparative evaluations of bianket concepts within
the BCSS.

9.4 L1ALO,/H,0/FS/Be Concept - Tokamak (R=1)

Thig section describes the water—cooled blanket concept for the tokamak
reactor that uses lithium aluminate (LiAlOZ, gamma form) solld tritium breed-
er, HT-9 ferritic steel structure, and beryllium as a neutron multiplier. The
reference blanket configuraticn (Table 9.4~1 and Fig. 9.4~1) is described zone
by zone in Sec. 9.4.1. The concept is summarized in the discussions of Sec.
9.4.2, with the major emphasis on the key factors and 1ssues for the con-
cept. Blanket design detall selections and related issues are discussed in
Sec. 9.4.3.

9.4.1 Reference Blanket Design Configuration

9.4.1.1 General Description

The reference design of the LiAlOZ/HZO/HT-Q/Be blanket concept for the
tokamak reactor (Tig. 9.4-1) 1s modular in nature, with a lobe-shaped (semi-~
cylindrical) actively cooled first wall. Nominal dimensions are 30 em width
poloidally (15 cm radius for the first wall) and 70 cm depth measured radially
away from the plasma. The interior of the blanket is all breeding zone. For
outhoard, top and bottom blarket modules of the blanket sector, the first 20

cm of the zone 13 a 90:10 volume mixture ratio of beryllium (Be) and the
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TABLE 9.4-1.

MAJOR PARAMETERS AND FEATURES OF
L1ALlO,/H,0/FS/Be CONCEPT - TOKAMAK

General Description
Materials )
Coclant
Breeder
Neutren Multiplier
Structure
Purge Gas
Ma Jor Design Parameters
Reactor blanket thermal power, MW,
Average neutron wall load, MW/m?
Average first wall gurface heat flux, MW/m2
Coolant
Inlet/outlet temperature, 9c/0¢
Maximum pressure, MPa
Breeder
Minimum/maximum temperature, 9C/0C
Maximum pressure, MPa
Structure
First wall/blanket maximum temperature, Yc/0C
Minimum/maximum temperature at:
Coolant interface, 9¢/0c
Breeder interface, 9¢/°C
Neutronics
Tritium breeding ratio
1-D, 100% coverage
Net (3-D with all geometrical detaills
and penetration)?
Maximum nuclear heating rates (outboard)
Be/breeder zone, W/cc
Breeder zone, W/cc
Structure, W/cc
Energy (1-D calculation)
Multiplication factor
Deposited in heat recovery zone, MeV
Deposited in heat loss zone, MeV
First Wall/Blanket Design Description
Inboard first wall/blanket
Thickness (including manifolds), m
Manifold thickness, m
Percent structure/percent coolant
in manifold region, %/%
Coolant AP (total), MPa
Outboard first wall/blanket
Thickness (including manifolds), m
Manifold thickness, m
Percent structure/percent coolant
in manifold region
Coolant AP (total), MPa
Primary coolant loop pumping power, MW,
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Pressurized H,0

y-LiAlo, @ 86% TD; 90% 6Lt
Be @ 86% TD

HT-9 Ferritic Steel
Helium

280/320
15.2

350/1000%
~0.6 (Purge Gas)

~465/340
~290/330
~350/350
1.21

1.16



TABLE 9.4-1 (Continued)

First Wall
Description

Minimum/maximum coolant temperature, 2C/%C

Maximum structure temperature, °C
Blanket
Desgcription

6L1 earichment, %

Minimum/maximum coolant temperature, 2¢/0C

Maximum structure temperaturae, Oc
Tritium cemoval from breeder

Method

Power loss (thermal), % total

Steady-state breeder tritium laventory, g

Purge gas
Material
Temperature, O¢c
Pressure, MPa
Tritium barriers
Power Converslon System
Thermal storage provision
Technique
Storage medium
Steam generator
Type
Single or double wall tubes
Steam
Inlet/outlet temperature, 0c/0¢c
Maximum pressure, MPa
Tritium barriers
Thermal efficiency
(M) = ()
n = out Apump’ y
MW, ,, TOTAL

Gross (MW./MW.;), %

Steady-State Tritium Losses, Ci/d

Welded; rect. x—-sec.
channels

280/320

~465

30-cm dia. lobular module.
Double wall coolant tubes
within Be/breeder (first 20
cm) or breeder (last 32 cm),
in sphere-pac form.

90

280/320

~340

Purge gas flow
~0
2300

He

~350-400
0.1-0.64
Natural oxldes

Circulating liquid
Pressurized water

Once-through horizontal
Single

240/299

6.9
Natural oxildes

34.9

35.7

100®

a
b

(¢}

[« %

secondary sids of steam generator.

As calculated by Tritium Breeding Task Group
Neutron energy multiplication ounly.
650°C maximum for Be/L1Al0, mixture.
Variable, for changing breeder bulk k.
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Assumes 1 Ci/liter in primary coolant, with 100 liter/day losses to
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LiAlOZ ternary ceramlic solid breeder (SB). Both materials are fabricated in
sphere-pac form. The Be 1s 100X dense. The individual SB spheres, comprised
of grains ~0.2 pm in size, are approximately 100% dense. Packing density for
the sphere-pac regilong is 86%. The remalning 32 cm of the breeding zone is
all LiAlO,, again ia sphere-pac form. The last 18 cm of the module depth is
coolant inlet and outlet manifold which extends around all the blanket modules
to form the blanket sector, with the manifold acting as sector structure.
Inlet and outlet coolant lines for the dual circult coolant loops are located

at top and bottom of the outboard blanket regiom.

The inboard blanket modules are very similar to the outboard modules
except for depth. The breeding zone plus first wall 1s 28 cm, and manifold
depth 1s 7 ecm. The SB/Be mixture depth is 20 cm as in the outboard modules,
with the last 8 cm of the breeding zone belng breeder only.

The 1individual blanket modules contact each other along their side walls
from the juncture of adjacent lobes radially back to the manifold zone. The
slde walls bear against each other, providing mutual support to reduce struc-
tural requirements for reacting loads due to the 6-atm maximum internal pres—

sure of the helium purge gas.

9.4.1.2 First Wall

The first wall 1s formed by the semi-cylindrical portion of the contin-
uous actively cooled panel which extends from the back wall of the module to
the front and returns along the other side of the module to the back wall.
The panel, constructed of ferritic steel, forms the two side walls of the

module as well as the first wall.

The coolant channels are rectangular in cross section (Fig. 9.4-2),
formed by ribs which separate the front and rear walls of the panel. The
coolant flows 1in the clrcumferential (poloidal) direction around the first
wall. Small plenums are located at the panel ends next to the back wall for
collecting inlet and outlet flow, to distribute the flow from the two coolant

circuits int. the small channels.

The first wall structure ls slzed to take the maximum 15.2 MPa coolant
pressure from inside the blanket which might result as a peak pressure from a

ruptured coolant tube 1a the breeding zone, as an emergency loading condition
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Fig. 9.4-2. First wall configuration, L1A102/H20/FS/BE
concept {(tokamak)

(stress equal to or 1less than ultimate strength) without failing or
rupturing. A nominal 3 mm thickness is added to this structure as
orthogonally grooved material continuous with the structual material, to
permit 3 years of erosion lifetime. A lifetime of 4.8 years, based on first
wall radiation damage, was actually used for the economics evaluation
(Sec. 5.3). Up to 10 mm of erosion thicknese could be used without violating
design guidelines, with the only penalty being a loss in tritium breeding
ratio of ~.005-.010 at BOL per mm of additional erosion material.
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9.4.1.3 Neutron Multiplier and Breeding Zone

The breeding zoune for the councept comprises the full 52 cm depth of the
blanket from the back face of the first wall to the back wall of the module.
The first 20 cm consists of a 90:10 volume ratio mixture of Be neutron multi-
plier and L1A10, solid tritium breeder. Both the Be and the ternary ceramic
are in sphere-pac form, in a graded mixture of 30, 300 and 1200 micron diame-
ter spheres. The Be spheres are each at 100% of theoretical density (TD), and
the breeder spheres are approximately 100%2 TD. The overall density of the
sphere-pac 1s approximately 86%. The last 32 cm of depth in the =zone is
filled with breeder only, again in sphere-pac form.

The zone 1s cooled by double walled coolant tubes of ferritic steel, each
in the shape of a U with 90-degree bends near each end. The tubes connect to
the inlet and outlet channels of the manifold. The inner tube is 10 mm inside
diameter; the walls of both inner and outer tubes are 0.75 mm thick. The
tubes are 1in direct contact at thelr annular sufaces to provide good heat
transfer characteristics. The annular reglon 1s sealed under 1 atm of hel-
ium. The tube ends are double welded at the rear wall (Fig. 9.4-3) to form
two independent boundaries against the coolant pressure, each sized to with-
stand the full coolant pressure as a primary load. The breeder and SB/Be
mixture are each 1n direct contact with the outer surface of the tube assem—
blies over their full length. TLateral and depthwise spacing of the tubes
(Table 9.4~1) 18 graded in accordance with local nuclear heating rate [
breeder or SB/Be bulk k., and allowable temperature limits of the surrounding

material.

The end walls (toroidally) of the module are welded to the side walls and
to the back wall of the module, and are sized to withstand the full pressure
of the coolant as an emergency loading conditioan in the event of a coolant

tube rupture. The design 1s similar to that used for the He~cooled modules
{Chapter 8).

9.4.1.4 Tritium Purge

Tritium removal from the breeder zone 1s accomplished through the use of
dry helium purge gas, with 1% hydrogen added to facilitate the formation of HT
at the surface of the LiAl0, grains. Flow channels are provided for the purg.
gas at each coolant tube by a perforated thin walled steel tube which is
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coverd by a thin sleeve of woven steel mesh (Fig. 9.4-4). The perforations in
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3TETKO CO., NEW YORK

Fig. 9.4-4. Helium purge gas system-design details
within breeding zone

the tube permit helium to flow in and out of the tube through the breeder or
SB/Be mixture. The mesh 1is sized to keep the smallest of the sphere-pac

particles out of the perforated tube to prevent flow blockage.

The tubes are welded to a shallow-depth helium plenum region at ihe back
wall. The plenum is divided in half toroidally into separate inlet and outlet
rezions. The integrity of the tube weld at the plenum 1s not importazt, and
the weld can be slightly "leaky."” The purge tube assemblies wrap around the
coolant tubes over their full length In a shallow spiral, to provide suppert

and to keep the p'rge tubes at the coldest part of the breeder, l.e., nearest
the zoolant tube.
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9.4.1.5 Manifold Regiom

For the outboard blanket, the last 18 cm of the blanket module is made up
of the coolant manifold (Fig. 9.4-5). The region, which includes the purge

heliun plenum (Sec. 9.4.1.4), provides a path for coolant flow and also serves

ALTERNATE DESIGN: 4 INLET, 4 OUTLET MANIFOLD TUBES PER SECTOR

0.5 cm He PLENUM

1 cm BACK WALL

REFLECTOR
(95% PCA,

/ 5% H20)
29.7 cm 0.D.

REFERENCE DESIGN: RECTANGULAR-CROSS-SECTION FLOW CHANNELS

e

_ 2
o AFLOH_ 0.408 m

18 c‘““& ﬂ" ﬂﬁ rREAR WAL o FLOW ZONE SIZED FOR 75% Hq0,
| OOOOOOMGE,.
- 13.6 cm FLOW ZONE Liden

Fig. 9.4-5. Reference design and alternate for
SB/H20 reflector/manifold zone

as major structure for the blanket sector. It also acts as a neutron reflec-

tor for the breeding zone to enhance tritium breeding.

The reglon 1s sized on the basis of maximum volumetric flowrate require-
ments, at a maximum allowable coolant velocity of 6 m/s and an arbitrary
water:steel volume ratio of 3:1. The required equivalent coolant thickness is
13.5 cm, which results in 18 cm total zone thickness after 4.5 cm eguivalent
thickness of ferritic steel structure is added in the form of front and rear

walls plus thick ribs which divide the coolant region into multiple separate
flow channels.

The coolant tube ends from the breeding zone are counected directly to

the front wall of the manifold region. Individual welds of the twe tubes at
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each end of the tube assembly provide two separate pressure boundaries against

leakage of the coolant into the breeder zone.

The manifold region for the inboard blanket modules 1s very similar to
that described above, except that only a 7 cm total depth is neded because the
total coolant flow through the inboard reglon 1s considerably less than for

the outboard region.

9.4.2 Concept Evaluation Summary

The LiAlOZIHZOIFS/Be tokamak concept 1s ranked overall in the lowest
group of the saven tokamak concepts. Despite its top rating in the area of
economics, it 1s ranked near the bottom of the group in the engineering,
safety, and R&D areas (see Chapter 3). The results of the evaluation of the
concept are bdriefly summarized in this section.

9.4.2.1 Engineering

Thie concept ranks next to last in the Engineering Evaluation, scering
only ~66% of the score achieved by the top-ranked concept in this category.
Its ratings in maintenance (11.3 of 15) and power load/surface load increase
capablility (7.5 of 10) are relatively good. However, the complexities result-
ing from use of a neutron multiplier, a separate purge system, and many small-
diameter tubes of double wall construction, combined with the high pressure of
the coolant, result in a low score of 10.7 oug of 25 in the Engineering Com-—
plexity and Fabrication Index. The relatively low 3-D tritium breeding ratio
2f 1.16 results in a low score of 8.3 out of 25 in the Tritium Breeding and

Inventory index. Resources and Power Variation scores are also low.

9.4.,2.2 Economics

The concept does very well in the economics area. It has the lowest cost
of electricity (COE) of all the tokamak concepts. The cost of capacity, in
$/kWe, 18 also lowest, and its annual plant operating cost is second lowest of
the group. These results are achieved even though the concept”s first wall/
hlanket cost (everything within the reactor envelope) is by far the highest of
the group. The 907 6L1 enrichment of the breeder and the complex first wall
and coolant tuhe structure are significant cost elements. That cost is more

than offset by the heat transfer system cost, nearly the lowest for the
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group. Thermal power aud net electric power were highest for the group, and
thus the concept has also been helped in this comparison by economics of

scale.

9.4.2.3 Safety and Environmental

The coacept 1s ranked in the bottom group for this area, vogether with
the nitrate-salt-cooled concept. The primary reason 1 tcitium control, and
the safety risks and potential health hazards assoclated with the permeation
of relatively large quantities of tritium Iinto the water coolant. Activation
of the aluminum in the breeder, the toxicity of Be, and the percelved greater
risk of leaks assoclated with the high pressure of the coolant are also lmpcr-

tant factors.

Any future improvement in thig area would probably be the result of
development of much more effective tritium barriers, and/ox much more effi-
clent methods of removing the tritium from the Bolid»breeder. The use of
another ternary ceramic breeder with much lower activation, e.g., Li,510,,
would slightly improve the safety rating. However, little can probably be

done in other areas, given the high coolant pressure and the need to use Be.

9.4.2.4 Research and Development

The concept finishes next to last in this category. Tt has the second-
worst potential flaws (development risk) rating of the tokamak group, and
together with the other ternary oxide solid breeders is in the highest "cost"
group in terms of R&D resource requirements (money, facilities and tiue). The
primary factors are the perceived relatively high risks and resource require-
ments for development of adequate tritium control measures, sphere-pac Be and

solid breeder, and breeder-to-structure Interface control methods.

9.4.3 Design Details and Related Issues

The following subsections present brief discussions of some of the more

i{mportant issues involved in selection of design detalls for the LiAlOZ/HZO/
FS/Be tokamak blanket conmcept.

For the solid breeder water-cooled (SB/HZO) blankets in general, the

rationale for selectioms of (1) modular instead of monolithic approach,
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(2) breeder-out~of-tube (BOT) instead of breeder-in-tube (BIT) ov layered
approach, and (3) sphere-pac breeder fabricatlon instead of sintered product

were discussed in the Interim Report(l) and will not be repeated here.

9.4.3.1 Mechanical and Structural Design

Module Configuracion - There are a number of important factors in deter-

mining whether the lobular and rectangular shape 1s a better overall choice
for the module configuration:

o Void fraction for "nose” region

o Reaction of loads due to plasma disruption

o 0Qverall structural fraction

(=]

Containment of coolant pressure in accident

©

End wall configuration (toroidal direction)

o Degree of load sharing between adjacent modules

The relative 1lncrease in void space for the lobular module because of its
semi-cylindrical front region 1s equivalent in "lost" blanket depth to ~21% of
the lobe radius, or ~3 cm for the 15-cm radius in the reference design. To
zet performance equivalent to a rectangular module in terms of breeding and
thermal energy recovery, the lobular module must be deeper than the rectangu-

lar module by an amount roughly equal to 21%Z of the nose radius.

The reaction of loads due to actual or equivalent blanket internal pres-—
ure was an Ilmportant factor 1in comparing module comnfigurations. Disruption
loads for the tokamak blankets were calculated to be much higher than for
"~ previous studies(2:3), These loads act on the fir-t wall to push it toward
the plasma. The loads were estimated to act as an equivalent pressure inter-
nal to the blanket, uniformly distributed over a flat first wall but diatri-
buced according to a coslae function over a semi-cylindrical first wall (Sec.
5.1). The tokamak disruptions were aasumed te be relatively frequent, and
thus these loads would have to be taken as normal operating loads so that the
structure would rot be plastically deformed, which would require reactor

shutdown and replacement of 211 first wall/blanket sectors.

A second important source of internal pressure is coolant pressure within
the breeding zone in the event of a coolant tube large-scale leak or rup-

ture. If that pressure ruptures the module walls, then Be, breeder and stezam
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could be ejected into the plasma chamber, markedly complicating cleanup and
recovery operations. If the pressure is contained within the module, then
only removal and replacement of a slngle sector would be required, with no

cleanup needed. This would be both a safety and an economic advantage.

A third pressure source 1s the helium purge gas within the module. For
gsphere—-pac Be and breeder, thermal conductivity is a strong functicn of helium
gas presuve over the rtange of ~0.1 to 6 atm (~0.01 to 0.6 MPa). The maximum
pressure would be an important congideration, except for the disruption
(normal) and coolant pressure (accident) loads which are much more influen-
tial.

The trade-off study to determine disruption load reaction capabilities
for the two module approaches 1is described in Sec. 9.8.2. The results indi-
cated that for the tokamak concept, the internal pressure loads are more
efficlently reacted by the lobular module. The internal supports required for
the rectangular module are an Important additional consideration. These
supports would be in contact with the breeder or SB/Be mixture, and would
therefore require active cooling. Also, since thelr spacing would
be < 10 cm for the loads considered, the graded cooiant tube spacing later-
fally at any depth in the module would be impacted by the presence of the
gsupports. The net effect of these supports would be a significant increase in
th relative amounts of structure and coolant within the breeding zone and a
significant reduction in tritiem breeding ratio. Structurally connecting the
supports to the first wall and the back wall, and connecting the coolant

channels of the supports to the manifolds, represents further complications.

The degree to which internal pressure loads acting on the module side
wall (in the pcloidal direction) can be reacted by equal and opposite loads on
the walls of the neilghborirg modules, takes on major importance when large-
magnitude pressure levels are involved. This was not the case for the LiZO/-
HZO/FS concept 1n the Interim Report(l), where the maximum internal 1lecad
considered was the l-atm helium purge gas pressure. If adjoining module side
walls are not in full contact along their flat surfaces, then closely-spaced
internal supports would be required within each module to connect its two side
walls to make the load self-reacting. TIncreasing the side wall structural

thickness instead, is structurally far less efficient. These supports, again
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actively cooled, would be normal to the coolant tube axes and would signifi-

cantly complicate the design problems.

The end walls (in the toroidal direction) are 1bjected to the same
internal purge gas pressure (normal) and coolant pressure (emergency) levels
as the other walls. In addition, they experience torques during disruptions
resulting from electromagnetic loads, and must transmit these loads to the
ma jor gector structure in the manifold region. TFor rectangular modules, the
internal pressure lcads are reacted by the first wall, back wall, side walls
and the internal supports comnecting the first and back walls. For lobular
modules, the internal supports would not be present, but the end wall can be
tapered in thickness and “"cantilevered” from the back wall, with local large
load—-carrying gussets added If needed to connect the inside surfaces of the
back wall and end wall (as with the helium~cooled blanket concepts, Chapter
8).

The lobular module configuration was finally selected for the L1A102/—

HyO0/FS/Be tokamak concept (as well as for the other SB/H,0 tokamak concepts)
primarily on the basis of:

o structural efficiency in reacting disruption loads, and coolant pres-—
sure loads in accidents; and

o relative simplicity of breeding zone mechanical design.

Double. Wall .Tubes (DWT) ~ The perceived need for double walled coolant

tubes for SB/H20 concepts to achieve acceptable reliability against leaks into
the breader zone was discussed in Sec. 9.3.1.1. Some important considerations
in determining the DWT design detalls are:

o Sizing of individual tube diameters and wall thicknesses

o Contact of annular surfaces

o Pressure of oxide films on annular surfaces

o Gas or vacuum condition of annulus

o Tube end weld configuration

o Tube fabrication

The primary design objective of the DWT approach 1s to create two sepa-
rate barriers for the coolant, such that both barriers in any given DWT assem—
bly would have to be breached before water could come into contact with the
breeder surrounding the tube assembly. The two boundaries should be as inde-

pendent as possible so that failure of one does not increase the likelihood of
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failure of the other. The two tubes should therefore each be designed so that
primary stresses from the 15.2 MPa coolant design pressure are at or below the
allowable stress level, S;,. For the DWT in the reference design, the highest
atreas 1s ~116 MPa (outer tube), 5.75 mm inner radius and 0.75 mm thickness,
which 16 below the 125 MPa allowable for HT-9 ferritic steel at 350°C, in the
tube near the first wall. Load sharing in this composite tube assembly is not

censldered.

Heat transfer across the annular region 18 a function of the % contact
area and contact pressure, between the two surfaces, and of the pressure and
thermal conductivity of any gas present in the annulus. Adequate heat trans-
fer will occur even if the contact area (mutually contacting asperities on a
microscopic scale) 1s only a few percent of the total annular surface area(G),
and regulting temperature drops across the annulus would be SIOOC for typlcal
blanket conditions 1f gaseous helium at ~1 atm pressure is pregent. Minimiz-
ing the contact area is considered important because there may be increased
tritium migration from the outer to inner tube at points of contact due to the

posaible reduction or absence of natural oxide films.

Leak detection for the annular region is not important for this applica-
tion. Reactor shutdown would not be necessary until! water was detected in a
modvle breeder zone, meaning one of the DWT had developed a leak in both
tubes. Since the presemnce of water in che annulus would mean only that the
inner tube of one or more assemblies was leaking, the detection of l:aks in
this region 1s not relevant to reactor operation. Purging of the annulus,
using helium gas with 1% 0, added flowing through shallow grooves set in to
the outer tube”s inner surface, was also considered as a means of removing
nonoxidized tritium (T, or HT) that had migrated through the outer tube.
However, calculations of oxidation kinetics (Sec. 6.6) 1ndicate that the
reaction 1s very slow anrd would not substantially reduce overall tritium
permeation into the blanket coolant unless purge gas volumetric flow rates or
flow velocities were at levels so high as to be unworkable. Therefore, for
the reference design, the annular region 18 asealed by the tube end welds, with

helium at 1 atmosphere contained to enhance heat transfer across the annulus.

There are several important considerations 1n selecting the configuration
and location of the welds for the ends of the DWI. The coolant path between

the inner tube and the manifold channel must be unobstructed. The purge gas
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tube at the outer surface of each DWT must connect to the shallow helium purge
gas plenum at the back wall. Finally, the welds for inner and outer tubes
should be as independent as possible to minimize the chances for common—mode
or related failures. O©Of the various optlons considered (Fig. 9.4-3), the

slmplest, Option 3, was selected for tne reference design.

Discussions and previous work on DWT fabrication indicate it is state-of-
the-art or better for the requirements of SB/HZO blanket concepts. Achieving
the desired amount of contact area between tubes, even down to a few percent,
would not be a problem.(7) Tube benrding to form the U-shaped assemblies 1is
not difficult if bend radil are adequate (210 x tube radius).(7) The added
costs for DWT, over and above the costs for two single wall tubes, are onlv »a
very small fraction of total blanket costs (Sec. 3.2). It shouid ve noted
that the LMFBR program developed and qualified three vendors to produce DWT of

similar size and materials for the double wall tube steam generator.(a)

Manifold Configuration - For the manifold region at the rear of the

blanket, the two approaches considered were separate large-diameter tubes and

an integral manifold with coolant channels of rectangular cross section.

It was desired to have two separate primary coolant loops within each
blanket module as in the Starfire(z) and peMo(3) SB/H20 blankets, to provide
redundant capability to remove fir..-wall/blanket afterheat in the event one

clrcuilt had to be shut down due to a fallure or scheduled malntenance on some

component.

The depth of the blziket was constrained to be 70 cm or less. From
sector coolant flow rates and manifold flow velocity requirements (6 m/s
maximum, from Ref. 3), it was determined that the equivalent thickness of
coolant in the manifold region would be a maximum of ~13.5 cm, for the tokamak
outboard blanket configuration. From the neutronics standpoint, the water-to-
steel volume ratio in the manifold 1s not critical. Based on structural
considerations, a 3:1 ratio was selected which results in ~4.5 cm equivalent
thickness of ferritic steel. For the integral manifold, this structure
includes the ribs between adjacent coolant channels (at essentially equal
pressures) together with the front and back walls. Overall, the integral
manifold 1Is structurally very rigid, and 1little additiomal structural mass

would be necessary behind the module for completing the overall sector struc-

ture.
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For elther configuration, the coolant tubes within the breeder zone are
routed to terminate at specific channels. The exact routlng, and specifica-
tion of tube/channel hookup combinationg, would be determined through detalled
calculations and layouts, with the most Zimportant considerations being
(1) assuring adequate cooling of the hreeder in the rear of the blanket at all
points, and (2) achlevine .cirorm coolant mass flow rates in inlet and outlet

channels for both circults.

A manifold using large~diameter tubes would require conslderably more
depth than an irtegral manifold, because of the large vold areas required
around each tube for welding clearance and access and for supporting struc-
ture. The complexity of welding the small-diameter (~1 cm) blanket coolant
tubes to the large-diameter (~30 cm) manifold tubes, and of maintaining pres-
sure boundary integrity at the back wall of the breeding zone, would be
considerably greater than for the integral manifold. Since it ia not feasible
to have the large-dlameter tubes act as overall sector structure, a separate
structural framework would be needed for support of the manifold tubes and

modules and to provide sector structural integrity.

Based on these considerations, the 1ntegral manifold configuration was

adopted for the tokamak concept reference design.

First Wall - A filrst wall configuration using rectang:lar cross section
flow channels was selected over the corrugated panel approach used for
Starfire and DEMO SB/H20 blankets (see Sec. IX.3.4.2 of Ref. 1). Subse-
quently, the principal first wall considerations for the L1A10,/H,0/FS/Be
tokamak concept were:

o Orientation of flow channels (poloidal vs. toroidal)

o Integration with lobular module configuration

For the initilal SB/H20 blanket design,(l) the first wall flow direction
was toroldal. Since the modules can extend the full width of the sector in
that direction, the flow path is long, ~4 to 6 m. First wall flow veloclty is
limited to <8 m/s,(3) and the allowable coolant temperature increase 1y fixed
at 409C. The resulting channel depth for a given heat load (surface heat flux
plus nuclear heating) 1s thus invergsely proportional to the channel length
over which the heat 1s absorbed. Structural and coolant equivalent thick-
nesses increase roughly in direct proportion to channel depth. Because ade-

quate tritium breeding became a more critical problem due to the use of double
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wall coolant ftubes and the 1ncorporation of very low thermal conductivity
values for irradiated solid breeders, it became much more important to mini-

mize the amount of steel struxture and water coolant in the first wall.

For the first wall of a lobular module, the flow path length in the
poloidal directicn 1s shorter than for the torcldal direction by a factor
of ~4 to 10, depending on lobe radius and module width. The same hold true
for rectangular modules since they can be made to arbitrary widths poloid-
ally. The choice of poloidal or toroidal flow direction makes little differ-
ence from the mechanical design standpoint. TIn either case, flow distribution
and collectlion plenums connecting the first wall to the manifold are needed at
the 1inlet and outlet ends. Also, flow direction has no effect on first wail
structural requirements except that more structural area and cross section
moment of inertia are automatically provided by the deeper channels for the
larger toroidal flow paths.

Based on these arguments and the results from the thermal-hydraulics and
structural analyses (Sec. 9.8.1 and Sec. 9.8.2), the poloidally-oriented flow

direction was selected for the lobe-shaped first wall.

Inboard Blanket ~ The inboard vertical module for the Starfire and DEMO

SB/Hy0 blankets was designed in both cases without manifolds, to minimize
total blanket depth for reduced reactor size and capital costs. The coolant
flow direction for the first wall and blanket coolant tubes was vertical; flow
distribution/collection plenums were located behind the large "canted” module
at elther end of the vertical module, where apace could be provided with much
less impact on reactor size. This approach 18 not considered feasible for the
lobular modules chogen for the present concept. Integration of the modules
for the vertical inboard section, regardless of orientation, with the modules
in the upper and lower cauted regions of the sector would be very difficult
and complex, both structurally and mechanically, 1f no manifold were used.
Therefore, the reference design concept uses an inboard blanket verv similar
in overall configuration to the outboard blanket, except that manifold depth
is reduced to only 7 cm {vs. 18 for the outboard blanket) by configuriang the

overall sector flow paths so that coolant mass flow rates are minimized.
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9.4.3.2 Thermal-Hydraulics

Most of the important design issues for the SBIHZO concept that are
related to thermal-hydraulics were reported on in Ref. 1 and will not be
discussed further in this report. Among these are:

o First wall integral with blanket instead of separate

o Use of sphere-pac breeder instead of sintered product form

o Breeder-cut-of-tube approach (BOT) instead of breeder-in—-tube (BIT) or

layered approaches.

A number of lesser issues were investigated. Several of these trelated to
the effects of radiaticn damage and the pressure of helium purge gas on
breeder or Be/breeder mixture thermal conductivity. These effects influence
the minimum and maximum temperature limits that the concept must be designed

to achlieve under normal conditions.

Breeder Zone Tube Spacing - The most important requirement in determining

coolant tube spacing within the breeder zone was maintaining breeder tempera-
ture at all points within the range between minimum and maximum allowable
temperatures. The design approach used was to first s‘ze a theoretical cylin-
der of breeder arcund each tube according to the local nuclear heating racte,
qq» such that the temperature at the outer radius equalled the maximum allow-
able temperature (Fig. 9.4-6). This cylinder was then assumed to circumscribe
a square cell of breeder, so that only the four corners of the square would be
at the maximum temperature. The s8ides of the square cell were d = (0.707) x
(cylinder diameter). Thus, lateral spacing of tubes in any bank (equal 4,
values) was equal to the value of d. Radial spacing between tube centers of
banks 1 and j was set equal to (d; + dj) + 2. Resultant tube spacing for all
banks within the breeding zone of the reference design is shown 1in Table
9.4-2. The square cell approach was described and compar=¢ to other possible
approaches in Sec. IX.3.3.1 of Ref. 1.

Breeder Minlmum Temperature - The minimum allowable temperature for the

LiA10; breeder 1s 350¢, based on tritium inventory considerations (Sec.
6.3). Since the minimum coolant temperature is 280°C and the nominal Lempera-
ture difference across the double wall tube assembly is only 30 to 400¢, some
additional thermal resistance 1s necessary over most of the tube length
between the breeder and the outer tube surface (see Sec. 9.8.1). Concept-

ually, this could be accomplighed in one of several ways:

9-37



8E-6

Obtain or estimate qﬁ versus depth intp blanket.
6cnerate curve of T (or d) versus qaji-

use rgsu]ts of (2) to generate volume fractions for each breeder zone
material as function of ﬁh.

Beginning at first wall depthwise through blanket, use the two curves

ta estimate maximum size of breeder element for which temperature limits

are not violated at the average g predicted for the element midpgint
depthwise,

Perform neutronics analysis using resuits of (4).

Compare gy curve from (5) ta that assumed in (1). If necessary, use
tne new clrve in successive iteratians of steps (4) through (5) until
reasonable agreement (within 5 to 10%) of "ol1d" and "new" qy curves
is obtained.

Final breeder sizing is given by results of (3) and (5) for the final
iteration.
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TABLE 9.4-2.

COOLANT 1uBt SPACING FOR REFERENCE DESIGN
LiAlﬂz/HZOATS/Be CONCEPT (TOKAMAK, THMR)

DERTH INTO RADIAL LATERAL
TUBE BANK BLANKET SPACING® SPACING (TuBES/m)® ZONE
1 0.00 cm 1.65 cm 1.65 cm 60.6
2 1.65 3.4 1.7% 97.1
3 3.4 5,2 1.4 54,5 90% Be: 105 LiAIN,
SPHERE-PAC @ 87% TD
4 5.2 7.09 1.45 54.0
5 7.0% 9.0 1.95 51.3
6 9.0 11.0 2.00 50.0
7 1.0 15.0% 2.05 44,4
8 13.0% 19.2 2.15 46.5
9 15.2 17.55 2.35 42.5
10 17.55 20.0 2.45 40.8
BEX) 20,0 22.4 2.4 41,7
12 22.4 29.2 2.8 35.4
13 25.2 28,35 3,19 3.7 100% LiAlO,
SPHERL-PAL @ #7% 1D
14 28.39 31.45 3.50 28.6
15 31.8% 35.80 3.9% 25.3
16 35.80 40.30 4.50 22.2
17 40,30 45,5% 5.25 19.0
14 45,55 47.0 (b)
T = 1

8 Tubes per meter puloidally, per sector (4 m avg. length).

b tooled by conduction to back wall.
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o Addition of an alumina (Al,0q) coating applied in graded thicknesses
by plasma spraying

o A thin metallic felt with very high porosity (~80-85%)

o Revising the DWT annulus conditions to a vacuum (instead of He gas)

and/or even lower % contact area.

Because the LiAl0, tritium 1inventory €or this concept 1s strongly
influenced by the minimum operating temperature (Sec. 6.3), future studies
should evaluate the desirability of increasing the design minimum breeder
temperature to decrease tritium inventory, which would be accomplished at the
expénse of tritium breeding ratio unless design maximum temperaturc was also

increased by an equal amount.

Effect of Helium Pressure on Sphere-Pac Thermal Conductivity - One of the

disadvantages to water—cocled solid breeder designs has been the difficulty in
accommodating changes 1n reactor operating power level while maintaining
breeder temperature within the allowable range. The use of the sphere-pac
fabrication approach for the breeder and the Be/breeder mixture, together with
the helium purge gas which fills the breeding zone, permits the reactor opera-
tor to adjust the sphere-pac bulk thermal conductivity by adjusting helium
purge gas pressure between ~1 and 6 atm. Lower gas pressures result in lower
k., values. Since breeder maximum temperature during operation 1s inversely
proportional to ke but directly proportional to neutron wail load, helium gas
pressure can be varied in accordance with a predetermined relationship (Fig.
9.4-7) 8o that breeder maximum and average terperalures remain at nominal
design levels as reactor power level 1s reduced, thus preventing blanket
tritium Inventory from rising above the normal level. The toplc of variable

k, for sphere-pac is discussed further in Sections 6.3 and 9.8.1.

Accommodating Radiation Damage Effects ~ For in situ solid breeder blan-

kets, it 18 necessary to design such that the breeder is maintained within
allowable temperature limits from beginning of 1life (BOL, zero fluence) to end
of life (EOL, maximum fluence). Because the bulk kt value for sphere-pac
LiAl0, breeder is dominated by conduction through the helium gas, the effects
of irradiation on sphere-pac k, are not as severe as for sintered product
(5ec. 6.3 and Fig. 9.4-8). The ratio of kBOL/kEOL varies little with helium
purge gas pressure, 1.08 at 1 atm to 1.14 at 6 atm. A complicating factor for
both initial design and for blanket operacion is the difference between k.  at
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the back of the blanket (low fluence) and at the front of the blanket (high
fluence). Since helium pressure must be uniform throughout the blanket, it is
not possible to achieve a uniform k. everywhere by simply changing helium
pressure. Since k. decreases with fluence until the predicted saturatilon
value (0.7-2.8 x 1022 n/cmz) 18 reached, actual breeder maximum temperatures
in reglons for which fluence was below the saturation value would be less than
the maximum design temperature. However, breeder minimum temperature-—the
most critical operating parameter influencing tritfum inventory--would vary
very little regardless of the local bulk k.. Thus, the overall effect on
blanket performance of the varying k. values throughout the breeding zone

would not be significant.

9.4.3.3 Neutronics

The neutronics analyses performed for the LiA102/H20/FS/Be concept, and
for the other SB/H,0 concepts, are discussed in detail in Sec. 9.8.4. The
design details most influenced by the neutronics results were:

o Amount, location and fabrication form of Be neutron multiplier

o Radial depth of Be, SB/Be and SB regions in breeding zone

The location of a region of pure Be between the first wall and the solid
breeder region results in high local q, values for the breeder, as much as 100
to 120 w/cm3 for the reference 5 MW/m2 neutron wall load. Maximum TBR is
obtained if a thin layer of breeder precedes the Be, but in this case q, is
even higher. Design difficulties are encountered in trying to space the
cooling tubes closely enough to adequately cool these regions, because the
tube outer surfaces nearly touch each other and there is virtually no room for

any purge gas flow channels near the tubes.

The most desirable solution overall was to mix the LiAl0, breeder and the
Be together, with both 1in sphere~-pac form, in some predetermined volume
ratio. This reduced the maximum q, near the first wall to ~70 W/cm3, which 1is
a manageable value in conjunction with the kt(eff) and temperature limits
assumed for the mixture. The conductivity of the mixture 1s a function of
helium purge gas pressure and of the volume ratio (Fig. 9.4~7). For any
mixture ratio, kt(eff) 1s much closer to the k. value of pure breeder than to
that of pure Be, which again 1llustrates the dominant role of conduction

through the helium for sphere-pac. Temperature limit for the mixture was set
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at 650°C minimum based on minimizing Be radiation damage effects (swelling).
Compatibility of the Be and LiAl0, at these temperatures 1s not considered to
be a p.~Ylem (Sec. 6.5).

Based on results of the neutronics analysis (Sec. 9.8.3), the S5B/Be
region depth was selected to be 20 cm, with the Be/SB volume ratio at 90:10.
The remaining 32 cm of depth is all LiAlO, breeder. 1In order to maximize TBR
for any combination of Be and breeder thicknesses, the LiAl0, breeder was
enriched with bL1 to the 90% level. Further increases in TBR could be
obtained by increasing the thickness of the $B/Be zone, but TBR appears to
peak at a zone depth of ~30 cm. Detailed evaluations would be required to
find the economically optimum combination of %6Li, zone depth, and volume
ratio, but this was not done because the effects on blanket costs and eneirgy

production to a first order would not be significantly changed.

9.4.3.4 Tritium Control

The control of tritium within the first-wall/blanket module represents
the largest uncertalnty at present 1in assessing the feasibility of the
LiAl0,/H,0/FS/Be tokamak concept. The major risks are in these areas:

o Radiat!on damage effects on tritium release

o High diffusive inventory

o High Iinventory at grain surfaces

0 Tritium permeation into water coolant

There has been little definitive experimental work to date to help deter-

mine the severity of the problems. The design-related issues are briefly
discussed below.

Radiation Damage Effects - This toplc 1s discussed in detail in 3ec.

6.3. TFor design purposes, it has been aassumed that use of L1A10, in sphere-
pac form at ~86% packing density (with the individual spheres each at ~100% of
theoretical density), with maximum temperature 5100000 would ensure that the
original tritium release rates for non-irradiated material would be maintained
throughout the blanket lifetime (~4 to 5 calendar years). If sintering of the
spheres or closure of open porosity within spheres were to occur at these
conditions, the design maximum temperature would have to be reduced. Ceon-

versely, it i1s possible that future experiments might show that design maximum
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temperature could be Increased above 1000°C. This could enable a large reduc-
tion in tritium inventory by simply raising design minimum temperature by the
same amount that design maximum temperature 1s raised, since ~B6Z of the
reference design”s tritium inventory 1s in the coldest ~500C zone of breeder

around each coolant tube.

High -Diffusive .Inventory - Tritium 1ianventory 1in the breeder at steady

state that 1s related to diffusion effects within the grains 1s high for the
LiAl0,, over 2 kg. TIf present estimates of the diffusion coefficlent at low
temperatures under irradiated conditions (Sec. 6.3) are much lower than the
real value, the resulting Inventory could be unacceptable from the safety
standpoint. Increasing the minimum operation temperature for the breeder or
slgnificantly reducing the diameter of only the largest of the three sphere-
pac ball sizes-—presently 1200 pm--would significantly reduce calcilated
inventories. However, elther measure would also reduce TBR 1if no other
changes were made because the total volume of breeder relative to the
structure and coolant volumes would decrease because of the reduced allowable

temperature range In the flrst case, and reduced smear density in the second

case.

High.Inventory at Grain. Surfaces — Based on present Iinterpretations of
the TRIO experiment results (Sec. 6.3), the addition of 1% dry hydrogen to the

helium purge gas 1s considered sufficient to "swamwp” the breeder grain sur-
faces with hydrogen, so that the tritium atoms at the grain surfaces form HT
molecules which are then relatively easily removed from the surface into the
helium purge gas. Thus, predicted adsorption-related tritium inventory for
the reference degign 1s very low. However, furthar experiments to corroborate
the TRIO results/interpretations are considered necessary, and this area must

be considered a significant uncertalnty until further data ave avallable.

Tritium Permeation -Into..Water -Coolant - This concern has the largest

uncertainty of all thoge discussed in thils section. There are only three
natural oxlde barrlers on the steel tube surfaces to retard permeation into
the primary coolant of tritium in the helium purge gas within the blanket:
one on each of the annular surfaces of the double wall tube deposited prior to
joining of the two tubes, and one on the inside surface of the inner tube at
the water coolant. The outer surface of the outside tube is in contact with

the helium purge gas, where any oxide layer would be reduced by the 1% Hy
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added to facilitate tritium removal. Only one oxide layer, that at the cool-
ant channel 1inner eurface, 1s present at the first wall to retard tritium

permeating through the structure from the plasma.

In calculating the rate of tritium permeation into the water coolant,
each layer was consldered to represent a "barrier factor” of 100 (Sec. 6.6).
Tests indicate this value may be at the high end of the range achievable for
ferritic steels, and that factors of 20 or less may be more realistic. Such
factors would drastically raise the rate of tritium permeation into the water
coolant. The steady-state level of tritium 1in the water was set at
1 Ci/liter, which results in a 100 GCi/day 1loss .o the environment 1f steam
generator leakage is the assumed 100 liter/day (all leakage to the secondary
gide 1s agsumed to be lost to the environment). Water processing costs to
remove tritium were based on INTOR work,(g) and are considered fairly uncer-
tain. 1In theory, one could remove tritium from the water at almost any rate
to hold the contamination to very low levels, but in reality there will be
some maximum level beyond which the size, cost and capacity requirements for

the processing are economically not reasonable.

Before tritium contamination of the primary water coolant can be resolved
as a feaslbility issue, quantitative data must be developed in the following
areas:

o Allowable tritium comcentration in primary coolant

o Realistic steam generator primary coolant leakage/loss rates

o Realistic permeatior rates through natural oxide layers

o Processing equipment capital and operating costs as functions of

flowrate and tritium concentration.

9.5 L1Al0,/H,0/F5/Be Concept = TMR (R=1)

This section describes the tandem mirror reactor blanket concepts that
ugses LiAl0, solid breeder, pressurized water coolant, ferritic steel
structure, and beryllium as a neutron multiplier. Because the concept and the
reference design are identical or very similar in most respects to that
already discussed in detail in Sec. 9.4, only those areas where differences
exlist between the tokamak and TMR concepts will be discussed. Generic differ-
ences between tokamak and TMR configurations for water—ccoled solid breeder

blanket concepts were previously discussed in Sec. 9.3.2.
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9.5.1 Reference Blanket Design Configuration

General Descriptlon - The reference design for the LiAl0,/H,0/FS/Be TMR

¢ mcept (summarized in Table 9.5-1) 1is basically ildentical to that shown in
Fig. 9.4-1 for the tokamak version of the concept. The major difference is
that the total blanket depth including manifolds is 70 cm all around the
plasma chamber, since there are no separate Inboard or outboard reglons as in
the tokamak.

First Wall - The first wall 1s very sgimlilar to that for the tokamak
version of the concept, with the exception that erosion thickness allowance
can be reduced to ~0.4-0.5 mm, or 0.1 mm/yr of blanket 1life. As discussed in
Sections 9.3.2.2 and 9.8.2, active cooling for first walla of TMR =solid
breeder blankets was found to be necessary. Given the other requirements and
goals for SB/HZO blanket concepts 1n addition, the conclusion was made that
the basic TMR first wall configuration should be the same as for the tokamak

concept.

Manifold Reglon - The manifolds for the concept are located immediately

behind the breeding zome and extend the full length of the module. Depth of
the zone 1s 18 cm. As discuesed 1n Sec. 9.3.2.4, 1ln-depth analysis with
consideration of MARS or advanced MARS rector configurations and cell length/

magnet slze requirements could lead to gome changes in an optimized manifold
reglion, but these are not considered significant for purposes of concept

comparative evaluations within the BCSS.

9.5.2 Concept Evaluation Summary

The results of the evaluation of the L1iAl0,/H,0/FS/Be concept for TMR’s
are briefly summarized in this sectlon. A summary listing of the major param-

eters and features of the blanket concept and the associated power conversion
system is presented in Table 9.5-1.

Engineering - The concept finishes last 1in this evaluation category,
although it 1s relatively considerably closer in numerical ranking to the top
concept than was the case for the tokamak concept. The only significant
change in the concept”s polat score was due to the increase in tritium breed-
Ing ratio compared to the tokamak concept; this was due principally to the

differences 1in reactor configuration.
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TABLE 9.5-1.

MAJOR PARAMETERS AND FEATURES OF
LiAlOZ/HZO/FS/Be CONCEPT - TMR

General Description
Materials
Coolant
Breeder
Neutron Multiplier
Structure
Purge Gas
Major Design Parameters
Reactor blanket thermal power, MW, .
Average neutron wall load, Mw/m
Average first wall surface heat flux, MW/m?
Coolant
Inlet/Outlet temperature, 9¢/0C
Maximum pressure, MPa
Breeder
Minimum/maximum temperature, 9C/0C
Maximum pressure, MPa
Structure
First wall/blanket maximum temperature, G/0C
Minimum/maximum temperature at:
Coolant interface, %C/%C
Breeder interface, 0c¢/0C
HNeutronics
Tritium breeding ratio
1-D, 100% coverage
Net (3-v with all geometrical detalls
and penetration)?
Maximum nuclear heatlng rates
Be/breeder, W/cc
Breeder zone, W/cc
Structure, W/ cc
Energy (1-D calculation)
Multiplication factor
Depogited in heat recovery zone, MeV
Deposited in heat loss zone, MeV
First Wall/Blanket Design Description
Thickness (including manifolds), m
Manifold thickness, m
Percent structure/percent coolant
in manifold region
Coolant AP (total), MPa
Primary coolant loop pumping power, MW
First Wall
Description

e

Minimum/maximum coolant temperature, °C/0C
Maximum structure temperature, Oc
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Pressurized H,0
y-LiAlo, @ asé ; 90% SL1
Be c 86% TD
HT-9 Ferrltic Steel
Helium

3417
5.0
0.05

280/320
15.2

350/1000¢
~0.6 (Purge Gas)

~381£/340
~290/330
~350/350
1.26

1.22

25/75
0.2
27.5

Welded; rect. x—sec.
channels

280/%20

~381



TABLE 9.5-1 (Continued)

Blanket
Description Lobular module. Double wall
coolant tubes within
Be/breeder (first 20 cm) or
breeder (last 32 cm), in
sphere-pac form.
611 enrichment, % 90
Minimum/maximum coolant temperature, 9C/%C 280/320
Maximum structure temperature, Oc ~340
Tritium removal from breeder
Method Purge gas flow
Power loss (thermal), % total ~0
Steady-state breeder tritium inventory, g 1500
Purge gas
Material He
Temperature, O¢ ~350-40g
Pregsure, MPa 0.1-0.6

Tritium barriers
Power Conversion System
Thermal storage provision
Technique
Storage medium
Steam generator
Type
Single or double wall tubes
Steam
Inle./outlet temperature, 9¢/0C
Maximum pressure, MPa
Tritium barriers
Thermal efficlency

(M) = (M)
n = out pumg’ y
thh TOTAL

Gross (Mwe/MWth)’ %

Steady-State Tritium Losses, Ci/d

Natural oxides
Circulating liquid
Pressurized water

Once-through horizontal
Single

240/299

6.9
Natural oxides

34.9

35.7

1008

As calculated by Trit!um Breeding Task Group
Neutron energy multiplication only.

6500C maximum for Be/L1Al0, mixture.
Variable, for changing breeder bulk Kepe

Assumes 1 C1/1 in primary coolant, with 13U 1/day losses to secondary side
of steam generator.

Occurs at back side of first wall at interface with Be/breeder mixture.



Economics — The concept does well in economics, finishing third out of
nine, within a few percent of the top concept in this category. It has the
lowest annual cost and lowest total capital cost, but has nearly the lowest
net electric output which reflects its relatively low thermal convesion effi-

clency.

Safety and Environmental - As with the tokamak concept, the TMR concept

is ranked next—-to—last in this category, just above the nitrate-salt-cooled
blanket (see Sec. 9.4.2.3). The primary reason 1s tritium control, and the
safety risks and potential health hazards assoclated with the permeation of

relatively large amount of tritium into the water coolant.

Regearch and Development - The concept finishes third from the bottom in
this category, just ahead of the LiPb/LiPb/V and LiAl0,/NS/F5/Be concepts and

almost 40% below the top concept. It has the second-worst potential flaws
rating (development risk) and is tled for the highest resource requirements
rating. The rationale for these rankings 1s essentially the same as that

presented for the tokamak concept in S=c. 9.4.2.4.

9.5.3 Design Details and Related Issues

The primary 1issues aand conslderations 1avolved 1n selecting design
detalls for the TMR version of the LiAlOz/HZOIFS/Be concept were discussed 1in
detail for the tokamak concept in Sec. 9.4.3. Because nearly all of those
apply equally to the TMR and tokamak concepts, the discussion will not be
repeated here. The principal differences between tokamaks and TMR"s relating
to the attractiveness of SB/H20 blankets were listed in Table 2.3-1 and dis-
cussed in Sec. 9.3.2.

9.6 Concepts Ranked R=2A - Tokamak and TMR

9.6.1 L1,0/H,0/(STRUC)/Be (R=2A)

The water-cooled blanket concept using litnium oxide (Li,0) solid
breeder, Be neutron multiplier, and PCA, ferritic steel, or vanadium zlloy as

structural material 1s described and discussed in this section.

The concept was not gilven a complete comparative evaluation because it

was not ranked R=1l. The reference design for the concept, whether for tokamak
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or TMR, 1s very similar to that for the LiAl0,/H,0/FS/BE concepts described in
Sectlons 9.4 and 9.5. Many of the issues and concerns are the same for those
concepts as well, principally because the breeder characteristics are similar
except for allowable temperature limits and thermal conductivity values. The
primary differvences between the breeders relate to concerns for radiatiom
effects on Liy0 and its greater potential for compatibility problems with Be
and structural materials. These differences will be discussed in the follow—

ing subsections.

9.6.1.1 Concept Reference Design

The reference design for Lhe concept was not developed as completely as
that for the concept with L1A102, since effort was halted at the time the R=2A
ranking was glven. However, the reference design would almost certainly be
nearly identical to that for the LiAlOZ/HZO/FS/Be concept (Fig. 9.4-1). Major
features and parameters for the concept are presented in Table 9.5-1. The key
differences cowpared .~ the concept with L1A10, breeder are the allowable
temperature limits and the ZﬁLi enrichment of the breeder. Features such as
the helium purge system details and the use of Be with the L1,0 in a sphere-~
pac mixture at the front of the blanket would likely have been updated to be

the same as those for the concept with L1A10, had further work been performed.

9.6.1.2 Key Issues

Li,0 Radiation Damage - The FUBR 1irradiation test results (Sec. 6.3)

indicate substantial swelling of Li,0 can take place under neutron irradia-

tion. The swelling rate appears to be temperature dependent to some extent.

Lithium aluminate in the same tests exhibited virtually no swelling.

The observed swelling of Li,0 leads to major concerns In two related
areas: (1) interaction with structure and/or contacting materials such as Be;
(2) effects on tritium inventory/tritium release rates. The degree to which
the breeder and structure would each undergo radiation-induced creep, which
could partially relieve stresses due to Li,0 swelling, is not known. Analyses
indicate that, in the absence of any relief by creep, the stresses in the
structure could be extremely high (Sec. 6.3). The ~14% vold area within the
sphere~pac form of Liy0 would likely accomaodate some of the swellinp, but

this would close up the pathways for the helium purge gas which removes the
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TABLE 9.6-1. MAJOR PARAMETERS FOR L120/H20 BLANKET
CONCEPT PRELIMINARY REFERENCE DESIGN

PARAMETER

Materials
Coolant
Breeder
Neutron Multiplier
Structure
Purge Gas
Coolant
Inlet/Outlet Temperature, 0C
Inlet/Outlet Pressure, MPa
Pumping Power, % Thermal Output
Breeder
Minimum/Maximum Temperature, °C
Maximum Pressure, MPa
Structure
Maximum Temperature
Neutrounics
Energy Multiplication Factor
Energy Loss to Shield, % Total Thermal
Geometry
Inboard Blanket Thickness, m
Qutboard Blanket Thickness, m
First Wall Erosion
Thickness Allowance,mm

Design Life, yr (l-mm/yr erosion)

VALUE

Hy0

Li,0 (sphere-pak; ~867% TD)
Be

HT-9 Ferricic Steel
Helium

280/320
15.2/15.0
< 1%

410/800
0.6 (purge gas)

5500 ¢

~1.27
~0.2

0.30
0.70

3.02
3

aMaximum allowable thickness is ~4 mm at 100 W/cm® eurface heat flux.



tritium from the solid breeder. Breakup of some of the microspheres as they
are pushed together 1s also possible, which would likely affect the ability of
the sphere-pac bed to maintaln good thermal contact with the blanket coolant

tubes.

Given the present experimental results for Li,0 and L1Al0y, and the
absence of any definitive information on the effects of Liy0 radlation damage
on blanket integrity or performance, the use of Li,0 in water-coolad blankets
must be consldered a major uncertainty and risk. This wae the prineipal

reason for the R=2A ranking given to the concept.

Compatibility - In tests with solld breeders and candidate structural

materials 1o flowing helium gas at temperatures of interest, only Li,0 was
fouud to react with structural materlals to form corrosion scales (Sec.
6.3). Thicknesgses of the total scale and internal penetration were aimilar
for Type 316 austenitlc stainless steel and HT-9 ferritic steel. Increasing
Hp0 content in the helium carriler gas caused Increased corrosion. 1In addi-
tion, LiOH (as LiOT) can form in Li,0 during blanket operation which could
affect both blanket structure and purge system/tritium recovery components.
Li,0 mass transfer tests under conditions considered realistic for water-

cooled Li,0 blankets will be needed to determine the importance of these

concerns.

9.7 Concepts Ranked R=2B and R=3 - Tockamak and TMR

The water-~cooled concepts discussed In this secticon are those which were
given a final ranking of R=1: not acceptahle, or R=2B: having severe funda-
mental flaws or disadvantages relative to higher—-ranked concepts. Both liquid

breeder and solid breeder concapts are 1lncluded.

For some of these concepts, the bulk of the design, analysis and evalua-
tion work was performed during the flrst part of the atudy'and reported In the
BCSS Interim Report(l)- For the remainder, the concept was consldered to be
not. acceptable on the basis of first-order gualitative evaluation. As a
result, the discussions for each concept 1in the following subsections will be

limited to the key issues and concerns that led to its R=2 or R=3B ranking.
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9.7.1 LiPb/H,0/(STRUC) Councept (R=2B)

This concept uses 17Li-83Pb 1liquid breeder (LiPb; Sec. 6.4) and water
coolant, with PCA, ferritic steel, or vanadium alloy as the structural mater-
{al. Initial work on this concept was reported in Sec. VII.2.2 of Ref. 1.
The R=2B rankling for the concept results primarily from two major concerns:

o Reactions of LiPb and pressurized high temperature steam in tests

simulating power reactor blanket conditions

o The relatively high rate of tritium permeation through the blanket

coolant tubes into the water coolant.

Blanket Configuration - The conceptual design used lobular modules or
pods ~30 em in width, filled with moltea LLPb breeder. Each of the U-shaped

coolant tubes 1s thus surrounded by the LiPb. Tritlum 1s recovered by pro-
cessing the LiPb which 1is circulated into and out of the blankets at a low
mass flowrate. The first wall is water-—cooled, but the configuration was not
deflned.

LiPb/H,0 Compatibility - Tests were performed at HEDL to react 17Li-83Fb

with steam at conditions similar to thase for power reactor blankets using
pressurized water coolant. The results (Sec. 3.3) indicate a high degree of
incompatibility. The steam (3500C, 10 atm) reacted violently with the 5000C
Lifb, forcing termination of the tests after only 4 minutes. Based on these
results, the use of molten LiPb and high temperature water coolant within the

game blanket 18 consi{dered prcbably unacceptable.

Tritium Contamination of Water Coolant ~ Calculations to determine the

magnitude of this problem were presented 1in Sec. VII.2.2 of Ref. 1. The
‘'results indicated the permeation rate into the coolant could be as much as
7000 Ci/day for ferritic steel tubes Lf tritium partial pressure in the LiPb
is 1074 torr. The presence of unatural oxide c~atings on the steel (water
side) or in the annulus of a double walled tube could reduce this rate signif=-
icantly. However. tritium permeation rates would 1ncrease 1f the tritium
partial pressure could not be held to levels as low as 104 torr. 1In combina-~
tion with tritium permeating through the first wall, ~3000 Ci/day, removal of
the tritium from the water coolant at rates of 10% Ci/day or higher might be

necessary. This could be a severe economic penalty for the cancept.
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9.7.2 Li,0/H,0/(STRUC) Concept (R=2B)

This concept was the focus of most of the effort on SB/HZO concepts
during the first year of the study (Sec. IX.3 of Ref. l). The reference
configuration developed (tokamak only) is generally similar to that for the
L1A102/H20/FS/Be concept described in Sec. 9.4.

Further work on the concept led to the conclusion that the concept was
considerably more of a risk from the standpoint of fuel self-sufficiency than
the L120/H20/FS/Be concept. Several specific developments made this concept
look much less attractive than beforet

o Low bulk thermal conductivity for irradiated sphere-pac Li,0

o Incorporation of double-wall tubes to increase reliability against

water leaks into the breeder

o Observations of Li,0 swelling in the FUBR test (Sec. 9.6.1.2)

Bulk thermal conductivity for sphere-pac Li,0 had initially been assumed
to be 3.4 W/m~K at "900 K, the same as for unirradated Li,0 in sintered pro-
duct form at ~15% porosity. Subsequent calculations 1indicated the effective
k, for irradiated sphere-pac Li,;0 would range from 1.10 to 1.65 W/m~K (1000 K)
for helium gas pressures of 1 and 6 atm respectively. (The reduction in k, of
sintered product Li,0 due to irradiation would not have been as severe.) The
result of this change was to drastically reduce the volume of breeder that
could be placed around each coolant tube, since for a given allowable breeder
temperature range (AT) and nuclear heating rate (q,), the allowable breeder
volume 1is roughly inversely proportional to kt' This caused a very sharp
increase in the relative amounts of coolant and structure, which significantly
reduced TBR. The addition of a second coolant tube around each of the exist-
ing single wall coolant tubes, to form double wall tube assemblies, also

increased the amount of structure in each breeder "cell,” further decreasing
TBR.

Neutronics calculations wusing 1-D models of the resulting reference
design indicated that TBR values calculated with 3-D models would very likely
rall below the 1.05 level considered to be the winimum acceptable for consid-
eration of any concept (Sec. 5.1). The combination of this result and the

observation of Li,0 swelling under irradiation were considered sufficient to
justify the concept”s ranking of R=28.
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The two princlpal areas where slgnificant positive developments would be
needed before a higher ranking would be deserved ars (1) successful resolution
of the swelling/interaction/tritium release concerns discussed In Secticns
9.6.1.2 and 6.3, and (2) improvements in allowable AT and/or bulk k. for the

breeder.

9.7.3 LigZrOg/H,0/(STRUC) Concept (R=2B)

The breeder for this water—cooled concept 1s octa-lithium =zirconate.

Structural materials considered were PCA, ferritlic steel, and vaunadium zlloy.

The initlal attractiveness of this breeder was due to 1ts presumed sta-
bility (compared to Li,0) and its relatively high lithium atom fraction. The
zirconium acts as a neutron multiplier, and thus the compound 1s one of the
few solld breeder alternative to Liy0 that potentially could provide net

tritium breeding without requiring the use of a separate neutron muliiplier.

Subsequent evaluation (Sec. 6.3) indicated, however, that there were
major concerns for both the compound”s stabllity and for 1ts ability to
achlieve net tritium breeding. SEM analyses 1indicated the occurrence nof a
phase transformation in the breeder occurring at ~6600C. The thermal conduc-
tivity (unirradiated) for L182r06 wag indicated by tests to be much lower than
for Li,0 at the same theoretical densities and temperatures. Thus even less
LigZrOg breeder could be placed around each coolant tube than for Li,O0. This
is a severe disadvantage, sinc. >72n on an equal-volume basis the TBR for
LigZrOp would be lower than for Lips0. As an additional disadvantage, the
LigZrQg breeder would have significant waste management problems, resulting

primarily from the long-lived NBzr isotope formed by transmutation of the

zirconium.

Overall, the concept was judged to be no better than the LiZO/HEO/FS

concept in terms of risk and performance, and was therefore ranked R=2B.

9.7.4 LigZrO./H,0/(STRUC)/Be Concept (R=2B)

This concept 13 very similar to that discussed in Sec. 9.7.3, except that
Be 1s added as a neutron multiplier, to add to the multiplication effect
already provided by the zirconium in the breeder. Although the problems in

achieving adequate TBR are minimized, thr other major concerns of stability
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and waste mangement remain. The addition of Be to the concept significantly
Increases its complexity from the engineering and fabrication standpoints. 1In
addition, there is no Information at present on the tritium release character-

istics of LigZrOg.

On balance, this concept is judged to be less attractive than the LtZO/
HZO/(STRUC) concepts with or without Be, and is ranked R=2B.

9.7.5 L1A10,/H,0/(STRUC)/Pb Concept (R=2B)

This watar—cooled concept evaluated during the early part of the study
(Sec. IX.5 of Ref. 1), used lead in liquid form as a neutron multiplier with
lithium aluminate as the breeder. Figure 9.7-1 1llustrates the preconceptual
design conflguration. PCA was used as the structural material for the refer-
ence design. Ferritic steel and vanadium alloy were not examined in depth but

should also be acceptable.

The concept was given the equivalent of an R=2B ranking during the flrst
vear and no further work was done. There are a relatively large number of
difficult design issues, most of which stem from the proximity of the Pb
melting point (327°C) to the desired water coolant operating temperature range
(280 to 320%C). Operator action would likely be required following shutdowm
to keep the le-~d from freezing around the colder areas of the water coolant
tubes. This could entail either draining of the Pb from the pod or raising
the water temperature to 2330°C through use of the main conlant pumps or the
pressurizer. Coolant tube reliability concerns (Sec. 9.3.1.1) would probably
force the use of double wall coolant tubes to obtain very low rates of fail-
ures involving coolant leakage into the moiten Pb. For PCA structural mater=—
ial, LME embrittlement and corrosion at temperatures in the range of the
Pb/coolant tube interface temperature are serious concerns. The mechanical
design configuration of the module would be perhaps the most complex of all
the concepts examined. It would require a separate water—cooled first wall, a
network of purged LiA102 breeder tubes, a separate system of coolant tubes

connected to a manifold region, and a Pb piping system for draining and fill-
ing of the modules.
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e L1,0 GR TERNARY OXIDE SOLID BREEDER (LiAl0,),
WATER COOLANT, LIQUID LEAD NEUTRON MULTIPLIER

o RANKING: R=2B (ALL STRUCTURAL MATERIALS)
o CONFIGURATION:

) <M .‘14
LITHIUM §§.~d“f¥§?wn%§

ALUMINATE ;ﬁ6§%¢ﬁJ}i“A N
HPN ;

g

CORRUGATED
POD NOSE

S TUSES

Fig. 9.7-1. General configuration for water-cocled solid breeder
blanket concepts with Pb neutron multiplier
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9.7.6 L1,0/H,0/(STRUC)/Pb Concept (R=2B)

This concept is the same as that discussed in Sec. 9.7.5 except that Li,0
would be substituted for the LiAl0, solid breeder. This concept”s ranking is
also R=2B. The use of Li,0 gives no significant advantage over LiAl0, in this
application. In addition, the concern for Lis0 rcadifation damage would be
introduced, in addition to the problems discussed in Sec. 9.7.5 for the con-

cept using L1AiQ,.

9.7.7 LiAlQ,/H,0/(STRUC) Concept (R=3)

There 1s no neutron multiplier in this concept. Many previous neutronics
etudies have conclusively determined that net tritium breeding with terna:y
oxide ceramics 1is not possible without the use of neutron multipliers,

regardless of the design configuration or 6

Li enrichment level employed.
Therefore the concept was given an R=3 raning and received no effort within

the study.

9.7.8 L1/H,0/(STRUC) Concept (R=3)

This concept uses liquid 1lithium breeder with water coolant, and PCA,
ferritic steel, or vanadium alloy as the structural material. Because of the
well-documented Incompatibility of liquid 1lithium and high-temperature water,
the concept was judged not acceptable from the safety standpoint. A rarking
of R=3 was gilven, and no work was performed on the blanket concept within the

study.

9-59




9.8 Special Issues Arzlrcoes

9.8.1 Thermal Hydraulics -~ Design Conslderations For Solid Breeder Blankets

9.8.1.1 Introduction

Thermal hydraulic design considerations for blanket concepts using Li,0
and v—LiAlOZ solid breeders using pressurized water are presented in this
section. An examination of the various design concepts for the exponentially
decaylng nuclear heating profile indicates that the thermal hydraulic analysis
of so0lid breeder blankets can be very complex. Hence, the parametric design
studles have been carried out using simple one~dimensional models which assume
that the breeding blanket can be divided into a number of cylindrical unit
cells,(2'3'10) each surrounded by an adiabatic boundary. A composite of the
individual unit cell analysis represents the overall blanket performaznce. The
analytical procedure adapted for this atudy is similar to that of Ref. 10,
except that the results are presented eithar In terms of the nuclear heating
profile or the blanket thickness rather than presenting the data for specific
blanket reglons.

9.8.1.2 Analytical Approach

For the purposes of parametric studies, let us consider the temperature
distribution in a wunit cylindrical cell (hollow heat-generating cylinder

cooled convectiveiy at the inner boundary, and adiabatic outer boundary):

4y R32 R, 2 Ry
Tpax = T 4 - (=) -2 (=) -1
ex bty Ry R
' 3
2 2
q_ R R R
+ 03 1 - (_2_) LTonly L [9.8-1]
2 Ry k., R Rjhg
q
+ b 332 - Rzz ,
2 R.H
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where T, . = maximum temperature in breeder at the adiabatic boundary between

two adjacent unit cells

Tax = coolant exit temperature
qg = nuclear heating rate in breeder
Ry = g¢oolant channel radius

kb,ka = thermal conductivity of breeder and structure, respectively
he = convective heat transfer coefficlent (HTC)

H = Interfaclal gap conductance.

The following design and operating conditions have been used for para-
metric studies by using Eq. [9.8-1]:

Coolant inlet/outlet temperature (Ty /Tg..)» °C 280/320
S0lid breeder material L1,0, Y---LiAlO2
Coolant tube diameter, mm 8-10
Cladding thickness, mm 0.75-1.0
Nuclear (volumetric) heating rate (qb), W/ce 1-60
Temperature drop (ATb) across breeder region 200, 390, 600

for each unit cell, Og

The major part of the analyses presented herein is for the HgO-cooled
concept with LiZO, with AT = 390°C. Since a typlcal blanket module cannot
accommodate a fixed number of unit cylindrical cells, each with an adiabatic
boundary, it was necessary to present the analytical results in terms of
elther q, or blanket thickness. This enabled a large number of parametric
studies to be carried out without bheing limited by the charactaristics of
individual cells or specific blanket regions.

As the varlous terms in Eq. [9.8~1] represent temperature drope (AT s) -
assoclated with the breeder (ATb), cladding (ATs)' coolant film (ATf), and

interfacial gap between breeder and cladding (ATg), Eq. [9.8-1] may be rewrit-
ten as

T =T 4+ AT
X

+ AT + AT
max e 8

b g *AT, [9.8-2]
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Since the above AT"s are Interdependent quantities, thermal hydraulic
analysis of a solid breeder blanket requires simultaneous consideration of the

temperature differences and their functional dependencies as discussed below.

Operating temperature limits (T, .. and T y,) have been imposed on all
lithium ceramic breeder materials. The lower operating temperature limits stem
from the need for maintaining the breeder above a certain temperature to re-
duce tritium inventory, and (in the case of L120) to minimize the chemical
interactions between the bred tritium and the ceramics. The upper limit is
due to the concerns over thermal sintering, especially under neutron irradia-
tion, and high mass transfer rates of the breeder materials. The followlng
temperatures and temperature differencnas (AT) have been used in the para-

metric studies:

Tpax O¢ 800-1000 (represents Li,0, L1A10, limits)
0

Tpins OC 400

AT, O¢ 200, 390, 600

For a given AT and 9 the breeder region size (Rq, see Eq. [9.8-1])
essentially depends on ky. Hence, k; and the uncertainties associated with it
due to microstructure, thermal and nuclear irradiation play a prominent role
in the blanket designs. Similarly, for a given k;, and ATb the size of the
breeder region assoclated with each coolant channel depends on qg+ Therefore,
the heat flux over each coolant channel Jepends on the location of the coolant
channel in the depthwise direction of the blanket. This leads to each coolant
tube requiring a different coolant velocity for the same coolant inlet/outlet
conditions. From thie brief discussion one can visualize the interdependency
of many physical and operating parameters. An assessment of the role nf these

parameters on blanket designs 1s given in the following sections.

9.8.1.3 The Role of Thermal Conductivity

The thermal conductivity of 1ithium ceramics (kb) such as Liy0
and y—LiAlO2 depends on many factors such as microstructure, porosity, mor-
phology (e.g., sintered pellets and sphere-pac), temperature and nuclear
frradiation. The experimental thermal conductivity data for many ceramics
indicate significant degradation of this property due to nuclear irradia-

tion. As digcussed In Seec. 6.3, ky, can decrease by ~25~40% or more due to
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nuclear irradiation. Therefore, blanket designs based on the estimated values
of k, are susceptible to large uncertainties. In order to show the effect of
kh on blanket designs, the thermal conductivity valu=s of Li,0 and y—LiAlO2 as

given below were used In the parametric studies.

L1,0 y-L1410,

Unirradiated Irradiated Unirradiated Irradiated

Thermal Conductivity 2.60 1.56 1.43 1.18
(W/m=K)

Using the above data, the volume fraction of the breeder was calculated

and the results are summarized in Fig. 9.8-1. Since the tritium breeding

100 I T T

Q9
o

UNIRR /LiAIO,
80

70

60
UNIRR/Li0

BREEDER VOLUME FRACTION, %

50 |~
IRR /Li»0
40 [ | 1 | [
0 10 20 30 40 50 60

BREEDER VOLUMETRIC HEATING RATE, W/cc

Fig. 9.8-1. Breeder volume fractions for irradiated and

unirradiated L120 and Y-LiAlO2
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ratio (TBR) depends on the volume fraction of the breeding material, signifi-~
cant reduction in TBR would result for designs based on kb of Iirradiated
material. Figure 9.8-1 shows that the percent performance degradation for
the y-LiAlO2 blanket 18 not ag severe as that for L120 glnce nuclear irradia-
tion appears to have less adverse effect on y-LiAlO2 (see the above tabular
data).

The thermal conductivity data of sphere-pac fisslon reactor fuels (UO2
and P“OZ) indicate strong dependence of the effective thermal conductivity
(kog) on both the nature and the pressure of the fill gas. For example, Kog
waas found to increase by more than 60% when the helium £ill gas pressure was
increased from 1 atm to 6 atm. If tle fill gas 1s assumed to have similar
effect on lithium ceramica, then 1 mechanlsm is available to vary the thermal
conductivity of the solid breeder by changing the purge gas pressure. The

implication of this mechanism is discussed in a later section.

9.8.1.4 The Role of Temperature Window

Blanket Performance - From the standpoint of blanke: performance, 1t

would be desirable to have no limits at all on Tmin and Tmax' However, tem-
perature windows are necessary and designs must be based on T . and T ;. for
the chosen ceramic. Pending experimental verification of these limits, para-
metcic investigations were carried out to study blanket performance for three
different values of temperature window. The results are summarized in Figures
9.8-2 and 9.8-3. As expected, the breeder volume fraction depends strongly on
the temperature window. Hence, one of the primary objectives of an experimen—
tal program to study the thermophysical properties of lithium ceramics would

be to establish the allowable Tma and Tain®

X

Coolant Velocity - For a flxed temperature window, the size of cthe

breeder region associated with each coolant channe! increases in the depthwise
direction of the blanket. The breeder region profile for a typlcal design is
shown In Fig. 9.8-4. There 18 an almost 15-fold 1increase 1n the breeder
volume associated with coolant channels located near the reflector/shield
reglon compared to those located near the first wall. However, due *to the
exponential power profile, the heat flux (Q/A) over each coolant channel
decreases as the blanket segments are located further and further away from

the first wall. Hence, for the same coolant inlet/outlet temperature, the
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Fig. 9.8-4. Dependence of breeder regicn diameter on
nuclear heating rate

corresponding coolant velocities become smaller and smaller. The coolant
velocities are plotted in Fig. 9.8-5. The heat flux and the heat transfer
coofficients (HTC) are shown in Fig. 9.8-6. Figure 9.8-5 shows that the
temperature drop across the coolaat film (i.e., the temperature difference
between the bulk fluid and the inner wall of the coolant channel) is of the
order of only 20%¢C (divide Q/A by HIC). For the nuclear heating rates used in
this analysis, the coolant velocities are quite modest (~7 m/s8). If all of
the coolant channels are to be connected to the same inlet and outlet headers,
it would be necessary to provide a means nf coolant velocity distribution.
This can be done by orificing each tube, although it introduces a design

complexity.
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9.8.1.5 The Role of Interfacial Contact Resistance

An examination of the heat flux (Q/A) over the coolant channels shows
that for the 0.75~-1.0 mm thick cladding, the temperature drop across the
coolant tube wall (ATs) 18 of the order of 15-450C. Hence, the interface
temperature (Ti) between the cladding and the bre2eder (assuming no interfacial

contact resistance, T; = Tmin) is approximately equal to
Ty = 260 + 20 + 15 = 2950¢

The expected minimum temperature for the solid breeder is therefore sig-
nificantly lower than the T , for the analyses (~4009C). 1In order to provide

the required T it would be necessary to tailor the interfacial contact

’
resistance bet;Zi: the cladding and the solid breeder. A number of methods of
providing the needed thermal barrier have been considered,(lo) including
helium gas gap via double wall tubes, high-porosity stainless steel felt
sleeves over the coolant tubes, and a low conductance ceramic coating such as
Li,2r03. The required thickness of these three thermal barriers is shown in

Fig. 9.8-7. Several observations may be made from the data:

1. It does not seem practical to provide a tightly controlled gas gap
varying from 0.5 mm to <2.0 mm. The manufacturing tolerances are

expected to be of the same order of magnitude.

2. The required thickness of the stainless steel felt (~70-80% porous)
can be larger than 3 mm. This will increase the structural material

fraction and thus degrade TBR.

3. The required Li,2r05 coating thickness is quite modest. In addition,
since Lij2r05 1s a tritium breeder, a thermal barrier based on
Li,2r04 may not have adverse effect on TBR. However, no data exist
on how such coatings can be applied and the long-term integrity of

L1,2r0; coatings.
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breeding blanket

As the thickness of the thermal barrier depends on the location of
the coolant channel, the coolant tubes 1in each bank will require a
Since all of the blanket
modules are not expected to be all the same size, this will introduce
In addition, 1t would be

necessary to vary the thickness of the thermal barrier coatinuously

different thickness of the thermal barrier.

added complexities into the blanket design.

or step-wise between the coolant inlet and coolant outlet t¢ account

for the coolant temperature rise.

It should be noted that there will be some AT between the tube outer

surface and the breeder due to 1interfacial contact resistance.

This will

lessen the importance of the problem, but has not been included here.
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9.8.1.6 Sphere-Pac Concept

The problems associated with gap corductance/thermal barrier as discussed
above have led to consideration of solid breeders in the form of sphere-pac.
The sphere-pac solid breeders are considered to possess thermophysical and
thermomechanical properties that are more sultable for use in liguld-cooled
blankets compared with those of sintered sollid breeder pellets. Also, the
interfacial contact resistance between the cladding an” the sphere-pac mater-
ial 1s considered to be more predictable. Hence, conslderation is being given
to blanket designs based on sphere-pac materials wi n and without an added

thermal barrier. The implication of this design 1s discussed below.

The sphere-pac concept 18 based on using a mixture of rlcrospheres (1007
denge) of several sizes which can yleld fairly high smear densities (~86Z). A
mixture of three microspheres with a diametral ratio of 1:10:40 (for 2xample,
30, 300, and 1200 pm diameter particles, consisting approximately of 203 by
welght fine and medium size particles and 60%Z by welght coarse particles) are
considered for this study. The sphere-pac concept further assumes that the
vold space in the material is filled with a gas possessing high thermal con-
ductivity, such as helium. A detailed discussion of the sphere-pac concept is

given in Sec. 6.3.

The measured gap conductance (H ) for U and U0, peliet and sphere-pac
fuels as reported by Fitts and Miller(11> are 0.73 and 1.93 w/cmz—K, respec-
tively. From the measurements of the gap conductance betwaen U0, and zircalay
cladding, Ross and Stoute(12) found the gap conductance to vary from <1.0
to ~5 w/cmz-K in helium gas atmosphere. Thermal analysis of TRIO-(1 data(1l3)
indicates the gap conductance between LjAl0, nellets and stainless steel
tubing to be approximately 0.50 W/cmZ—K. Since the gap conductance 1is
strongly dependent on the contact pressure between the cecamic and the clad-
ding, surface finish, material hardness, etc., selection of a gap conductance
for desigr vurposes is difficult. Hence, a range of values of Hg varying from
0.25 to 2.0 W/cmz—K was used in the parametric study. The minimum temperature
of the breeder, which occurs at the coolant inlet end of the blanket, is
plotted in Fig. 9.8-8 for unirradiated LiA10,. 4 significant volume of the
blanket will remain below 400C for all values of gap conductance included in
this study (see Fig. 9.8-8).- For the L120 blanket one observes similar ther-
mal behavlor (see Fig. 9.8~9). Since the steady state tritium inventory in
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the breeding blanket is a function of the tempetrature distribution, designs
based on sphere—pac materials will require development of effective thermal
barriers which have minimal impact on TBR, to avold high tritium inventories

as discussed below.

9.8.1.7 Tritium Inveatory

The radial temperature distribution in the breeder region associated with

each coclant channel may be expressed by

2 2

r r
L -2 b -1, [9.8-3]

N Ry
bk | By Ry

Ti = Tmax

where T; is the breeder temperature at radial distance ry.

As there are more data for tritium diffusion characteristics in
Y-LiAlOZ,(13) a breeding blanket based on y—LiAlO2 breeder was analyzed for
tritium inventory calculations. The blanket was divided into ten indepen-
dently-cooled regions, and the steady state temperature distribution in each
reglon was calculated using Eq. [9.8-3]. The diffusion coefficlent of tritium
in Y-LiAlO2 as egtimated from TRIO-O0l data in conjunction with the temperature
distribution was used to estisate the tritium inventory for each region.
Since there are no data on gap conductance (defined as inverse of interfacial
contact resistance) for the sphere-pac lithium ceramics, a range of Hg values
was used to assess how the tritium Inventory depends on the gap conductance.
The tritium 1inventory for a 4000 MWt (STARFIRE-gize) reactor for Toax
= 8500C was estimated. The results are plotted in Fig. 9.8~10. From the data
shown, it can be stated that in order to obtain a tritium iuventory of 10 kg
or less, the gap counductance must be of the order of 0.5 w/cmz—K. The data of
Fitts and Miller indicate that an additional thermal barrier hetween the clad-
ding and the solid breeder 13 required for acceptable designs. While designs
based on sphere-pac materials may alleviate mechanical problems such as crack-
ing, such design: may also lead to large tiitium iaventories. Therefore, the

question of gap conductance for sphere-pac materials nceds further scrutiny.
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9.8.1.8 Partial Power Operation

Urlike fossil and fission reactor (LWR) power plants, low power or par—
tial power operation of fusion reactors which use 1lithium ceramic breeder
blankets {such as Li,0 and y*LiAlOZ) has special implications. The method of
maintaining the required temperature window during partial power operatior
1s not obvious. Throttling of the coolant flow rate provides very little
flexibility for temperature control due to the small coolant temperature rise
(40°C) for the water-cooled blankete. However, blanket designs based on

sphere-pac lithium ceramics can provide some flexibility for reactor power
variation.

As indicated in an earlier section and discussed fully in Sec. 6.3, the

effective thermal conductivity of both pellet fuels and sphere—pac fuels
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depends on the pressure of the fill gas. For example, the thermal conductiv-
ity of sphere-pac Li,0 and y-LiAlOz can be increased by more than 60% by
increasing the helium £111 gas (purge gas) pressure from 1 atm to 6 atm.
Since there are no supporting data on the effect of the purge gas (helium)
pre.sure on the effective thermal conductivity of lithium ceramice, calcula-

tions were carried out for kef values varylng from 1 to 3 W/ m-K.

In order to calculate the operating power level as a function of the
expected thermal conductivity of the sphere-pac breeder blanket, three blanket
reglons (100%, 25%, and 5%, where 100% refers to blanket region near the first
wall and 5% refers to blanket region near the reflector/shield) were selec—
ted. The operating power level which will not alter the breeder temperature
digtribution (i.e., which will provide the same temperature window) 1s shown
in Fig. 9.8-11 for the 100% power region as a function of the expscted effec-

tive thermal conductivity of sphere-pac Li,0. The calculated results for the
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40 —
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EXPECTED THERMAL CONDUCTIVITY , W/m—-K

Fig. 9.8-11. Operating power level variation due to change in thermal
conductivity
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25% and 5% power reglons are similar to the data shown in Fig. 9.8-11. An
inspection of the effect of helium purge gas pressure on the effective thermal
conductivity of unirradiated Li,0 shows that ko can Increase from ~1.5 to 2.6
W/m-K. By taking irto account the above variation of k ¢ and referring to
Fig. 9.8-11, one can see that is 1s possible to obtain a power variation
between ~+65% and 100Z while maintaining the temperature distribution

eggsentially constant.

2.8.1.9 Summary

An assessment of the role of the design and operating parameters on
performance of solid breeder blankets based on lithium ceramice (L120 and-
y—LiAlOZ) was carrled out. The results indicate that the thermophysical
properties and the uncertainties assoclated with the property data base are
major design-limiting factors. The operating conditions such as the upper and
the lower temperature limits, the choice of breeder materials either in the
form of sintered pellets or in sphere-pac form, the interfacial contact resis-
tance between the coolant channels and the solid breeder, and the diffusion
characteristiecs of tritium and chemical interactions between tritium and the
solid breeder also play prominent roles in blanket designs. Accounting for
the expected degradation of the thermophysical properties due to irradiation
in designs leads to higher coolant and structural material fractions, and thus
lower tritium breeding ratios. The relatively low temperature of water cool~
ant and the necessity of maintaining a certain minimum operating temperature
dictste the need for a thermal barrier between the cladding and the solid
breeder. Uncertainties In contact thermal resistance for sphere-pac litbhlum
ceramics need to be minimized using experimental results to avoid the possi-
bility of high tritium inventories. A firmer data base for the operating
temperature limits, thermophysical properties and gap conductances are neces-

sary to carry out more realistic fusion reactor blanket designs based on
lithium ceramics.

9.8.2 Thermal Hydraulics - First Wall

Thermal analyses were performed for both TMR and tokamak first wall (FW)
concepts. The objective was to determine the thermal feasibility of the lobe-
shaped FW design concept for both TMR and tokamak heating conditilons.
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Because of the relatively low 5 w/cm2 surface heat flux of the TMR, it
was thought that the FW might possibly be cooled passively--i.e., by conduc-
tion of heat through the breeder to the first row of cooling tubes in the
blanket breeding zone (Fig. 9.8-12). The first task was to determine what
breeder thickness 1in this sort of gecmetry would produce acceptable ¥W
temperatures. The secoud task was simlilar except the FW was assumed to be
water cooled, and the required coolant flow conditions and FW temperatures
were determined for both TMR and tokamak heating conditions. The L120/H20/FS
blanket was used as the reference design; results would be very similar for

other SB/HZO concepts.

U ‘ FIRST ROW OF COOLANT TUBES

Fig. 9.8-12. Passively cooled FW geometry - conceptual model

9.8.2.1 Analytical Approach

Finite difference models of the geometry for each approach were con-
structed. Table 9.8~1 presents a summary of thermal properties and heating
rates used 1n these analyses. For the passively cooled FW, the primary ther—
mal constraints were the 550°C maximum temperature for the ferritic steel FW
and the 410°C minimum temperature for the Li,0 breeder. The stainless steel
compliant layer shown conceptually in Fig. 9.8-13 1s a possible design option

which serves to isolate the breeder displacement from the FW displacement.
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TABLE 9.8-1, THERMAL PROPERTIES AND HEATING RATES

FIRST WALL NUCLEAR HEATING 60 W/cmS
BREEDER NUCLEAR HEATING EQUATION Q = 60-7.5X, W/cm3 (X=depth, cm)
FIRST JALL SURFACE HEATING 5 Wem? (TMR)

100 W/cm? (TOKAMAK)
THERMAL CONDUCTIVITY

HT-9 FIRST WALL 0.27 W/em-K
STAINLESS COMPLIANT LAYSR 0.013 W/ em=K
BREEDER .02, .027, .034 W/ cm-K
BREEDER ALLOWABLE Ty 4100¢
— : 0
HT-9 ALLOWABLE Tyay 5509 ¢C

Figure 9.8-13 shows the unknown breeder thickness, tpp, for the actively
cooled FW. The approach for this task was to first determine tgg from the
known heating rate and temperature limit information. This breeder thickness
was then used in computing a heat flux to the breeder side of the FW, arsuming
one~half the breeder thickness was cooled by the FW and the other half was
cooled by the first row of tubes. The back side FW heating was then summed
with the surface and volumetric heating of the FW itself to determine the
total heat load to FW coolant. This process was repeated for each of three
assumed values for breeder conductivity. For a given flow channel geometry,
values for convective coefficients were computed and comparisons made with
critical heat fluxes to ensure that adequate cooling was belng provided.
Temperature distributions within the first wall were then computed using the
finite difference code, STEDROM.

9.8.2.2 Discussion of Results

Results for the passively cooled FW for the TMR appear in Fig. 9.8-14.
The plot shows that this cooling approach is not feasible. The low thermal



Hz0 COMPLIANT LAYER
41c°e BREEDER

800°C

ADIABATIC

SURFACE
410°C

FIRST ROW OF
COOLANT TUBES

Fig. 9.8-13. Actively cooled FW geometry - couceptual model

conductivity values of the breeder and the small allowable AT (5509c-410%C =
1409C) make it impossible to have a reasonable thickness of breeder even for a
2 mi thick FW without exceeding the maximum temperature for HT-9. Therefore,

this FW concept was not considered further.

Results for the actively cooled lobe-shaped FW appear in Table 9.8-2.
These results indicate that a breeder thickness of ~1 to 1.5 cm, depending on
thermal conductivity, would be possible with an actively cooled FW. These
breeder thicknesses are limited by L150  breeder T, and T;y,
of 800°C and 410%cC, respectively. Coolant flows per channel of 0.02 and 0.04
kg/s for TMR and tokamak heat fluxes, respectively, were adequate to prevent
hydraulic burnout. Coolant velocities for the minimum flow channel heights
were <8 m/s. From the finite dlfference model, maximum allowable thicknesses
for the plasma-facing structure were established based on the 5509C HT~9
maximum structural temperature constvaint and a 320°C coolant temperature.
For the TMR, this allowable thickness 1is >1.0 cm, while for the tokamak it
is ~0.5 em. Temperature distributions produced by this analysis were also
used to determine thermal stresses in the FW; these studies are reported in
Sec. 9.8.3.
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TABLE 9.8-2. ALLOWABLE FIRST LAYER BREEDER THICKMESSES AND MINIMUM
COOLING CHANNEL HEIGHTS FOR ACTIVELY COOLED FIRST WALL

MAX. ALLOWABLE BREEDER MASS FLOW MIN. FLOW

5 THICKNESS® RATE CHANNEL

DEVICE (W/co?) 0.020 W/em-K _0.027 0.034 _ (kg/s) HETGHT

TANDEM MIRROR 5 0.02 1.0 mm
1.12 cm 1.30 em 1.46 cm

TOKAMAK 100 0.04 2.0 mn

BThickness of breeder layer behind first wall which will yield breeder Tymax

and Tyry, for various values of breeder thermal conductivity.

9.8.3 Structural Analyses

9.8.3.1 Introduction and Summary

A trade study was conducted to compare a flat first wall with a lobe
shaped first wall of the blanket module for both a tokamak and a tandem mirror
reactor. Loading on the blanket module resulted from the vacuum pressure,
internal pressurization of blanket module, and plasma disruption or sudden-—
loss-of-plasma (TMR). The lobe shaped first wall can carry a load that 1s a
factor of five higher than the flat first wall can carry for the same spacing
of iInternal supports or side walls. In addition, the lobe shaped first wall
can carry the blanket internal pressurization loads more efficiently. Thermal
stresses in the TMR version are not a problem because of the low surface heat

flux. For the tokamak versiom, the first wall structural thickness cannot
exceed 2.4 mm.
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9.8.3.2 Applied loads and Design Allowables

Loads acting on the first wall of the blanket module result from internal
pressurization of the blanket module, forces resulting from sudden-loss-of~
plasma, and a surface heat flux of 100 w/cmz. The steady-state blanket module
pressurization is 6 aum (helium purge gas). Forces resulting from a sudden-
loss—of~plasma in a tokamak result in an equivalent distributed pressure of
0.6 MPa (88 psi) acting inward toward the plasma. For a flat first wall, this
loading 1s simply distributed as a uniform pressure loading. For a lobular
first wall, the forces resulting from a sudden-loss-of-plasma produce a cosine
pressure distribution load with an average load equavalent to that from the
0.6 MPa uniform pressure loading. 1In a TMR, forces caused by toroildal eddy
currents produce an equivalent distributed pressure of ~.02 MPa (2.4 psi)

acting inward toward the plasma.

Allowable stresses for the ferritle steel first wall/blanket module are
based on the ASME Boller and Pressure Vessel Code, Section ITI. Allowable
stress levels are given in Section 6.7. Irradiated material design allowables
(Sye) were used for stresses resulting from the coolant pressure, internal
blanket pressurization and thermal stresses. For stresses resulting from
sudden-loss—of-plasma, design allowables are based on unirradiated material
properties because the loads are of very short duratfon, l.e., creep Ls not a

factor. However, these loads are treated as normal operating loads.

9.8.3.3 Comparison of Flat First Wall With a Lobe Shaped First Wall

A ribbed coolant panel with internal rectangular-shaped coolant channels
was used for the first wall, as shown in Fig. 9.8-15. Coolant passages in the
first wall have a square rross—-section 3.81 mm by 3.81 mm. The support ribs
between coolant passages are 1.27 mm wide. Because of the 1length of the

blanket module, internal supports are required for the first wall to keep

stresses below design allowables.

Two geometries for the first wall, flat and lobe-shaped, were considered

in this study. These two geometries are shown in Fig. 9.8-15.

Based on symmetry of the firat wall and applied loads about the internal
supports, the first wall cannot rotate about the internal supports. There-

fore, stresses in the flat first wall design were calculated uging equations
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that represent a beam with fixed edges. Stresses in the lobe-shaped first
wall were calculated in a similar fashion. Since the first wall cannot rotate
about the internal support, equations that represent a ring with fixed edges

were used to calculate stresses in the lobe-shaped first wall.

For the flat firast wall, a study was conducted to determine the effects
of internal support spacing and skin thickneas on the allowable pressure that
the first wall can withstand. Results of this study are shown 1in Fig.
2.8-16. As internal support spacing decreases and skin thickness 1ncreases,
the allowable pressure Increases. At an internal support svacing of 10 cm,
the allowable pressure for a skin thickness of 1.27 wm is 1.00 MPa. By
increasing the skin thickness to 2.54 mm, the allowable pressure lncreases to
2.16 MPa. These values are based on an allowable stress level of 1.5 S5 .
(primary membrane plus bending stresses). Increasing the internal support

spacing to 20 cm from 10 cm decreased the allowable pressure to 0.25 MPa from
1.00 MPa.

o HT-9 @ 150 dpa, T=500°C
0 ALLOWABLE STRESS LEVEL 1.5 Spt = 1845 MPa

= L ]_INTERNAL

SUPPORTS

4

t
BN
3.81 mm
<+
0 10 20 30 T

2, INTERNAL SUPPCRT SPACING (cm) FLAT

ALLOWABLE PRESSURE (MPa)
~ny

Fig. 9.8.16. Allowable pressure for rectangular module as function of
internal support spacing
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A similar study was conducted for the lobe-shaped first well with an
applied uniform load. Lobe diameter and skin thickness were varied. For a 40
cm lobe diameter, the allowable pressure 1s 2,31 MPa for a skin thickness of
1.27 mm. Increasing the skin thickness to 2.54 mm increases the allowable

pressure to 4.53 MPa. These results are shown in Fig. 9.8-17.

o

MATERIAL HT-9 @ 150 dpa
1.5 Smﬁ=187.5 MPa @ T=500°C
G

o

o NO CHANGE IN ALLOWABLE PRESSURE
B WITH CHANGE IN DEPTH OF CROSS-SECTION.
g \
£
LIJ6.
o
2
vy
&
£ 4 e D —f
;; Hnm) UNTFORM INTERNAL PRESSURE
S 3.81
g 2!
= 2.54
< t
1.27 i

0 40 80 120 - _Lt

D, DIAMETER (cm) LOBE WALL CROSS SECTION

Fig. 9.8-17. Allowable pressure for lobular module

For the lobe-shaped first wall, the loads resulting from a plasms
disruption or sudden-loss-of-plasma were applied as a cosine distribution
load. For a lobe diameter of 20 cm, the allowable pressure 18 1.12 MPa for a

skin thicknesgs of 1.27 mm. Increasing the skin thickness to 2.54 mm increases
the allowable pressure to 3.00 MPa.

A comparison of the flat first wall and the lobe-shaped first wall with
both the cosine distributed loading and a uniform loading are shown in Fig.
9.8-18 and Fig. 9.8-19. For a iobe-shaped first wall, the allowable pressure

can be increased by approximately a factor of 5 for the same spacing/diameter
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Fig. 9.8-18. Comparison of allowable pressures——t_ = 1.27 mm

0 SKIN THICKNESS = 2.54 mm
0 MATERIAL HT-9 @ 150 dpa, T = 500°C
5 L 0. ALLOWABLE STRESS LEVEL 1.5 5pt=187.5 MPa
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Fig. 9.8-19. Comparison of allowable pressures--t_ = 2.54 mm
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value. For the same applied loading, the spacing of internal supports for the
lobe=-shaped first wall can be approximately double the required spacing for a
flat first wall.

Also shown In Fig. 9.8-18 and Fig. 9.8-19 1is the effect of allowing
stresses resulting Irom a sudden-loss-of-plasma to be based on 1.5 S 1instead
of 1.5 Spe- Because of the very short time that the loads are rpplied, 1.5 §

can be used and the allowable applied pressure increases by ~80%.

For the flat first wall, the design allowables can be met with an inter-
nal support spacing of 10 cm and a skin thickness of 1.27 mm. This 18 based
on applied loads of 6 atm blanket pressurization, 0.607 MPa loading from
sudden-logs-of-plasma, and a surface heat flux cf 100 w/cmz. By going to a
lobe-gshaped first wall, internal support spacing can be 1ncreased to 30 cm.
Spacing can be 1increased because the lobe-shaped first wall can carry the
blanket internal pressurization and loads resulting from sudden-loss-of-plasma
more efficiently than a flat first wall. Stresses resulting from the 6 atm
blanket pressurization are 36 MPa for a 3U cm span for the lobe-ghaped first

wall compared to 130 MPa for a 10 cm span on the flat first wall.

9.8.3.4 Thermal Stresses for TMR and Tokamak First Walls

A study war conducted to determine the maximum allowable skin thickness
of the first wall based on thermal stresses. The design allowables for ther-
mal stresses were based on the ASME Boller and Pressure Vessel Code. For
combined primary plus bending plus secondary (thermal) stresses, the design
allowsable 1s 3.0 Spee The design allowable for primary plus bending stresses
only is 1.5 5, . Therefore, the minimum allowable for thermal stresses 1s 1.5
Spr+ This allows the remaining 1.5 Spr of the 3 5 , to be utilized for loads

resulting from the blanket module pressurization loads and loads resulting

from sudden-loss~-of-plasma.

Thermal stresses increase with increasing first wall skin thickness, for
both the tokamak and TMR, as shown in Fig. 9.8~20. The applied surface heat
flux for a mirror machine 1s a factor of 20 leas than the 100 wlcm2 surface
heat flux on a tokamak machine. The maximum allowable structural thickness
for the tokamak 1s 2.40 mm. For the TMR, the maximum allowable thickness is

11.0 om. Therefore, thermal stresses will not be a problem for a mirror

machine.
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Fig. 9.8-20. First wall thermal stresses for TMR and tokamak
conditions

".8.3.5 Electromagnetic Forces on the First Wall/Blanket Due to Plasma

Disruption or Loss of Plasma

For a tokamak, the plasma disruption induces currents in the first wall
which result in an equivalent pressure of 0.6 MPa on the outboard first
wall. This pressure acts inward, toward the plasma. An additional Iinward
pressure of 0.16 MPa acts on the outboard first wall due to loss of plasma

diamagnetism. This results in a total pressure of 0.76 MPa (Sec. 5.1).

A lobe-shaped first wall with a skin thickness of 1.27 mm and a radius of
15 cm results In a stress of 225 MPa. The resulting margin-of-safety is
-0.17. Margin-of-safety 1is the ratio of allowable load divided by the applied
load minus one. Increasing the skin thickness to 2.54 mm, the reference

design value, decreases the stress level to il2.5 MPa. The resulting margin-
of-safety 1s 0.67.
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If the blanket sectors are electrically connected further back than the
first wall, currents will be 1induced 1n the sides of the blanket sectors.
Currents on opposite sides of the blanket are In opposite directlions. There-
fore, 32 net torque about a radial axils is produced. The allowable torque on
the blanket module was calculated for a l.0-m-square module. The walls of the
blanket module were assumed to be the samez as the first wall, i.e., the double
wall configuration with a skin thickness of 1.27 mm. The rerulting allowable
torque for the blanket module is 126,000 N-m.

9.8.3.6 Seismic Loads on First Wall/Blanket Module

The first wall/blanket module must withstand a seismic event that results
In accelerations applied simultaneously in all three directions. The very
conservative +4.4 g acceleration assumed (Sec. 5.1) is based on an equivalent
statlc acceleration per RDT Standard F9-21(14), This equivalent statlc design
acceleration for supported equipment aud components of +4.4 g”s is applied

simultaneously in two horizontal and the vertical directions.

Based on the 4.4 g equivalent static design acceleration, the equivalent
pressure acting on the first wall is ~0.06 MPa. The resulting stress in the
lobe-shaped first wall, assuming this total load acts with a cosine distribu-
tion, results in an additional stress of 18 MPa (<3 ksi). This stress is
eagily within the design allowables when combined with other stresses due to

normal loads.

9.8.3.7 Magnetic Loads on the Ferritlc Steel Lobe-Shaped First Wall

Since HT-9 is ferromagnetic, the first wall blanket will be subjected to
magnetic forces. A check was made for the HT-9 first wall/blanket module to
determine what effect these loads will have. The magnitude of these loads
depend on the location of the module along the major radius of the sector.

These loads and position of the blanket modules are shown in Fig. 9.8-21.

All modules experience a load in the y~direction {toroidal direction).
This load 1is approximately six times the HT~-9 weight. Modules under the
magnet are in compression, while those between magnets are in tension. The

resulting stress in the module structure i1s 0.10 MPa, an extremely low value.
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Fig. 9.8-21. Ferromagnetic forces and directions for FS first wall/
blanket modules

The modules also experience a load in the x-direction (radial) pulling
the modules towards the center of the tokamak. Modules located closest %o the

reactor center see the highest fleld gradient; therefore, they ewperience the

greatest loading.

Modules 1-4 experience a load that 1s equal to 25 times the HT-9
welght. This magnetic load puts the moduie in compression. This loading puts
an equivalent pressure of 0.031 MPa on the lobe—~shaped first wall. Using the

cosine load distribution, the resulting stress in the first wall is 5.0 MPa
(<1 ksi).

On modules 15 and 16 the loading is similar to the loading on modules
1-4. However, the modules are in tension and the magnitude of the loading is

only 5 times the HT-9 weight. Therefore, these magnetic loads will present no
problems.

9-89




The magnetlic loads on module 8 produce a shearing load on the module
which 1s similar to the dead welght loading on modules 1 and 16. This mag-
netic load on the first wall is approximately 10 times the Ki~9 weight. The
load must be carried by the side wall of the module. The resulting stress is
5.5 MPa.

The load on modules 10-14 1s 1in the range of 5 to 10 times the HT-9
structure weighi. These loads are reacted by a combination of tension on the
first wall and shear on the side walls of the module. The magnitude of the
resulting stresses will be on the same order of magnitude as those shown for

the other modules.

All of these stresses due to ferromagnetic loads for the reference design
L1A10,/H,0/FS/Be tokamak concept are very easily accommodated along with other

stresses due Lo normal operating loads, and all stress limits are met.

9.8.4 Nuclear Analysis

This section presents the nuclear analysis for a series of water-cooled
solid-breeder blanket designs. The breeding materilals Jnvestigated include
Li,0 and gamma-phase LiAl0, (y-L1Al0;) as a representative breeder for the

general group of ternary ceramic breeders such as L1,5i05, Li,TiO4, Li,2r04,
etc.

The analysils presented in this section 1s grouped into two categories;
(1) 1-D and 3-D design scoping study which has eventually led to a design of
the reference Y—LiAlOZ/Hzo blanket; and (2) the 3-D nuclear analysls for the
reference design. 1In terms of the reactor concept, both a TMR based on the
MARS design and a tokamak reactor based on the STARFIRE design are considered

for the reference system analysis.

All scoplng study has been performed using multi-group nuclear data
libraries based on EDNF/B~IV. Regarding the tramsport calculation, 1-D ANISN
(with the SB—P3 approximation) and 3-D MORSE-CG (with the Pq approximation)
codes were utllized. For the final reference blanket analysis, a continuous
energy Monte Carlo code, MCNP, was employed with 1ts associated data library
based on the latest ENDF/B-V version.
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9.8.4.1 Evolution of the LiAl0,/H,0/FS/Be Reference Blanket Design

The water-cooled solid-breeder blanket designs have been revised several
times during the course of the study to cope with changes in structural/
mechanical design and/or breeding mzaterial properties such as the thermal
conductivity and the maximum/minimum breeder temperatures. Concept changes
from the flat~shape firat—-wall design to lobular—shape first-wall design, and
from sintered breeders to sphere-pac breeders, all necessitated design itera-
tions. The evolution of concept ranking has also forced design changes such
as those from use of PCA structure to use of HT-3 structure. From the neu-
tronics standpoint, these design changes generally resulted in substantial
lncreases of structural-material volume and decreases of breeder volume, as
shown in Table 9.8-3.

TABLE 9.8-3. EVOLUTION OF Y—L1A102/H20/(FS or PCA)/Be DESIGN PARAMETERS

k, Tnin Tpax AT Volume % at 50 MW/m3 Heating
System wim-%%) o (o o HT9 H,0 L1Al0,
NOV 83 2.2 300 1200 900 20 20 552
(PCA)
FEB 84 1.6 410 1200 790 22 20 47b
APR 84 1.45 350 1000 650 27 25 35b

#Sintered y-L1A10,: 85% T.D.

bSphete-pac Y-LiAl0,: 86.6% S.P.F.

In addition, safety considerations for use of the high-pressure (~15 MPa)
water coolant with lithium—ccatalning solld-breeders necessitated the use of a
double-wall coolant tube (DWT) concept as opposed to the single-wall coolant
tube (SWT) concept previously considered, resulting in an even higher struc-
ture fraction (and a lower breeder fraction) in the blanket. For exanple,
Fig. 9.8-22 compares the DWT-L1,0/H,0 blanket designs without neutron multi-

plier in terms of the breeding performance as a function of neutron wall
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Fig. 9.8-22, Effects of structural materials and neutron wall load on
tritium breeding performance for DWT LiZO/HZO blanket design

loading, for several candidate structural materials. It is evident that the
breediug performance shown 1s substantially lower than those reported earlier
(generally TBR"s 2 1.25), particularly at high neutron wall loads. Given
preseat design assumptions and BCSS design guidelines, it seems impossible to
design Li,0/H50 blankets without multiplier that result in a TBR > 1.2 on a
full-breeding basis when the DWT approach 1s taken. Note that the breediug
performance is significantly enhanced, in such high-structure-content designs,
by using HT9? instead of PCA. This 1s due to the lack of strong neutron
absorption of nickel im HT9.
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Table 9.8-4 1lists the 1-D TBR“s and the associated design parameters
used, for a serles of water—cooled Li,0 blanket designs. The breeding loss
of ~0.05 in Design 3 relative to Design 2 is apparently caused by an Increased
neutron absorptlon of HTY in Design 3, as expected from the following average

blanket compositions:

Design 2: 9% HI9 + 8% H,0 + 79% Liy0 + 4% void

Design 3: 11Z HT9 + 10Z Hy0 + 74%Z Li,0 + 5% void
In the first few centimeters behind the first wall, the compositional differ-
ence is more evident:

Design 2: 17%Z HT9 + 16% H,0 + 60% Li,0 + 7% void

Design 3: 22% HT9 + 20Z H,0 + 47% Li,0 + 11% void

TABLE 9.8-4. TRITIUM BREEDING PERFORMANCE OF LiZO/HZO BLANKET DESIGNS®

Thermal
Design First Wall Form of Conductlivity, Structural Neutron
No. Shape Liy0 Wo- Material Multiplier 1-D TBR
1 Flat Sintered 3.4 PCA ——— 1.098°
(1.136)¢
2 Flat Sintered 3.4 RT9 ——— 1.142
(1.180)
3 Lobe Sphere-pac 2.6 HT9 ~— 1.998
(1.128)
4 Lobe Sphere—pac 2.6 HT9 Be(5.7 cm)d 1.405
(1.420)

3Based on ANISN/VITAMIN-C/MACKLIB-IV calculation with STARFIRE (major radius)
model, Li,0 at 85% of T.D. with natural lithium.

b

TG + 0.85 Ty
(o]

Tﬁ + T7

dBeryllium is placed behind a 2.4~cm thick first breeder zone.
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Use of a neutron multiplier makes the LiZO/HZO designs more viable in
terms of sufficient breeding wmargin for such high-structure-content blan-
kets. As shown 1in Design 4 for example, ~6 cm of beryllium can enhance the
breeding by more than 0.3/DT provided that the bervllium region is sandwiched
between the two adjacent breeding zones near the first wall. Design 4 in-
cludes more water coolant and structure than Design 2, 1la order to remove

higher nuclear heatling caused by the beryllium use.

Table 9.8-5 shows some of the y-LiAl0,/H,0/Be Llanket designs studied.
The general trend is similar to those indicated in Table 9.8-4 for the Li,0
dasigns, l.e., breeding improvements reflectlng the use of HT9 instead of PCA
and the sandwich-type use of beryllium as opposed co a conventional multiplier

design (Daesign 2).

One of the most important consideraticns for the nuclear design of ter-
nary ceramlc breeders in general 1s how to cope with high nuclear heating
rates stemming from use of neutron multipliers (see Sec. 9.4.3.2). For in-
stance, Design 4 (ghown in Table 9.8-5) ylelds a maximum nuclear heating rate
of ~120 MN/m3 in the breeder region behind the first wall for a neutron wall
load of 5 Mw/mz. Lowering the L1 enrichment can ameliorate the design
problem for the heat-removal system. Unfortunately, however, a relatively
high 611 anrichment must be used 1in order to mitigate the lithium burn-up

zifect and make the blanket system durable over the whole period of operation.

Use of an LiAlOZ/Be mixture in a sphere-pac mode, especlally an LiAl0,-
lean mlxture, has two strong design Incentives from the neutronics standpoint.
They are suppression of high nuclear heating and enhancement of the Be(n,2n)
potential. For erample, use of a 90:10 Be/SB sphere-pac mixture reduces the
maximum nuclear heating rate to ~790 MW/m3 from ~120 MW/m3, leading to an

easlly manageable average zone heating rate of ~30 Mw/m3.

As listed in Table 9.8-6, the thermal conductivity of the LiAlOz/Be
mixture i{s relatively high (~3.0 W/m-"K) compared to the L1A10, sphere-pac.
This reflects the high thermal conductivity of beryllium. However, the
LiAlOZ/Be design 1s not much different from the previous L1Al0, sphere-pac
design with slab Be from the viewpoint of the blanket materials composi-
tions. This 1s due to the narrow temperature window caused by the relatively
low maximum allowable temperature of Dberyllium, 1i.e., 6500C instead

of 1000°C for L1A102 alone. The high structure and coolant volume fractions
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TABLZ 9.8~5. TRITIUM BREEDING FERFORMANCE Of Y-LiAlOZ/HZO/Be BLANKET DESIGNS?

Thermal Beryllium
First Wall Form of Conductivity Structural Thickness
Design No. Shape y-Li4l0, w/M-0k Material {cm) 1D-TBR
1 Flat Sintered 2.2 PCA 5.74 1.253%  (1.259)¢
2 Flat Sintered 2.2 PCA 5.7¢ 1.141 (1.146)
3 Flat Sintered 2.2 HTY 5.74 1.313  (1.319)
4 Lobe Sphere-pac 1.6 HT9 5.8f 1.300  (1.304)

2Based on ANISN VITAMIN-C/MACKLIB-IV calculation with STARFIKE (major radius) model.

T.D. with 30% "Li enrichment.
b

Tg + 0.85 T,

c

T6 + Ty
dBeryllium 1s placed behind a 1.5 cm first breeder zone.

©Beryllium is placed behind the first wall.

fBeryllium is placed behind a 1.9 cm first breeder zoune.

v—LiAlOZ at 85% of



TABLE 9.8-6. COMPARISON OF y-LiAlOZ AND y—LiAlOz/Be
MIXTURE DESIGN PARAMETERS

Y~L1A10, Y~L1iA10,/Be
(Sphere-pac) Mixture (Sphere-Pac)

kep (W/meK) 1.45 3.0
Q
Tain o) 350 350
c
Tgpax ¢ C) 1000 650 (Be)
AT (%C) 650 300

Volume % at 50 MW/m3 Nuclear Heating

HT9 27 27
H,y0 25 25
Y-L1410, (ecv /Be) 35 34

observed here led to a design requirement for high enrichment of 6Li to

compete with the strong neutron absorption of HT9.

Flgure 9.8-23 illustrates the neutron multiplication rate by baryllium
and the resulting TBR as a function of Y—LiAlOZ/Be mixture zone thickness.
The analysls was performed for a tokamak system with total breeding zoue
thicknesses of 47 cm in the outboard region and of 27 cm in the inboard
reglon. The blanket compositions ha 2 been determined based on the material
properties shown 1n Table 9.8-6. T/ cases of 611 enrichment, 60% and 90%,
are considered for LiA10, throughout the blanket. Both cases result in about
the same Be(n,2n)/DT rate, but the 90% enrichment case generates more tritons
per DT-fusloa. The implication is that the primary functiom of L1 enrichment
for T.iAl0, is to compete with the parasitic neutron loss in HT9 rather than
affecting the performance of neutron multiplication. With a mixture zone of

~20 cm and a 9L1 earichment of ~90%, one can expect a 1-D TBR of greater than
1.2,

Another 1mportant parameter that governs the breeding performance 1in

the y-LiAlOlee blanket design is the mixing ratio of y-LiAlO, to Be. As
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Fig. 9.8-23. Effect of 6Li enrichment on tritium breeding performance

indicated in Fig. 9.8-24, the LiAl0j-lean mixture substantially improves the
breeding performance due to the higher potential of the Be(n,2n) reaction.
For the 10% L1A10, + 90% Be mixture, a minimum mixture zone thickness is ~8 cm
for a 1-D TBR > 1.0 and 1s ~20 cm for a 1-D TBR 2 1.2,

The reference y—LiAlOZ/HZO blanket (Sections 9.4 and 9.5) which will be
analyzed in more detail in -Sec. 9.8.4.4, has thus been designed to have a

20-cm 90:10 SB/Be mixture zone surrounding the first wall, with the breeder
being enriched to 90% 6Ly,
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The economic penalty for the relatively high 6.1 enrichment should be
compensated for by the advantages of the resulting cmaller inventories of
1ithium and beryllium. In fact, the effectlive beryllium thickness required
for the reference design is only ~7.7 cm and the corresponding total y-LiAlO,
thickness is ~2.7 cm in the inboard blanket .and ~18.9 cm in the outboard. In
the case of the reference TMR design, the respective Be and L1Al0, thicknesses
come to ~8.0 ecm and ~19.8 cm. These multiplier and breeder thicknesses appear
to be appraciably small considering the very high coolant and structure volume

fractions in the reference blanket designs.

However, a related potential problem for the L1A1l0,/H,0/FS/Be concept is
a significant reduction in both TBR and nuclear heatirg rates over the life of
the blanket, caused by high burnup rates of b1 in regions near the first
wall. This concern, discussed 1in more detail 1in Sec. 9.3.1.6, came about
after the reference designs had been "frozen,” and thus the severity of the
problem and possible design solutions could not be investigated. However,
further work 1in this area 1s necessary for any future water-cooled solid

breeder blankets using neutron multipliers.

9.8.4.2 Multi-Dimensional Analysis of Water—Cooled Solid-Breeder Blanket

Designs

Prior to the detailed nuclear analyslis of the refereance blanket designs,
a neutronics study was conducted to understand the general multi-~dimensional
effects on tritlum breeding, using a 3-D Monte Carlo code, MORSE-CG. The
effects investigated include non-uniform source neutron distribution generated
by the MHD plasma shift and breeding perturbation due to the limiter penetra-

tion, both of which are of concern for the tokamak system analysis.

As described in detall 1in Section 6.10, the reference source neutron

distribution assumed for all tokamak designs ranked R=1 has a furm
c, C
fr) = [1-(e/e) 12,
with parametric equations,

Zb = a ¢ sint
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and

pb=Rm+acos(t+dsin t) ,
where Z;, = boundary contour height in the direction perpendicular to
the reactor midplane;
Py = toundary contour major radius;
a = plasma minor radius (1.94 m);
¥k = plasma elongation factor (1.6);
d = plasma triangularity factor (0.5);
€y, Cp = plasma shaping factors (Cy = Cy = 2);
ry, = plasma boundary radlus measured from the shifted plasma
center, which 1s 7.59 m, i.e., the major radius R (7.0 m)
plus the shift distance Sp (0.79 m).

Table 9.8-7 summarizes the 3-D TBR”s obtalned for a variety of neutron
distribution functions that were parametrically changed. All results are
compared to the reference TBR of 1.104 for the SWT L120/H20 design selected
from Ref. 1. The limiter 1s assumed to be constructed of a water-cooled Ta~5W

heat sin¥ “ocuted at the bottom.

Tt 18 concluded that the source distribution has little effect on the
breeding periormance provided that the overall source distribuzion is confined
to the D-shaped plasma reglon. The conclusion 1s valid not only for the
reference LiZO/HZO blanket decsign but also for relatively hard neutron spec-

trum systems such as the hellum—-cooled L1,0 blanket and the self-cooled
lithium blanket studied.

Table 9.8-8 examines the effect of a series of limiter designs considered

during the course of the BCSS study. Three different types of limiter are
considered:

(L) Cu alloy heat sink limiter with 10 mm of beryllium coating;

(2) V-15Cr-5T1 alloy heat sink limiter with 10 mm of beryllium

coating; and

(3) Ta-5W alloy heat sink limiter without beryllium coating.
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TABLE 9.8-7. MULTIDIMENSIONAL EFFECTS OF SOURCE NEUTRON
DISTRIBUTIONS ON TRITIUM BREEDING

(A) Effect of Source Shape Parameters

Case Al A2 A3 Ab A5

Cy 2 2 2 2 3

Cy 0 1 2 4 3

TBR 1.106 1.104 1.104 1.099 1.099

(B, Effect of Source Shiftiq&

Case Bl R2 B3
n (m) 0.0 0.79 1.50
'BR 1.102 1.104 1.102

(C) ffect of Source Triangularity

agse Cl Cc2 c3
0.0 0.50 0.75
BR 1.109 1.104 1.105

(D) ‘ ombir-~d Effects of Source Distribution Functions

Case D1 [Cp = 2, Cy =4, 5 = 1.5 m]
Blaaket L1,0/H,0 Li,0/He Li/Li
TBR 1.104 1.119 1.158

Case D2 fCp =2, Cy=2, 5, = 0.79 m]
Blanket L1,0/H,0 Li,0/He Li/Li
TBR 1.109 1.115 1.157
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TABLE 9.8-8. EFFECT OF LIMITER DESIGN ON TRITIUM BREEDING®

Case _
System A B [ D E
A) L120/H20
Inbd. Blanket (cm) 28,8 28.8 28.8 28.8 28.8
Outbd. Blanket (cm) 33.1 33.1 48.1 48.1 48.1
Limiter
e Type None STARFIRE STARFIRE  STARFIRE FED/INTORb
¢ (Coolant (Full H20 Hzo Hzo H20
e Position Breeding) Midplane Midplane Midplane Midplane
TBR 1.112 1.050 1.104 1.115 1.141
B) LiZO/He
Inbd. Blanket (cm) 56.8 56.8 56.8 56.8 56.8
Qutbd. Blanket (cm) 47.8 47.8 47.8 47.8 47.8
Limiter
e Type None STARFIRE STARFIRE STARFIRE STARFIRE
¢ (Coolant (Full He HZO He H20
® Pogition Breeding) Midplane Midplane Bottom Bottom
TBR 1.186 1.141 1.088 1.144 1.109
C) Li/Li
Inbd. Blanket (cm) 28.1 28.1 28.1 28.1
OQutbd. Blanket (cm) 48.1 48.1 48.1 48.1
OQutbd. Reflector (cm) 20.7 20.7 20.7 20.7
Limiter
® Type None STARFIRE  STARFIRE STARFIRE  FED/INTOR®
¢ Coolant Full Li Hy0 HZO Li
© Position Breeding) Midplane Midplane Bottom Bottom
TBR 1.235 1.190 1.131 1.157 (1.347)d
(1.360)4

9Baged on MORSE~CG with 10,000 neutron histories; typical deviatinn < *1%.
bge/cu.
€Be/V-15Cr-5T1.
Inboard blanket %40 cm; inboard reflector 20 cm; outboard blanket 60 cm;
outboard reflector 30 cm.
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The coolant is assumed to be varlable in this study. The first two designs
are based on the 1982 FED/INTOR Phase 2A study(g) and the third one 1s based
on the STARFIRE design(z).

Several important observations can be made from the results shown in
Table 9.8-8. First of all, tt: effect of the limiter”s presence on tritium
production 1s not excessive when the blanket and the limiter possess a close
proximity in terms of the material compositions, e.g., the LiZO/HZO blanket
with the water-cooled limiter. By comparing Case A to Case B one finds the
breeding loss for such designs due to the limiter 1s more or less proportional
to the size of limiter opening, which is ~3 to 4% of the total first wall
area. Second, the bottem limiter slightly improves the breeding as compared
to the midplane limiter design, because the source neutrons are most populated
near the outboard midplane of torus due to the MHD plasma shift. Third, the
most adverse effect of the limiter om tritium production 1s caused when the
water—cooled limiter is used for the hard spectrum blanket designs such as the
LiZOIHe and Li/Li designs. As addressed in Sec. 6.10, this is due to the
drastic spectrum softening in the limiter, leading to a substantial neutron
loss in the heat sink materials. ULlastly, as noticed from comparisons between
Cases A and E, the FED/INTOR type limiter design has the least detrimental
effect on tritium breeding, particularly if the same cooiant is employed both
for the blanket and the limiter. Such a result is apparently brought about by
the use of the beryllium coating in the limiter system.

9.8.4.3 Nuclear Analysis of the Reference LiAl0,/H,0/FS/Be Blanket Design

The scoping study presented in the previous sections has led to the ref-
erence blanket designs for the IMR and tokamak concepts, as shown in Figs.
9.8-25 and -26. The material compositions assumed in the present analysis are
listed in Table 9.8-9. As described in Section 6.10, the analysis for the
reference designs has b=en performed using a continuous—-energy Monte Carlo
code, MCNP, with the assoclated ENDF/B-V cross section libraries. The number
of neutron histories generated in each case is 10,000. The tokamak reactor
model used is shown in Fig. 9.8-27 after the STARFIRE design(z), The limiter
is modeled based on the FED/INTOR study(g), l.e., a bottom limiter constructed
of Cu-2Be heat sink, Hy0 coolant and 1 cm of beryiiium coating.
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TANDEM MIRROR/ TMRANL4/y-L1A107-H,0~HT9-Be
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(cm)
Material Compositions (vol-%)
HT9 H20 y—LiAlOZ* Be**
First Wall 22 8 - ——
Bank-1 19.5 21.5 5{4,35) 45(39.15)
Bank~2 12,5 11.5 70(60.9) -—
Bank-3 7 .4 84(73,08) ———
Manifold 33 67 —_—— ———
Shield 8o 20
(Fel422)

*Y—LiAIOZ density = 87% of T.D.; 6L1 enrichment = 90%,

**Be dencsity = 87X of T.D.

Fig. 9.6-25. System description of the TMR Y-LiAlOZ/HzO/HT-Q/Be
design
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Fig. 9.8-26.

System description of

Li enrichment = 902.
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FABLE 9.8-9. MATERIAL COMPOSITIONS

Material @ 100% T.D. Element Atom/b-cm
y-LiAlo, 31.1 2.098-2
(90% 8L enrichment) Li 2.311-3
Al 2.331-2
0 4.661-2
HT-9 Fe 7.058~2
Cr 1.070-2
Mo 4.833-4
Fel422 Fe 7.028-2
Mn 1.219-2
Cr 1.849~-3
Ni 1.581-3
Cu~2Be Cu 7.639-2
Be 1.099-2
Hy0 H 6.686-2
0 3.348-2
Beryllium Be 1.236-1

Tables 9.8-10 and 9.8-11 summarize the resulting nuclear performance in
these reference systems, and Fig. 9.8-28 shows the nuclear heating rates
throughout the reference design blanket. The TBR of 1.26 obtained for the TMR
design before ad justment is close to that from the 1-D scoping study (see Fig.
9.8-23 or -24). 1In fact, the 1-D ANISN (ENDF/B-IV) calculation for the refer-
ence system ylelds a TBR (T + 0.85 T7) of 1.28, which favorably compares to
the MCNP result within the statistical error of ~ +1%. Note that the MCNP
calculation accounts for neutron leakage through the end cells, which is
estimated to be 0.011/DT {wivhin *9.52) in the present case. The blanket
energy derogition of 18.3 Me” .imated by MCNP 1is the second highest among
the nine =1 TMR designs inv ..igated (sees Table 6.10-5 in Sec. 6.10). This
stems from the combiration of the large neutron multiplication by beryllium
(~0.54/DT) and the very strong spectrum softening due to the water coolant.

The favorable blanket performance is also evident from the trivial neutron
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Fig. 9.8-27. A vertical cross-section of tokamak design
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TABLE 9.8~10. NUCLEAR PERFORMANCE? QF THE REFERENCE TMR
y—LiAlOZ/HZO BLANKET DESIGN

Region Tritium Breeding Ratio Energy Deposition
(MeV/DT)

First Wall —== 1.59 (£1.3%)
Bank - 1 0.969 (£1.1%) 12.97 (£0.8%)
Bank =~ 2 0.166 (£2.6%) 1.69 (£2.0%)
Bank -~ 3 0.120 (£2.8%) 1.57 (£2.6%)
Manifold - 0.43 (£5.5%)
Shield —— 0.10 (£11%)
rotal 1.255 (£1.1%) 18.35 (+0.8%)

Te 1.253 (£1.1%)

T, 0.002 (£1.1%)

(T + Ty)P 1.217 (+1.12)

8Baged on MCNP/ENDF/B-V with 10,000 neutron histories.
b—3Z adjugtment for end cell fusion and neutron losses In choke colls and for
start-up heating penetration.

leakage into the shield. For example, the shield energy deposition of ~0.1
MeV/DT for this design compares to 2.0 MeV/DT for the extremely “leaky"
helium-cooled y-L1Al0, design shown in Table 5.10-5.

The relatively low TBR of 1.16 for the reference tokamak design 1is due to
the limiter and rf wavegulde penetrations, predominantly the former. As shown
in Table 9.8-11, most of the breeding loss relative to the full breeding
coverage case takes place in the bottom Sector 7 where the limiter resides,
and the two adjacent Sectors 6 and 8. However, the breeding loss 1s not
excessive and 1s more or less preportional to the limlter/rf opening size at
the first wall (~4%). As far as the full breeding ratio is concerned, the
ptevious scoping study again indicates good agreement to the present result

(TBR ~1.21). 1In spite of the sizeable blanket penetrations of limitgr and rf
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TABLE 9.8-11. NUCLEAR PERFORMANCE? OF THE REFERENCE TOKAMAK
y-L1A10,/H,0 BLANKET DESIGN

TBR, TBR Energy Deposition,
Region Full Breeding With Limiter/rf MeV/DT
First Wall — == 2.18  (+3.8%)
Bank-1 0.982 (£1.1%) 0.948 {£1.1%) 12,01 (42.9%)
Rank~2 0.227 (£2.4%) 0.211 (#..5%) 2.45  (£5.6%)
Manifold -— ——— 0.44  (£12.5%)
Shield -— -— 0.33  (£7.2%)
RF-Waveguide -— e 0.18  (£9.6%)
Limiter — ——— 1.07 (£3.4%)
Sector-1 0.189  (£3.0%) 0.186  (+3.1%) 2.80 (tZ.SZ)g
Sector=2 0.059 (£6.1%) 0.052 (£6.0%) 0.77  (#5.2%)°
Sector-3 0.069 (£5.2%) 0.078 (£5.2%) L.14  (£4.5%))
Sector=4 0.262 (£2.7%) 0.270 (£2.6%) 4.08  (£2.2%)
Sector=5 0.249  (£2.92) 0.265  (+2.8%) 3.93  (+2.3%)F
Sector—6 0.257 (£2.7%) 0.239 (£2.8%) 3.52 (tZ.AZ)P
Sector-7 0.073 (£5.4%) 0.028 (+£8.1%) 0.31 (&7.4%;°
Sector-8 0.052 (£6.1%) 0.040 (£6.7%) 0.52  (£6.3%)
Total 1.209 (£1.1%) 1.15¢9 (£1.17) 18.66  (+0.8%)
Tg 1.207 (£1.1%) 1.158 (£1.1%)
T, 0.0017  (+1.1%) 0.0016  (&1.2%)

8Based on MCNP/ENDF/B-V with 10,000 neutron histories.

bLimiter, rf openings and shield not included.

waveguldes, the reference system maintains about the same amount of net neu-
tron multiplication (a multiplication factor of ~..60) as that for the full
breeding coverage case (~1.61) because of the beryllium coating on the
limiter. The implication is that an increased fracrion of neutroms 1is lost in
the limiter wmaterials, particularly in the Cu~2Be leat-sink material. As a
result, the overall energy performance of the tckamak design 1s as gcod as or
even better than the TMR design case. As for the TMR design, the blanke:

energy deposition of 18.3 MeV/DT for the tokamak design 1s the second largest
among the seven R=1 designe studied.
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Fig. 9.8-28., Nuclear heating in LiAlOz/HZO/FS/Be reference design

blanket
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10. MOLTEN SALT COOLED BLANKEZ CONCEPTS

10.1 TIntroduction

Two characteristics of blanket coolants that are highly desirable in a
fusion reactor ave the ability to operate at low pressure with high
temperature and a high heat transfer coefficient. These characteristics are
best met by molten salt coolants. For these two reasons, molten salf coolants
emerged from the BCSS Alternate Concepts task performed iIn FY'83 for
consideration as a principal blanket coolant with liquid metals, helium aud
water. Specifically, we considered the family of nitrate and nitrate/nitrite
salts. This coolant allows good tritium breeding and high energy
multiplication, is relatively non-corrosive, has a low cost heat transport
system and assists in tritium containment., The many desirable features of
molten salt coclants are mitigated by some undesirable features (most notable
is a very high level of induced radiocactivity) and by several uncertainties
that cannot be resolved without experiments. In this section, we will present
the advantages, disadvantages and uncertainties associated with molten salt

coolants as well as specific design concepts applicable to tokamaks and tandem

mirrors.

We chose to select one generic blanket type and specify the salt
composition without a detailed study of alternatives. This was done to
complete a design that could be evaluated agalnst other blanket concepts. As
much as possible, we will discuss the generic properties of salt cooled
blankets. However, the specific designs that were implemented are those which
have been evaluated. Other design concepts may rank better or worse than our

initial concept selection.

The salt selected was an equimolar mixture of NaNO4 and KNO4 known as
draw salt. The reasons for its selection are the data base established from
its use in the Solar Program, its high temperature stability and the hope that
thermal stability would also result in radiation stability. The fact that
nitrate salts have a higher melting point than nitrate/nitrite mixtures was
deemed a small penalty when compared to their higher temperature limits. Most

other characteristics are essentially the same for these types of salts.

Preliminary analyses were performed for several breeder and structural

materials and a "best" concept selected. These analyses were far from
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complete and should be revisited in future studies. Molten salt coolants are
compatible with both austenitic and ferritic steel structural materials. We
selected ferritic steel (typically HT-9) because of its increased radiation
resistance. In addition, 1f molten salts were used with a lithium iead
breeder or with a liqui'c:l lead multiplier, ferritic steels would be preferred
for increased corrosion resistance to the liquid metal. Molten salts, because
they are highly oxidizing, are believed to be incompatible with vanadium and

vanadium—-based alloys.

Several breaders were investigated. These were 17L1-83Pb, L1,0 and
L1A10, with lead and beryllium multipliers. We selected L1A10, with a
beryllium multiplier because of 1its good performance and relatively simple
deslign. Also, we were encouraged by initial tests performed at LLNL that
showed minimal reactions hetween draw salt and a beryllium wire at SOOOC(I).
The designs with a 17Li-83Pb breeder alsc looked attractive and had good
performance characteristics. They were not pursued because of a concern about
17L1-83Pb compatibility with the salt. Scoping tests have been performed at
HEDL <2). The results of these tests show that there is a moderate energy
release rate and that the reaction is mere vigorous when there is excess 17Li-
83Pb. We believe that no overall conclusion can be reached from these first
tests; however, the reaction is less vigorous than sodium and water. If
additional experiments and analysis shows that the draw salt/17L1-83Pb
combination is acceptable from a safety point of view, than designs of this
type are expected to be slightly better than the L1A102/Be/HT-9 design. The
HEDL experiment 1s discussed in more detail in Section 5. Use of L120 without
a separate multiplier proved to be a marginal breeder and 1s not
recommended. A lead multiplier 1is 1less desirable than beryllium based on
engineering and economies but does result in a feasible design. 1t could be

pursued if beryllium is eliminated from consideration for any reason.

In summary, we have selected a concept that uses a nitrate salt (draw
salt) coolant, HT-9 ferritic steel structure, a beryllium multiplier and an
enriched LiAl0, breeder. The specific designs for tokamak and mirror reactors
are presented Iin Section 10.4. The summary of the ranking of these concepts
is discussed in Section 10.2. Major 1ssues assoclated with molten salt
coolants are presented in Section 10.3. Digcussions of concepts with other

breeders and configurations are given in Scctions 10.6 and 10.7. Finally, a
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recommended research program for salt-cooled blankets 15 presented in Section
10.8.

10.2 Evaluation of Salt-Ccoled Blahkets

The nitrate salt-cooled blanket was found to be the top ranked blanket in
econvmics and the second ranked blanket in engineering feasibility. However,
this blanket ranked last in both safety and R&D requirements. The reasons for

these rankings will be briefly discussed.

Good economic performance is an inherent feature of the salt-cooled
blanket. This occurs because the combination of blanket inlet and outlet
temperatures, no intermediate coolant loop, low pumping power and low pressure
make the heat transport system relatively inexpensive and efficlent. In
addition, the use of beryllium combined with the coolant as a neutron
moderator results in a thin blanket and shield. The designs have a moderately
high value of energy multiplication which allows a reduction in the fusion
power. For the tandem mirror, the efficient. low cost heat transport system
and the energy multiplication are the drivers for low cost of electricity.
For the tokamak, the relative thinness of the blanket and shield is an
additional key factor. The tokamak economics could be further improved by
thinning the inboard blanket while thlickening the top, bottom and outboard

:as. The excellent economics 1s expected to occur in salt—cooled blankets

with other breeders.

The engineering feasibility evaluation of this blanket had both good and
bad points. The score was helped by excellent tritium breeding, low pressure
and the ability to handle operation at various power levels. Areas where the
blanket scored low were use of beryllium resources, need for multiple pressure
boundaries and welds, multiple regions, and difficulty in cleaning up a
coolant spill. In retrospect, the value of low pressure may not have received
sufticient weight in the scoring. The salt~cooled design ranked second among
the seven tokamak concepts. It was significantly below lithium/vanadium but
significantly above all of the other concepts. Among the nine TMR designs,
the salt blanket ranked first. However, seven of the designs were closely
grouped near the top with the differences 1less than the precision of the
method. The use of salt cooling with a 1liquid breeder would raise the
engineering feasibility score by simplifying the mechanical configuration.
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One generic characteristic of nitrate salt coolants caused the design to
be poorly ranked in safety. This is the very high induced activation in the
coolant that affects many of the safety indices. Sodium-22 is produced by 14
MeV neutrons and sodium-24 by thermal neutrons. The half-lives of 2.6 years
and 15 hours together with the penetrating gamma radiation emitted by these
isotopes makes the primary loop extremely hazardcus. The creation of gaseous
radioactivity, argon from potassium and carbon from nitrogen, compounds these
problems. The safety methodology properly gives a high weighting to
radioactive source terms and effluent control. Thus, with this type of
methodology, the low ranking 1s generic to this coolant class and independent
of the specific design. [f a full probabilistic risk assessment were
performed for a safety ranking, one might reach a different conclusion.
However, such an analysis must be based on much more detalled designs and on
test data. We do not believe that molten salt-cooled blankets would result in
unsafe reactors. They would result in reactors that have a high radioactive
inventory. Release of this inventory can be made improbable by design.
However, the stigma of high source terms is inherent and must be both accepted
and mitigated for these blankets to be carried further. In summary, based on
the best evaluation that can be performed today, the molten salt cooled
blankets rank last In safety for both the tokamak and TMR. Thelr scores are

significantly below those of all other blankets except the water-cooled

designs.

The salt-cooled blankets require relatively more R&D than the other
designs for two reasons. First, molten salt coolants have recelved less
attention in the past than the other coolants being considered. Thus, there
has been less breadth and depth in design and little or no data generated.
The data that 1s available 1s from the solar program and does not include
nuclear radiation and fusion relevant materials. Second, the design concept
selected uses beryllium, LiAlO2 and HT-9 as well as the coolant. Each of
these materials has its own set of R&D needs. Thus, we must address the
individual data neads of each of four primary materials and possible
interactions among the materials. An example of the latter is compatibility
beéween the coolant and beryllium 1n the sphere—pac breeder in the event of a

coolant tube fallure.
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10.3 Major Issues

There are several major issues associated with the nitrate salt coolant

and with the design concept that must be resolved by future experiments.

These i1ssues are briefly anumerated below. General issues related only to HT-

9, LiAl04 or beryllium are not included in this section.

1.

Salt Stability

The thermal stability of the salt is relatively well understood from
thea Solar Program. There 1s effectively a total void in our
understanding of salt stability in the blanket radiation
environment. Clearly, the combined effects of temperature and
radiation are unknown. If radiation causes excessive decomposition of
the salt or results in the operéting temperature limit being reduced
significantly, the concept could be disqualified. Additionally, if
large chemical reprocessing facilities are required to reconvert
alkali and gas formed by radiolytic decomposition back to the original
constituency, then this i1s a significant economic and practical
disadvantage. Two experiments have Leen performed with conflicting
results. The first experiment was at ORNL prior to 1960 (3)u This
was Indirectly reported but showed that the irradiated samples were
rendered more hygroscopic by radiation and underwent some breakdown
yielding, 1in part, gaseous decomposition products. More recently,
experiments were conducted at ANL to investigate the radiolytic
stability of salts to gamma radiation (4’5). They were exposed to 8 x
108 rads of 90Co radiation while being heated io above 530°C. No

radiolytic decomposition was observed but thermal decomposition was
found above 530°C.

Activation Product Control

In Section 10.2, we discussed the effect of high coolant activity on
the safety evaluation. The key issue is activation product control
and safe removal of gaseous products, A and C02, from the system.
Emission control appears feasible at an acceptable cost. This would
be performed in a slip stream in conjunction with tritium removal.
Vacuum degassing 1is the preferred technique. Hewever, i1f the

generation rate of pgaseous radioactive products 1s significantly

10-5



higher than expected, then the costs of chemical reprocessing may

become prohibitive.

3. Tritium Control
The salts are expecte.. to rapidly o#idize T2 to T20 for easy
containment. The kinetics of oxidation are not sufficiently well
known to validate this assertion. Additionally, the removal of TZO
from the salt by vacuum degassing must be validated. Based on the
very limited data available, these salts appear to be excellent from

the points of view of both tritium containment and inventory.

4. Voltage Enhanced Corrosion
The salts are somewhat conducting and, when moved through a magnetic
field, will generate a voltage which can cause disassociation of the
salt. Increasng the 1ionic content of the salt will increase the
corrosion of the structure. We presently estimate that a flow
velocity of 6 m/s in a 1 ecm channel would not cause corrosion
enhancement. This restriction is not severe and indicates that there
is no problem. However, this 1s based primarily on data for fluoride
salts which {tself 1s sparse. Thus, there is an 1ssue that the
effects are worse and that restrictions on flow channel size and flow

velocity would ensue.

5. Chemical Compatibility
The chemical compatibility of molten salts with candidate blanket
materials in the forms that they would be used is an uncertainty. For
the specific designs implemented, compatibility of the salt with
beryllium powder in the sphere-pac is the only issue. As discussed
earlier, compatibility with 17Li-83Pb is not yet resolved.

i0.4 Lithium Aluminate, Nitrate Salt, Beryllium Blanket Concepts

10.4.1 OQverview

This section describes the nitrate salt—cooled tokamak and tandem mirror
blanket designs developed in this study. The major goals of t' iz effort were

to develop a feasible design and to optimize performance in key areas. Most
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of the design optimization work, which is hy no means complete, was done to
maximize tritium breeding «nd energy multiplication, and to simplify the
mechanical design. The resulting design appears to serve its major purposes
of pointing out the issues and R&D needs with nitrate salt cooling and
providing a representative design for comparative evaluation. Performance

parameters for the designs are given in Table 10-1.

TABLE 10-1. NITRATE SALT COOLED BLANKET PERFORMANCE PARAMETERS

Tokamak Tandem Mirror

Tritiu Breeding Ratio* 1.24 1.29
Euergy Multiplication* 1.323 1.316
Coolant Inlet/Outlet (°C) 330/405 375/450
Coolant Pressure (MPa) 0.4 0.4
Pumping Power (%) 0.2 0.2
Gross Thermal Cycle Efficiency 375 40
Blanket /Shield Thickness (cm) 111 110

*From 3-D Neutronics.

Results of the mechanical design, neutronics analysis, heat transfer and

thermalhydraulics analyses, and the design issues are discussed belnw.

10.4.2 Mechanical Design

Tokamak Pod Configuration

A pod concept was chosen for the tokamak blanket to contain the pressure
with the minimum amecunt of structure, and to reduce thermal and swelling
stresses (see Fig. 10-1). Although the operating pressure is low (4 atm),
confining it with a flat plate or composite flat plate first wall would
require additional structure. The pod configuration will also tolera-e higher

pressures (over 3.2 MPa or 8 times the operating pressure at end-of-iife
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FIRST WALL LOOLANT CHANKELS

Figure 10-1. Nitrate Salt Cooled Tokamak Blanket Pod

allowable stress) during off-normal cenditions. Hoop stress during normal
operation is 12.5 MPa. 1In choosing the pod over the flat plate, we have in
effect traded more void space (the space lost around the pod noses) for less
structure. The‘choice was made as a judgment; a more rigorous study would
compare neutronics performance and analy”e off-normal pressure conditions.

However, the breeding is sufficiently high to accommodate this void space.

Tandem Mirror Blanket Containment and First Wall

The tandem mirror blanket has a composite cylindrical first wall loaded
in compression, to contain the sphere~pac breeder and multiplier and the
helium purge gas. The first wall is connected to the back of the blanket at
the module ends by semi-eliptical toroidal end caps (see Fig.10-~2). The
composite structure of the first wall (Fig.10-3) increases the moment of
inertia, auad thus the buckling strength of the first wall. Buckling analysis
indicates that the first wall 18 not near the critical stress value (first
wall hoop stress i{s 60 MPa); however, buckling under irradiation creep is not
a wel'~-characterlzed phenomena. No sacrificial erosion layer is required for
the ™ first wall.
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|| |
LI

e 1,
2mm Gmm
PLASMA

Figure 10-3. Tandem Mirror First Wall Concept

Coolant Tubes

The ‘nitrate salt 1s contained in tubes because it 1s parasitic neutron-
ically, and to minimize MHD-induced voltage which can cause decomposition and
voltage—-enhanced corrosion. Designs with the solid breeder and beryllium in
tubes with nitrate salt circulation on the outside were briefly considered.
The tubes must be spaced so that the salt can flow between them, resulting in
a 15-207 minimum nitrate salt fraction in the blanket. This higher salt
fraction significantly reduces tritium breeding potential. Spacing the tubes
one to two millimeters apart results in difficult support and flow problems
because a small relative deflection of a tube may cause a flow imbalance,

leading to hot spots.

As was discussed, a voltage is induced across a channel filled with
flowing salt in a magnetic field, The magnitude of the voltage is
proportional to the velocity and the channel width. Tubes provide small
channels and therefore allow higher velocities (and thus better cooling) for a
given voltage limit. One volt is expected across a 1 cm tube at a velocity of
6 m/s. This is believed to be sufficiently low to avoid voltage enhanced

corrosion.

Flow in the tokamak pods is axial from one end to the other for design
simplicity. Thermal hydraulics considerations result in desirable cooling
tube lengths of approximately 6 meters, or 2 pod lengths. Tubes could be
routed back and forth within the pods to achieve this length; however,
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temperature control and manufacturing simplicity suggest that axial flow

through two adjaceut pods in series 1s a better design choice.

The tandem mirror coolant tube are routed similarly to the tokamak
coolant tubes; but the 6.32 m tandem mirror module length does not require
that the coolont pass through more than one module as it must in the ~ 3 m

tokamak pods.

The primary support for the cooling tubes within the blankets 1s expected
to come from the sphere-pac solid breeder itself. This may present problems
if settling and/or sintering occurs. Supporting the tubes with conventional
tube sheets is difficult because of the very high temperatures (~ 1000°C)
occurring in the solid breeder between tubes. If further support 1is needed,
it may be feasible to cool a tube support struciture by internal conduction if
it is insulated from the solid breeder. Adequate tube support Is a potential
problem in this design. Hoop stress in the tubes from the 4 atm maximum

coolant pressure is negligible at 2 MPa,

Two independent coolant lcops are provided by wmanifolding and crossing
over tubes at the back of the blanket such that alternate tubes are supplied
by one coclant loop. This allows removal of afterheat in the event of failure
of one of the loops. One of the loops also includes the first wall, and the
pod wall cooling 1in the case of the tokamak. Figure 10=-4 {ndicates
schematically how the tubing 1s arranged.

Tokamak First Wall

The first wall and pod sidewalls require active cooling. This is
accomplished by making one side and the first wall of each pod a coolant
panel, as indicated in Fig. 10-1. Flow is axlal as it is for the cooling
tubes. The major drawback of this approach is the complexity in venting the
coolant channels at the module ends. Orificing of the first wall and sidewall

coolant channels, as well as for the tubes, 1s required for temperature

control.

The composite first wall structure is shown in Fig. 10-5. The 5 mm
sacrificial erosion layer 1s grooved to reduce thermal stresses. A two-
millimeter minimum wall thickness was chosen to simplify handling and
manufacturing, not because of stress limitations. The first wall hoop stress

with the pod at the 4 atm coolant pressure is 12.5 MPa.

10-11



END VIEW

§7cm

/

/CDOLANT ‘
TUBES

SIDE VIEW

PLENUM ﬂ10cm

COOLANT TUBES

70cm
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Figure 10-5. Nitrate Salt Cooled Tokamak First Wall

Tritium Purge System

The tritium purge system consists of an inlet plenum at the fromt and an
outlet plenum at the back of the blanket which supply the sphere-pac bed with
a 1 cm/s flow of helium. The pressure drop through the bed is 0.9 atm. Purge
flow and tritium removal characteristics are discussed in Section 10.4.5. The
plena consist of 300 mesh screens held about 1 cm away from the first wall and
back wall of the blanket (see Fig. 10-6). Tungsten screen may be required for
the first wall plenum because of hot spots. Double screens may be prudent to
prevent the sphere-pac from entering a plenum in the event of a tear. Flowing
the purge directly through the sphere pac results in minimum structure and

maximum design simplicity.

SPHERE-PAC

/

300 MESH TUNGSTEN

it 1 N ‘10"‘! -t SCREENS
HELIUM 1em (2 FOR REDUNDANCY)
PURGE e —
INLET ] ‘ l H‘
- ~——=~ FIRSTWALL
PLASMA
COOLANT

Figure 10-6. Tritium Purge Inlet Plenum
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Blanket Supports

A vacuum gap between the blanket and water—cooled shield is required for
tritium control. Supports for the blanket in this regli n require some
mobility to take up differences in thermal expansion without stressing and
distorting the blanket, No work has been done on blanket supports, but
radiation damage 1s low at the back of the blanket and analogous problems have

been solved with present day techunology in other blanket designs.

10.4.3 Neutronies

Simple 1-D neutronics calculations were performed and used iteratively
with the thermal hydraulics analysis to arrive at a first approximation for
tritium breeding and heat generation in a tandem mirror blanket. Although
TART (6) was employe’ as the primary neutrounics tool, comparative results were
Zenerated with ANISN (7). A discrepancy in heat generation was resolved in
favor of the ANISN calculations as TART includes only prompt energy

production,

Five homogenized breeding zones were used in the TART calculations. The
first two of these conta*ned beryllium. The breeding zones were sandwiched
between a 1 cm first wall and a 30 cm shield. The thicknesses of these zones
plus their material volume fractions and the local neutronics are presented in
Table 10-2. The beryllium and lithium aluminate were considered to be at 70%
and 857 of theoretical density. The 1lithium is 507 enriched in 6Li.

Substantial neutron moderation is obtained in regions 2 and 3 that
contain beryllium. This allows for ilmportant reductions in the blanket radial
dimensions. Further increases in the effective thickness of beryllium wili
not result in appreciable reductions in blanket dimensfons. It 18 benefirial

to allow the beryllium and lithium aluminate to be interspersed to cause more

uniform burnup.

Global neutronics results indicated a TBR of around 1.30 for the full
coverage tandem mirror blanket. This was r~>ydified to 1.29 by three-
dimensional calculations. A slight reduction to a TBR of 1.24 for the tokamak

occurs because of the necessary increase 1in the first wall thickness and

10-14



[t
?
[y
wn

Zone

Radial
Dimension

Volume
Fractions

Nuclear
Performance

TABLE 10-2.
Plasma Void
46

HT-9
Draw salt

Be (70% TD)
LiAlO2 (85% TD)

Tritium breeding/n
Q (W/cm3)

LOCAL NEUTRONICS RESUUT FOR NS/LlAlO /Be
BLANKET (50% ENRICHED 6Li)

807 Fe-1422

+ 20% HZO

1 2 3 4 5 6 Magnet
I Shield
60 6l 69 79 91 101 111

.55 .12 .10 .10 .08 .06

.45 .16 .11 .11 .06 .04

~ 53 .58 - - -

~ .19 .21 .79 .86 .90

~ 37 .35 .36 .14 10

- 26.4 13.2 8.6 3.0 1.5

141




larger vold space. The blanket energy multiplication is 1.323 for the tokamak
and 1.316 for the mirror.

10.4.4 Heat Transfer and Thermal Hydraulics

Heat transfer and thermal hydraulics analyses have been performed to
determine tube spacing, film drop temperatures, and maximum and minimum
temperatures in the breeding material and structure, Heat generation rates
averaged over 2zones were given in Table 10-2. Coolant tube spacing 1is
determined by finding the radius (R0 from Fig. 10-7) corresponding to a 300°¢C

temperature rise from the tube wall in the breeding zones that contain

AREA OF OVERLAPS = AREA OF SPACE

Figure 10-7. Coolant Tube Spacing Model
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beryllium. The 300°C temperature rise was chosen for the calculations to keep
the maximum temperature in beryllium below 800°C, This results in temjerature
margins of approximately 75°C in the tokamak and 30°C in the tandem mirror.
The 1-D cylindrlical conduction equation was solved using constant
properties. The distance betwe:n tubes 18 found by assuming that the R, (or
1+300°C) boundaries from adjacent tubes would overlap enough so that the total
area cooled by each tube esquals the area of the circle formed by R,» This
rasults in small! -=isas that are overcooled where the circles overlap and small
areas that are undercooled between the circles. The undercooled areas will be
within 20°C of the intended value due to this approximation. A 500°C
temperature rise to a maximum 1000°C is allowed in the regions not containing
beryllium. This limit is based on LiAl0, sintering. 1In these regions there
are temperature margins of 75°C and 30°C in the tokamak and mirror,

respectively.

Table 10-3 glves the tube spacings and resulting fractions of steel and
nitrate salt in the blanket. These are compared with the values used in the
neutronics model to find the heat generation rsztes, and show that the process
has converged. Also 1included is the equivalent surface heat flux on the
coolant tubes. The first beryllium containing region has an equivalent 42
2

W/em® heat flux on the coolant tubes.

TABLE 10-3. COOLANT TUBE SPACIN.. PARAMETERS FOR
THE NITRATE SALT COOLED BLANKET

Tube Q, 3 q" 2
Zone* R, cm v/o W/cm W/cm
2 1.26 22.5 26.4 41.9
3 1.51 16.0 13.2 30.1
4 1.53 16.0 8.6 20.1
5 2.11 9.0 3.0 13.4
6 2.55 5.0 1.5 9.8
*See Table 10-2.
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The coolant tubes are routed such that they cool approximately 6 m,
axially, of blanket. In the tandem mirror the 6.32 m module length 1is
compatible with the required flow path lemgth, but in the tokamak the coolant
1s routed in series through to adjacent pods to achieve the 6 m length.
Assuming a 6 m length and a maximum coolant velocity of 5 m/s (to reduce the
pressure drop and emf voltage) results in a coolant AT of 73.4°C. The maximum
film drop temperature is 27°C. The pumping power at the operating velocity is
approximately 0.2%Z of the blanket energy which is much lower than is obtained

for other coolants.

Maintaining a constant coolant exit temperature while preserving a
maximum temperature in the breeding material requires control of the coolant
velocity as a function of depth in the blanket. The coolant flow will be-
slower at 1increasing depths in the hlanket. The radially dependent velocity
is shown in Table 10-4. The velocity differences lead to pressure drop
varlations that must be equalized. Single orifices at the entrance of each
coolant tube provide the additional pressure drop needed for equalization.
Typical orifice sizes for the 1 cm ID tubes are also listed in Table 10-4. An
alternative approach is to orifice both ends of the coolant tube thus

increasing the required orifice size.

TABLE 10-4. COOLANT FLOW PARAMETERS FOR THE
NITRATE SALT COOLED BLANKET

Coolant Reynolds Film Pressure Orifice
Zone¥ Velocity, cm/s Number Drop, °C Drop, kPa Radius, cm
2 500 46100 27.3 290 0.5
3 359 33119 25.8 150 0.32
4 240 22128 24,1 67 0.24
5 159 14700 22.5 29 0.20
6 116 10733 21.4 16 0.16

*See Table 10-2.
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10.4.5 Tritium Inventories

Structure

The structural tritium inventory was calculated based on an experimental
value of 2.5 x 1072 moles T,/cm’ for hydrogen in steel at 500°C and 3.2 x 107
atm partial pressure. Pressure dependence was taken to be proportional to the
square root of the HT partial pressure (5.2 x 1076 atm); a hydrogen (H,)
dilution factor of 35 was assumed. The calculated inventory values are 0.3 g
for the tandem mirror and 0.5 g in the tokamak. The difference is a result of

the different geometries and reactor sizes.
Coolant

The coolant inventories of 26 g in the tokamak and 14 g in the TM are
based on experimental values for water solubility in draw salt (sce Section
6). Assuming that these values are applicable to tritium (HTO) at low partial
pressures, 1t is possible to keep the coolant inventory to these levels in the
tokamak and tandem mirror coolant loops. This can be accomplished by drying a
500°C, 2% slipstream at 25% efficiency.

Purge Gas

The helium purge gas inventory at 5.2 x 10_6 atm HT partial pressure is
approximately .033 g in the ™ and 0.036 g in the tokamak, assuming that most
of the tritium is in the form of HT. The purge gas volumes have been scaled
from the solid breeder volumes for the tandem mirror and tokamak. The purge
gas tritium inventories given here are meant to be used as order-of-magnitude
values. Temperature variations have been neglected, and the purge gas process
loop outside the blanket, which is expected to contain most of the purge gas

and tritium, has not been designed.

Solid Preeder

As discussed above for the water-cooled designs, the solid breeder
tritium inventory is dependent on the temperature and the presence of 100 wppm
of excess hydrogen in the purge stream. The diffusive tritium inventories are
2 k; in the tokamak and 0.25 kg in the tandem mirror blankets as calculated by
the method discussed in Sectinn 6. The much lower value in the tandem mirror

solid breeder inventory is primarily due to the higher minimum temperature.
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Because of the presence of the excess hydrogen, there 1s minimal tritium
inventory in surface adsorption. These inventories are summarized in Table
10-5.

TABLE 10-5, TRI™TUM INVENTORIES

Tandem
Mirror Tokamak
(g) (g)
Structure 0.3 0.5
Coolant 14 26
Purge Gas .033 .036
Solid Breeder 250 2000

To maintain a low tritium partial pressure and inventory, the helium
purge stream will flow through the sphere pac from the frent wall to the
back. The purge stream is necessary becavse calculations indicate that 1if
just a diffusion mechanism is relied on, substantial partial pressures of
tritium would develop and thus lead to high peruweation rates of tritium out of
the reactor. Diffusion resistance within the sphere-pac particles is included
in the inventory calculations discussed above. The mechanism of tritium
transport considered here is thus the forced convective flow of the purge
stream. Mass balance on a differential segment of the hlanket volume can be
made, and an equatlon derived which can bhe used to estimate steady-state
tritium concentrations. This was done, with the additional assumption belng
made that the geometry can be reasonably modeled with a flat plate
configuration (this will overestimate the tritium concentration and thus
provide some margin of safety). The concentration of tritium in the blanket
is a function of the radial distance from the first wall, and is given by the

following equation:

v
Cc = Ev-[r—rol [10-1]
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where C 1s the tritium concentratlon in ﬂ/Cm3, Qv g the volumetrle production
rate in g/cm3~s), V is the linear velocity of the purge stream gas in cm/s, r
is the radius of the outer wall in cm and c, is the radius of the first wall
in cm.

The maximum concentration of tritium is achieved at the back wall of the
reactor. The tritium partial pressures and tritium permeation rates ‘ere
calculated for two design cases. A hydrogen dilution factor of 135 is
assumed. The values of the parameters used for these calculations are listed
in Table 10-6. For the first case, a tandem mirror reactor design at 475°C,
the maximum partial pressure of HT which develops 18 5.2 x 107% atm. The
permeation rate at this partial pressure and temperature 1s 1.0 x 10710
Ci/CmZ-s. For the second case, a tokamak reactor at 400°C, the maximum
concentration of HT which develops is 4.6 x 1078 atm. The permeation rate at
this partial pressure and temperature is 4.2 x 10-lO Ci/cmz—s. This results
in a permeation to the coolant of 200 Ci/day in the tandem mirror and 290
Ci/day in the tokamak blanket based on estimates of the coclant tube surface

areas.

TABLE 10-6. PARAMETRIC VALUES FOR TRITIUM PERNMZATION

Parameters Value

r, 100 cm

T hax 150 cm
Q 1x10” 11 g/cm3-s

\Y 1 cm/s

The pressure drop of the helium purge stream across the sphere-pac bed,
which has a porosity of 0.15, was calculated from the Ergun equation for the
two design cases. For the tandem mirror reactor at 475°C and a purge stream
velocity of 1 cm/s, the pressure drop is 0.9 atm across a 50 cm bed. For the

tokamak reactor the pressure drop is also 0.9 atm. Pumping power is less than

I MW for the purge system.
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The purge inlet pressure 1is maintained at 4 atm, equal to the coolant
pressure. Excess (100 wpm) hydrogen is added for isotopic dilution of the

tritium which eliminates the surface inventory on the breeder.

10.4.6 Design Issues

This section discusses 1iss.es which are specific to the design or to the
analysis methods used. Issues generlc to the use of nitrate salts as coolants
are discussed in Section 10.4.3 above. The issues considered below apply to

both the tokamak and tandem mirror blankets.

Sphere—Pac Settling

As mentioned earlier, the only support for the coolant tubes within the
blanket comes from the sphere-pac itself. If significant settling or
shrinkage of the sphere-pac occurs it could lead to premature tube failure.
Tube sheets or other supports may be difficult to design because of the high
(up to 1000°C) temperatures in the solid breeder, and because forces from
shifting of the sphere-pac may be large. It may be necessary to separate the
sphere—-pac into smaller compartments. This will tend to increase the

structural fraction and probably the coolant fraction as the added structure

will require cooling.

Another problem that will arise if settling of the sphere-pac occurs is
temperature control. The sphere-pac will pull away from the lower side of
horizontal surfaces, introducing a low conductivity gap. If this occurs, more
cooling tubes will be required to keep the solid breeder within temperature
limits, thus further increasing the coolant and structure fractions. Small
regions where the temperature limits are exceeded may be tolerated with a

minor increase in tritium inventory.

Calculations

One-dimensional heat transfer calculations can only cive a first order
approximation of coolant tube spacing requirements in the actual complex
geometry of the blanket. A two-dimensional calculation and optimization would
probably result in slightly higher than calculated coolant and structure

fractions due to spatially varying heat fluxes and 1interactions with the

containing walls.
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Another Ffactor that affects neutronic performance 1is the degree of
heterogeneity in the model used for the neutronice calculations. Blankets
with beryllium tend to have soft spectra, and therefore parasitic captures in

the coolant and structure can be underestimated with homogereous models.

The issues mentioned so far all have a potential effect on neutronic
performance from increased parasitic capture in the structure and coolant.
Increased parasitics in the front zones of the blanket can decrease both the
tritium breeding ratio and the energy multiplication since a neutron that may
have been multiplied in beryllium 1s lost. However, most of the neutrons
absorbed in the steel and nitrate salt will be low energy, and thus below the
thresheld of the beryllium {n,2a) reaction. 1In this case, and in the back of
the blanket where no beryllium 1s present, neutrons captured parzsitically
will tend to increase energy multiplication at the expense of the tritium
breeding ratio. Thus the issues discussed above have the overall effect of
reducing the calculated tritium breeding ratio and increasing the energy

multiplication factor.

Manufacturing

Manufacturing of the nitrate salt blanket has not been addressed. The
pod ends (or module 2nds in the tandem mirror) consist of two plates <onnected
by f{nearly) parallel webs forming cooling channels, with the whole composite
curving in three dimensions. Construction and adequate flow control in
adjacent cooling channels may be difficult. Other potential manufacturing
problems cccur at the back of the blanket, wherc the pods connect with the
back of the blanket and the inlet and outlet plena. Changes in material
thicknesses may be required in this location, and stress concentrations will
occur without careful design and manufacturing. We do not see any potential

feasibility issues in this design, but manufacturing difficulties exist and
may require design changes.

Coolant Handling/Freezing

Draw salt expands reversibly approximately 4.57 on melting ‘at  222°C.
This can cause tubes or other components to burst if the salt were to freeze
and remelt, depending on the configuration and the distribution of the
welting. Dilution with water to lower the melting point is used for filling

and draining nitrate salt systems, but this would complicate tritium control
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in a fusion system. Water dilution and flushing can be used for emergeuncies
and at final shutdown. The helium purge system can be used to preheat the
blanket and to keep the salt molten during an extended shutdown. Afterheat
will cause the draw salt temperature to increase, rather than decrease after a
few days or less of apevration. Freezing does unot appear to pose any major

praeblems, but will be an operating consideration.

10.5 Summary

Based on the conceptual design work and the evaluations performed,
nitrate salt cooled, lithium aluminate blenkets with beryllium multipliers are
excellent in economic performance, engineering feasibility and tritium
breeding for botin tandem mirror and tokamak reactors. A pod containment
design with the coolant {n tubes and the lithium aluminate and beryllium in
sphere-pac form was chosen for the tokamak to provide structural strength,
good heat transfer characteristics, and good tritium breeding. In the tandem
mirrer, a cylindrical containment was selected to minimize vcid space with the
rest of the blanket and its performance being very similar to the tokamak. A
unique approach was taken in the tritium purge system. A plenum immediately
behind the first wall supplies helium purge gas directly to the sphere pac.
The purge gas flows through the sphere pac at 1 cm/s to an exit plenum at the
back of the blanket. This simple design keeps the permeation to an acceptable

level, has a low pressure drop and elimii.ates large amounts of plumbing.

The performance of salt-cooled blankets with other breeders may equal or
exceed that of the blanket described in this paper. Of particular interest is
17L1~-83Pb breeder if the chemical reacticn between the breeder and coolant is

deemed acceptable in the event of a tube failure.

The two principal advantages of salt cooling are low pressure and
economics. We could not quantify all of the advantages of low pressure in the
BCSS. We would expect them to become evident in blanket reliability and
safety 1if the designs were implemented and tested. The properties nf molten

salt coolants should result in the lowest cost of electricity of any of the
blankets studied.

The critiecal disadvantage of this coolant 1is the intensely radioactive
primary lcop. The system will contain large radioactive souice terms which

have an adverse effect on both the actual and perceived safety of these
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blankets. The radioactivity will also constrain reactor operational

procedures because the primary loop must be shielded.

There are several uncertainties associated with nitrate salt coolants
that must be resolved by experiment. The most important of these is salt
stability under irradiation because it affects the feasibility of the
concept. Design issues remain which may either improve or detract from
performance; these do not appear to be feasibility issues. A substantial

experimental program would be needed to resolve these issues and to generate

additional design data.

10.6 Concepts Set Aside for Possible Future Consideration

The most promising nitrate salt-cooled blankets, nther than the ferritic
steel/lithium aluminate/beryllium blankets discussed in this section are:
lithium lead, lithium oxide with no multiplier, and ternary oxide with a lead
multiplier. Ternary oxides other than lithium aluminate are expected to
perform similarly, and the conclusions and recommendations for lithium
aluminate are intended to extrapolate to the othar ternary ceramics. Ferritic
steel appears to offer the most promise as a structural material. Vanadium is
incompatible with the heavily oxidizing salt and austenitic steels appear to

offer less radiation and corrosion resistance.

As mentioned above, nitrate salt-cooled lithium lead blankets look very
promising if the two liquids do not have an unacceptable energy release rate
and if the oxidation kinetics of tritium in nitrate salt are favorable.
However, they would have the highest level of induced radiocactivity of any
blanket considered in BCSS. Lithium lead/nitrate salt reactions are currently
being studied at HEDL. The preliminary results of this work are not
conclusive. Favorable tritium oxidation kinetics in'the nitrate salt can be
used to overcome the difficult tritium control problems with lithium lead.
The very low solubility of tritium in lithium lead results in high tritium
partial pressures, and therefore high permeation rates. In a proper nitrate
salt—cooled lithium lead design, some tritium would permeate into the coolant
where it would oxidize, halting permeation through subsequent boundaries. The
kinetics of the oxidation process are presently unknown. Oxidation would have
to occur within a few seconds to adequately prevent permeation. Tritium can

be removed from the nitrate salt by drying.
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Nitrate salt-cooled lithium oxide, with no neutron multiplier, offers a
simple solid breeder blanket but has marginal tritium breeding potential.
Neutronics scoping studies indicate a TBR between that of helium—-cooled
lithium oxide, which 1s discussed in Section 9, and water—cooled 1lithium
oxide, which was rejected because of poor tritium breeding. Since issues
generic to lithium oxide and 1issues generic to nitrate salts are being
considered in this study, we feel that the principal R&D requirements for
nitrate salt~cooled lithium oxide blankets are being addressed implicitly. If
the TBR is found to be sufficient and the outstanding nitrate salt issues are
resolved favorably this breeder/coolant combination would warrant further

study.

A water—-cooled, ternary oxide blanket with a liquid lead multiplier was
studied during the first year of BCSS. The concept was eliminated from the
study because of difficulties with possible lead freeze up and the necessity
of operating within the 1liquid metal embrittlement temperature range. Draw
salt is more promising as a coolant in this regard since the coolant inlet
temperature can be kept well above the lead melting point, and possibly above
the IME range. Difficulties with freezing and LME during startup, shutdown
and off-normal conditions remain. If the beryllium multiplier is eliminated,

a lead multiplier would be worth further consideration.

Several alternate mechanical configurations are possible for the lithium
aluminate, nitrate salt, beryllium bhlanket. The concepts explored here were
chosen for good performance and in an attempt to i1lluminate the generic

issues. Better concepts prubably exist.

10.7 Concepts Judged to be Less Promising or Clearly Inferior

As mentioned above, austenitic steels were considered inferior to
ferritic steels because of less resistance to radiation damage and
corrosion. Lithium oxide with lead and beryllium multipliers was considered
less promising than the ternary ceramic breeders. With the multiplier
present, the advantage of higher lithium atom density :n lithium oxide for
tritium breeding is lost. The ternary ceramics appear to have wider operating
temperature windows and less severe problems with burnup chemistry. Lithium

zirconate does not appear to offer a better tritium breeding potential than
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lithium oxide, and has a lower thermal conductivity. These factors, together

with safety problems from zirconium activation, make 1lithium zircomate an

inferior choice.

10.8 Recommended Pesearch

The R&D needs for the nitrate salt are discussed in this section. We
have emphasized 1ssues that are unique tc this blanket and not those that

apply to ferritic steel or L1A102 in general.

10.8.1 Excessive Salt Decomposition

As discussed in Section 6, nitrate and nitrate/mitrite salts decompose at
high temperatures and may decompose under neutron and gamma irradiation. Some
of the decomposition products are insoluble while others are gaseous. Typical

reactions are:

2 NaNO3 > 2 NaN02 + 02
5 NaN02 > 3 NaN03 + Nazo + N2

Depending on the salt, an appropriate cover gas is used to drive the reactions
to the left. Air is the best choice for the cover gas. If excessive
decomposition occurs, a large clean—up system mav be needed. During a

temperature excursion, decomposition may affect safety.

The required data are:

a. Decomposition rates and reactions at temperatures from 400°C to €00°C

at 259C intervals and to 800°C at 30°C intervals.

b. Decomposition rates and reactions in a combined radiation and
temperature field at temperatures from 400°C to 550°C and radiation
dose rates from 5 x 10° to 5 x 108 rad/s at 25°C intervals and two

intermediate radiation dose rates.

c. Tests of decomposition in a temperature excursion from an initial

temperature of 450°C at heat input rates from .01 to 1 W/cm3.
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d. The effects, 1f any, of cover gas pressure on decomposition rates

should be investigated and the pressure increase in the gas measured.

There 1s a reasonable data base on thermal decomposition from the solar
and other programs. However, it 1is incomplete and the data on radiation-

induced decomposition is effectively nil.

We recommend near term testing of radiation-induced decomposition. This
issue could eliminate nitrate salts from consideration, and small sample
experiments could be done quickly and inexpensively and would be adequate to
determine if there 1s a major problem. The next step would be to test
combined radiation and temperature effects and to include testing at higher

fluxes.

10.8.2 Excessive Chemical Reactivity

Nitrate and nitrite salts are gool oxidizing agents. This can result in
a high rate of energy release when put in contact with an active reductant.
For the specific blanket design, leakage of draw salt into the sphere pac
mixture of Be and LiAl0, powder is the largest concern. Reactions with other
potential blanket materials, such as 17Li-83Pb, are also a concern. This is

primarily a safety issue.

The folinwing tests are recommended:

a. Tests of NS with powdered Be/LiA'02 with the NS at 450, 500 and 550°C
and the solid at 600 to 800°C. Monitor temperature and pressure

response and chemical reaction products.

b. Tests of NS with 17Li-83Pb with the NS at 450, 500 and 500°C and the
17L1~83Ph at 50 to 100°C higher temperature than the NS. Injection of
NS into 17Li-83Pb and 17Li-83Pb into NS should both be done to

simulate 2z blanket and an IHX. Same measurements as in a.

c. Screeniny; tests of NS with other blanket materials and material

forms. These include Li 0, other ternary ceramics, Be, graphite, SiC,
lead at 500%C.
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Much of the currently available data comes from manufacturers and should
be validated by well-characterized tests under fusion blanket conditions.
Preliminary 17Li-83Pb tests have been run at HEDL. The results showed a
moderate reaction and leaves the compatibility im doubt. However, the

reaction is milder than that of sodium/water which is considered acceptable.

10.8.3 Excessive Activation Products from NS

The salt will be highly activated in the fusion blanket. The key concern
is determining the form of the products and our ability to contain normal
emissions. Of particular importance are the gaseous products, argon and CO,,

especially the former.

The data required to resolve this issue are:

a. Validate activation calculations by neutronics experiments on Na, K,

N, and O. This can be done on NS, elements or other compounds.

b. Determine chemical form of products. This must be performed with NS
and at temperatures from 350°C to 500°C.

c. Develop methods and test gaseous product removal and control. This

may be done in conjunction with tritium recovery.

Basic activation cross sections exist and are relatively quite good for
these elements. Only a simple validation is needed. Whether carbon forms a
gaseous product, CO or CO,, is unknown. Both CO, and carbomates have been
predicted. The kinetics are not known. No work has been done on argon or

CO/COZ removal from NS or on containment.

10.8.4 Tritium Control

Nitrate salts are expected to rapidly oxidize tritium to T,0 to prevent
leakage from the system. In addition, the removal of TZO from N5 by vacuum
degassing needs to be validated. Of importance are the rates of diffusion ta
determine slip stream size, pool area and whether additional agitation is

required. These data are needed to evaluate the tritium inventory in the
primary loop.
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The required data are:

a. The oxidation kinetics of tritium in NS should be measured at
temperatures from 350 to 550°C at 50°C intervals. Hydrogen can be

used in place of tritium with a one-point comparisen.
b. Diffusion rates of T,0 in NS at temperatures from 350 to 550°C.
¢. Vapor pressure and solubility of To0 in NS from 350 to 550°C.

d. Development of techniques for T20 recovery from NS and experimental

validation of methods.

The only data that currently exist are for Hy,0 solubility in NS as a
function of temperature and water vapor pressure above the salt. No data

exist fur tritium.

Oxidation kinetics of tritium 1is of fundamental importance 1in the
consideration of NS as a blanket coolant. If tritium oxidizes rapidly in NS,
excellent tritium control is possible. If oxidation is slow, tritium control
with NS may be as difficult as it is with other coolants, and one of the main
motivations for using NS is eliminated. We recommend that a high priority be
given to the study of the oxidation kinetics of tritium in NS.

10.8.5 Corrosion Effects

The NS is a conducting fluid that when pumped through a magnetic field
will develop an induced voltage. This voltage depends on the fluid velocity,
field strength and pipe size. The induced voltage causes breakdown of the

salt which in turn enhances corrosion of the structure.

The required data are:

a. Salt breakdown as a function of applied potential for voltages between
0.1 and 2 V at temperatures between 350 and 500°C at 50°C intervals.
Measurements to be made include ionic content of the salt and chemical

form of the salt.
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. Corrosion rates of ferritic steel in a static system and in a forced
convection loops at 75 and 150°C ATs at Tg,,p between 400 and 500°C and
an applied voltage of between 0.1 and 2V.

c. Validation of induced voltage in NS by flow through a magnet field.
Three values of field between 3 and 7 T, 3 values of coolant velocity
between 0.5 and 5 m/s, and 3 values of tube diameter between 0.5 and 2
cm should be included in the matrix. These should be performed at
temperatures between 350 and 550°C. The size of this test matrix will
depend on the importance of voltage enhanced corrosion determined in

data need b) above,

At present, there are no data on NS for allowable voltage level or on
corrosion with magnetic field effects. Theory exists for estimating the
induced voltage. We are using extrapolations based on fluoride salt data in

this study to estimate allowable voltage. The data on fluoride salts are

guite sparse.

10.8.6 Solid Breeder Temperature Control

The temperature of the breeder sphere pac must be maintained in the
proper temperature range for tritium recavery. Because no gaps are required,
the key issue becomes the breeder losing contact with the coolant tubes which
may cause overheating. Validation of this need requires, at least, a full
thermal simulation of a blanket mockup including temperature cycling and long

tetm creration. Simple tests can be done on a single element but these are
not conclusive.

The data needed are:

a. Settling and change of thermal properties for a sphere-pac element

with a cooling tube.

b. Breeder tempe.ature distribution after multiple thermal cycles with

full simulation of temperature and geometry conditions.
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No data base currently exists for this issue. Some extrapolations can be

made from fission elements.

10.8.7 Beryllium Reprocessing

Beryllium reprocessing (including refabrication) must be low loss (~ 1-27%
per recycle) to avold resource limitations. The reprocessing must also be
done remotely because the beryllium will be radioactive. For the particular
NS blanket design, this includes separating Be from LiAl0, microspheres and
remanufacturing. Chemical purification may also be needed. Other Be forms
such as balls, rods and blocks should also be investigated to help determine

the best mechanization of the design concept.

Required data are:

a. Develop and validate methods for remote manufacturing of Be

microspheres.

b. Develop and validate methods for remote separation of Be rrom LiAlg,

microspheres at high efficiency.

c. Develop and validate methods for remote, low loss reprocessing and

refabrication of other Be forms that may be used in NS blankets.

There 1s considerable expertise in remote fabrication in the beryllium
industry based on powder metallurgy technology. This 1s done remotely because
of toxicity of BeO. Processes would have to be upgraded for full remote
operation because of induced radioactivity. Significant study of reprocessing
and refabrication of Be balls was done for the Fusion Breeder Program. To our

knowledge, no work has been done on microspheres.
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