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I. INTRODUCTION

The blanket is one of the most important components of a fusion reactor
because it deals directly with the issues of energy extraction and fuel breed-
ing, which represent major technical feasibility questions for the practical
development of fusion power. In addition, the blanket substantially
influences the reactor economics and safety. Demonstrating the engineering

feasibility of the blanket will require extensive research and development.

Numerous studies carried out worldwide over the past fifteen years pro-
posed a large number of design concepts. Many of these concepts vary in
material choices and major design features, and they pose widely different
types of critical issues. Ideally, R&D programs should seek to develop a
broad data base sufficient for resolving the critical issues for all promising
design options in order to select with absolute confidence the most attractive
blanket for fusion reactors. Realistically, however, a resource-limited R&D
program inevitably must select and focus on only a very limited number of
options. An exceedingly important concern with this inevitable approach is
the decision-making process to identify the fewest low~-risk, high pay-off
options. One great difficulty is that the information required for complete
technical evaluation of all possible options is often not available. There is
no unique scientific formula for dealing with this situation; there are only
guidelines based on expert judgement. The two-year Blanket Comparison and
Selection Study was initiated by the U.S. Department of Energy/Office of
Fusion Energy in October 1982 to develop these guidelines and to utilize them
in identifying a very limited number (~ 3) of blanket concepts that should

receive the highest R&D priority over the next several years.

The objectives of the Blanket Comparison and Selection Study (BCSS) can
be stated as follows: '

1) Define a small number (~ 3) of blanket design concepts that should be
the focus of the blanket R&D program. A design concept is defined by
the selection of all materials (e.g., breeder, coolant, structure and
multiplier) and other major characteristics that significantly

influence the R&D requirements.



2) Identify and prioritize the critical issues for the leading blanket

concepts.

3) Provide the technical input necessary to develop a blanket R&D pro-
gram plan. Guidelines for prioritizing the R&D requirements include:
a) critical feasibility issues for the leading blanket concepts will
receive the highest priority, and b) for equally important feasibili-
ty issues, higher R&D priority will be given to those that require

minimum cost and short time.

The BCSS is focused on the mainline approach for fusion reactor develop-
ment. Thus, the study is limited to the deuterium-tritium fuel cycle, tokamak
and tandem mirror reactors, and the reactor parameter space of each that is
generally believed to have a reasonable probability of being achievable.
Alternate confinement concepts that may require a totally different blanket
approach are not considered. Likewise, exotic blanket concepts with no data

base for meaningful technical evaluation are not included in the the study.

The BCSS is being carried out by a multidisciplinary team with personnel
from national laboratories, industry and universities (see Table I-1). The
team is led by Argonne National Laboratory. The major industrial organizations
are McDonnell Douglas Astronautics Company, GA Technologies,, Inc. and TRW.
Smaller but significant efforts are provided by EG&G Idaho, Inc., Hanford
Engineering and Development Laboratory, Grumman Aerospace Corporation,
University of Wisconsin, Rensselaer Polytechnic Institute, University of
California -~ ILos Angeles, and Energy Technology Engineering Center. In
addition, the study has benefited from consulting with a number of experts in
other organizations such as Oak Ridge National Laboratory, the Fusion
Engineering Design Center and Westinghouse. A review committee was appointed
by DOE's Office of Fusion Energy to provide periodic evaluation of the
progress and direction of the study. The membership of this review committee
is shown in Table I-2.

The objectives and scope of the BCSS are substantially different from
past reactor studies. Previous studies were generally concerned with
developing conceptual designs but the focus of the BCSS is on concept

selection. Therefore, the project organization and emphasis were carefully
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TABLE I-1. BLANKET COMPARISON AND SELECTION STUDY TEAM

ARGONNE NATIONAL LABORATORY

McDonnell Douglas Astronautics Company
GA Technologies, Inc.

TRW, Inc.

Grumman Aerospace Corporation
Rensselaer Polytechnic Institute
University of Wisconsin

University of California - Los Angeles
Energy Technology Engineering Center
Hanford Engineering Development Laboratory
EG&G Idaho, Inc.

Oak Ridge National Laboratory

TABLE I-2. BCSS REVIEW COMMITTEE

. R. Krakowski (Chairman) - LANL
C. Flanagan, W/FEDC
C. Henning, LLL
D. Cohn, MIT
G. Kulcinski, U of WI
R. Gold, W
R. Little, PPPL
J. Scott, ORNL

planned at the initial stage to best serve the purpose of the study. A few
examples illustrate the point. Blanket designs are developed in the project
to serve as a tool (not a goal) for identifying the issues and facilitating
comparison of blanket options. Therefore, while the blanket designs are
pursued in sufficient depth to make meaningful comparisons, minor details that
do not represent significant issues are not considered. In contrast, key
issues related to the feasibility and performance of blanket concepts are
evaluated to the maximum possible extent permitted by the resources of the
project. Wherever possible, key feasibility issues that are relatively
independent of the design were evaluated prior to pursuing the design
details. In some cases, the results of the key issues evaluation were

negative and the resources required for developing designs of the affected

blanket concept were conserved.

It was recognized from the outset of the study that considerable effort

had to be devoted to developing a comparison methodology and a set of evalua-
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tion criteria which would facilitate the primary goal of the study; namely,
the selection of a limited number of promising blanket concepts that should be
the focus of blanket R&D. This effort is described in Chapter III. Develop-
ing this comparison methodology and evaluation criteria required a reiatively
long time and carrying out the actual process of the éomparison of blanket
concepts involves considerable effort. Therefore, a less systematic approach
was used for screening blanket concepts during FY 1983. The more detailed
comparison methodology and evaluation criteria will be utilized during FY 1984
to compare the smaller number of blanket concepts that passed the screening
evaluation of FY 1983.

At the beginning of the study, blanket concepts were divided into main-

line and alternate concepts. Mainline concepts offer higher potential and

were evaluated in considerably more detail than the alternate concepts. The
classification of a concept as mainline or alternate was based on expert
judgement utilizing the results from previous studies. Figure I-1 shows the
blanket options that were considered during FY 1983. The mainline concepts
are designated by the choice of the breeder (top item in each box) and coolant
(bottom line) while all alternate concepts are referred to in the box desig-
nated "concept screening”. Designs.were developed for each of the mainline
concepts by a number of groups. The alternate concepts were evaluated only
briefly to ensure that no potentially attractive concept is left out of the
mainline concepts. The results of the alternate concept screening evaluation
confirmed the initial judgement with one exception. It was recommended that
the molten salt coolant option be included for evaluation as a mainline con-
cept. Work was recently begun on the key issues for the molten salt coolant
options and, provided the results are positive, design and analysis will be

initiated on these options soon.

There are 10 mainline concept classifications designated by the breeder
and coolant in Fig. I-1. ©Each classification actually includes a number of
concepts depending on the choice of the neutron multiplier (if required) and
the structural material. Since achieving adequate tritium breeding cannot be
assured for any of the breeders considered, except for LiPb, the need for a
neutron multiplier had to be evaluated. In addition, the resource limitations
of beryllium and the practical difficulties with lead had to be addressed
since these are the only two attractlve non-fissionable neutron multipliers
available.
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Three classes of structural materials were selected for evaluation in the
study: 1) austenitic stainless steel represented by PCA (Primary Candidate
Alloy), 2) ferritic steels represented by HT-9, and 3) vanadium alloys repre-
sented by V-~15Cr-5Ti. In addition, low activation variants of the austenitic
and ferritic steels will be considered. The BCSS project selected to evaluate
all mainline concepts with PCA at the early stages of the study for several
reasons. First, a large data base exists for austenitic stainless steel and,
at present, PCA is the focus of the alloy development program in the U.S.; and
therefore, it 1s important to determine the relative performance of each
blanket concept using PCA. Second, the results for blanket designs with PCA
provide a benchmark against which the designs with advanced alloys can be
compared, and the benefits of developing advanced . alloys can then be
assessed. During FY 1983, nearly all initial blanket concept evaluations with
PCA have been completed and work on concepts with other structural materials

is presently underway.

Figure I-2 shows the BCSS project organization and the tasks emphasized
during FY 1983. Each of the mainline concepts was evaluated by one design and
analysis group. All the alternate concepts were evaluated by one group. A
number of groups were formed to address critical issues such as tritium
recovery from solid breeders, 1liquid metal corrosion, tritium breeding,
resources and waste disposal. Two groups were also assigned responsibilities
for critical project tasks. The first is developing design guidelines for key
parameters suéh as neutron wall load, surface heat flux, erosion rates, maxi-
mum allowable temperatures and stresses. These design guidelines ensure con-
slstency among the designs for various blanket concepts. The second is

developing the comparison methodology and evaluation criteria.

The BCSS started in October 1982 and is scheduled for completion in
September 1984. This document is an interim report on the results obtained
during the first year of the study. The purpose of this interim report is to
provide members of the fusion community with sufficient information that
enables them to make meaningful feedback at approximately the mid-point of the
study. Since a complete documentation of the effort will be made in a final
formal report at the end of the study, no attempt was made to make this report
a thorough documentation of all the results obtained to date. Furthermore,

the time-consuming aspects normally associated with issuing a formal report
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such as making rigorous editing, listing complete references and providing
good quality figures have been avoided in order to conserve the resources of

the project and to provide for speedy issuance of the report.
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II. OVERVIEW AND SUMMARY

11,1 Introduction

The purpose of this chapter is to provide a summary of the work of the
Blanket Comparison and Selection Study (BCSS) carried out during FY 1983. The
chapter is kept relatively brief to enable all readers to get a clear perspec-—
tive of all the key results and activities of the project prior to studying
the details of the many technical areas that are presented in the rest of the

report.

Section II.2 summarizes the design guidelines that have been used in the
design and analysis of all blanket concepts. Section II.3 highlights the
status of the work on developing a comparison methodology and a set of evalua-
tion criteria to facilitate comparison, selection and ranking of blanket con-
cepts. A numbef of key issues that are common to many blanket concepts have
received considerable attention in the study. Most of these issues are
related to structural and special materials, liquid metal, gaseous and water
corrosion and solid breeder tritium recovery and are summarized in Sections

I1.4, II.5 and I1I.6, respectively.

As mentioned in the previous chapter, all candidate blanket concepts were
classified early in the study into mainline and alternative concepts. The
mainline concepts are those that were judged, based on previous studies, to be
potentially more attractive than alternative concepts. Section 1II.7
summarizes the results of the alternative concept screening effort. The
results of design and analysis and key issues evaluation for the mainline
concepts are summarized in Section II1.8 for liquid metal breeder concepts and
in Section II.9 for solid breeder concepts. An overview of the present status

of ranking the candidate blanket concepts is presented in Section II.1O0,

I1.2 Design Guidelines

One of the special project tasks has been the development of Design
Guidelines. The purposes of these guidelines are:

- To establish the value (or range of values) of parameters and to state
assumptions that require consistency in treating all (or most) blanket

concepts.
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- To provide guidance on the approach to handling issues of broad
interest in all concepts.

A set of design guidelines were issued at the beginning of the study. These
guidelines have been updated periodically to provide clarifications and addi-
tions as the need arised. The present version of the design guidelines is

provided in Appendix A. Some of the key guidelines are briefly reviewed

below.

While the focus of BCSS is on the first wall and blanket, there is a need
to define a reference reactor to facilitate the definition of boundary condi-
tions and comparison of blanket concepts in terms of the impact on the overall
reactor performance, safety and economics. For tandem mirrors, the MARS reac-
tor design is adopted. For tokamaks, STARFIRE with limited modifications is
utilized as the reference reactor design. These modifications include in-
creasing the neutron wall load from 3.6 to 5 MW/mz, reducing the peak toroidal
field from 11.1 T to 10 T and reducing the number of TF coils and the number
of blanket/shield sectors to 10.

The reference neutrén wall load is 5 MW/mZ. This is presently believed
o be near the upper end of the optimum range of wall loading for tandem mir-
rors and tokamaks. While all the mainline and alternative concepts have been
evaluated at 5 MW/mz, a small effort was devoted to evaluating first wall/
ﬁlanket concepts at higher wall loadings. This effort is summarized in Appen-
dix D. The preliminary results indicate that for the present candidate mate-
rials and reactor design concepts, no clear benefits can be identified in

terms of the cost of energy for operating at wall loads > 5 MW/mZ.

The design of the first wall is greatly influenced by the value of the
surface heat load and the rate of the wall erosion. There are considerable
differences in this area between tandem mirrors and tokamaks. In the MARS
design, the surface heat flux is ~ 10 W/cm? and the charged and neutral fluxes
at the first wall are so low that the resulting erosion is insignificant. 1In
contrast, tokamak designs have shown high surface heat fluxes and in some
cases high erosion rate at the first wall. There is a trade-off between the
heat load on the first wall and that transported to the limiter or divertor
‘plates. Since limiters and divertor plates have limited surface area, the

results of the tradeoff generally favor that a large fraction of the a-power
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be radiated to the larger surface area of the first wall. If STARFIRE is
operated at a neutron wall load of 5 MW/m? the total a-power is 970 MW. With

a limiter located at the bottom (INTOR type) one can assume one of two cases:
Case A

40% of the a-power is radiated to the first wall
Surface Heat Flux at the first wall = 0.5 MW/m2
Peak Heat Flux at the limiter = 13 MW/m2

Case B

80% of the a-power is radiated to the first wall
Surface Heat Flux at the first wall =1 MW/m2
Peak Heat Flux at the limiter = 4.3 MW/m2

Following INTOR, we assumed in the above two cases that the peak-to-average

heat flux ratio at the limiter is 1.5.

The erosion rate is determined primarily by the magnitude of the flux and
energy of the charge-exchange neutrals at the first wall. Previous reactor
studies predicted erosion rates at the first wall as high as 10 mm/y. More
comprehensive modeling performed for the recent Phase II of INTOR indicate
that the charge exchange flux is very low, hence the erosion rate on the first
wall will be low (~ 1 mm/y) except for localized areas near the limiter tips

and divertor throat.

The BCSS decided to emphasize in FY 1983 the more demanding parameters
that are typical of tokamak conditions. The reference values adopted for the
first wall surface heat flux and erosion rate are 0.5 'MW/mZ and 1 mm/y,
respectively. In addition, parametric studies were carried out to determine
the performance of the candidate first wall/blanket concepts in the ranges of
0.1 to 1 MW/m2 and 1 to 10 mm/y. As described in Chapter III, first wall/
blanket concepts are given higher points for their capabilities to accommodate
higher surface heat load and erosion rate. Since the reference value of 0.5
MW/m?2 at the first wall implies a very high heat load (13 MW/m2) at the limit-

er and divertor, one needs to carefully evaluate the important aspects of the
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design, lifetime and energy recovery for the limiter and divertor because they
can considerably affect the comparison of various first wall/blanket concepts.
For example, if the results from recent studies that have shown that only a
very limited number of materials, e.g., copper, can withstand heat fluxes > 4
MW/m2 under the many constraints of a limiter design are confirmed, then water
may be the only viable limiter/divertor coolant. This would probably affect
significantly the safety ranking of some of the liquid metal blanket concepts.
Furthermore, the energy deposited on the limiter/divertor is a significant
fraction of the fusion power and the ability to usefully recover this energy

will be a factor in comparison of concepts.

The maximum structure bulk temperature limits were determined by the
material evaluation group as described in Section II.4. The adopted tempera-
ture limits are 550°C, 550°C, 750°C for PCA, HT-9 and V-15Cr-5Ti, respective-
ly. The allowable stresses for these structural materials in both the irradi-
ated and unirradiated conditions are given in Chapter IV and Appendix A.
These temperature and stress limits proved to be key constraints on the maxi-
num surface heat flux and/or thickness of the first wall. In particular,
these constraints limit considerably the attractiveness of PCA first wall

designs.

Evaluation of liquid metal corrosion (see Section II.5) provided struc-—
ture temperature limits at the liquid metal interface. Depending on the velo-
city of the liquid metals, these interface temperature limits for austenitic
steels are in the range of 430°C to 460°C for lithium and 370°C to 400°C for
17Li-83Pb. The interface temperature limits are higher by approximately 50°C
and 200°C for ferritic steels and vanadium alloys, respectively. These corro-
sion temperature limits proved to be among the most critical drivers on liquid
metal designs with PCA. Actually, all the 17Li-83Pb designs with PCA appear

unattractive when these temperature limits are imposed.

The lower and upper temperature limits for solid breeders were evaluated
by the Tritium Recovery Issues group as discussed in Section II.6 and Chapter
VIII. The specified temperature 1limits are given in Appendix A. Recent
experimental and analytical results led to specifying temperature limits for
solid breeders that result, in general, in wider temperature windows than
those assumed in previous studies. Wider temperature windows provide needed
flexibility in solid breeder designs.
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The specifications for plasma disruptions in the case of tokamaks were
examined. The first wall is required to withstand only a few (~ 5) major dis-
ruptions during the lifetime. Thus, the first wall erosion resulting from the
thermal energy deposition is not significant. However, the requirement to
withstand the electromagnetic forces induced in the first wall is an important
constraint that has to be satisfied by all design concepts. There are other

electromagnetic requirements on all blanket concepts as stated in Appendix A.

I1.3 Evaluation Criteria

The evaluation criteria "and methodogy are described in detail in Chapter
III. The basic approach has been to use a three stage process as follows:

® Separation of blanket concepts into "mainline” and "alternative”
categories at the beginning of the study.

° Development of initial screening criteria which have been used,
together with expert judgement, to screen the alternative concepts
and to provide a framework to evaluate the mainline concepts during
the first year of the study.

° Development of a detailed evaluation procedure which will be wused
during the second year of the study to systematically evaluate and
rank the blanket concepts selected during the first year of the
study. Blankets will be evaluated with respect to the following
areas:

- safety and environment
— economics

- engineering feasibility
- R&D requirements,

The designation of mainline concepts was shown previously in Fig. I-1.
The initial screening criteria are listed in Table II.3-1. These items were
selected because they represent major feasibility issues, generally have
either maximum or minimum threshold values, and can be quantified to some

degree during the initial phase of the study.

With respect to the detailed evaluation criteria, the most readily quan-
tified item, at least in principle, is economics. Here we use the cost of
energy (COE) as the overall figure of merit. COE will be determined for each
blanket concept, which passes the initial evaluation process of the first year
of the study, in the context of both a STARFIRE and MARS reactor; The evalua-
tion will include factors such as the capital cost of the first wall/blanket/
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shield components, changes in capital cost of other components affected by the
blanket (e.g., magnets), power conversion efficiency and pumping power
requirements, total power output including blanket multiplication, and reactor
availability. Availability will include consideration of blanket lifetime,
failure rates, mean—-time-to—-failure, and replacement times. (See Sec.

I111.2.2.2 for a more detailed description.)

The approach taken in "safety and environment” and "engineering feasibil-
ity" was to develop a set of indices for each, which were then combined into
an overall figure of merit fqr each by calculating a weighted sum. Each fig-
ure of merit for safety and environment (Sec. III.2.2.1 and Chapter XI) and
engineering feasibility (Sec. III.2.2.3) has a maximum value of 100. The
indices and weighting values are given in Tables I1.3-2 and II.3-3.

The R&D requirements for a particular blanket concept will be considered
in the latter portion of FY 1984. This evaluation along with the ranking of
various concepts with respect to engineering feasibility, safety and environ-
ment, and economics will constitute the overall evaluation of blanket con-—
cepts. It is anticipated that blankets will be placed in the following
categories:

e Potentially attractive, recommended for further near-term develop-
ment. The goal of the study is to identify only a very limited num-
ber of such blankets to receive the highest R&D priority over the
next several years. Those blankets that are suitable for both toka—

maks and mirrors will be given higher priority than those useful for
only one concept.

° Set aside for possible future consideration. This will include those
blankets judged to be potentially acceptable or perhaps attractive
but they appear at present to be less promising than the recommended
blanket concepts. These would generally be viewed as backups to the
recommended blanket options.

° Rejected. These blankets are judged to be clearly inferior to those
identified above and should not be further pursued.

These rankings are discussed further in Section II.10.
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TABLE II.3-2. SAFETY EVALUATION INDICES

Index Name Weighting Value
1. Structure source term characterization 10
2, Breeder? source term characterization 10
3. Coolant source term characterization 10
4, Fault tolerance to breeder—coolant mixing 6
5. Fault tolerance to LOCA, LOFA, and LOSPD 6
6. Fault tolerance to external forces® 6
7. Fault tolerance to near-blanket system interactionsd 6
8. Fault tolerance of containment integrity 6
9. Radioactive emission rate 20
10.  Occupational exposure 10
11, Waste disposal 10

@#Breeder index includes neutron multiplier when applicable.

bLoss of coolant, loss of flow, and loss of site power.

CE.g., plasma disruptions, seismic events, and off-normal magnet behavior.
dE.g., blanket—-shield or blanket-limiter interactions and response to loss of
vacuum integrity.

TABLE II.3-3 ENGINEERING EVALUATION INDICES

Index Name Weighting Value (Wi)
1. Tritium Breeding and Inventory 23
2. Engineering Complexity and Fabrication 23
3. Resources : 9

4, Power Variation 9
5. Ability to Increase Neutron Power Loading 9
6. Higher Surface Heat Flux With Higher Erosion 9
7. Startup/Shutdown 9
8. Maintenance and Repair 9
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II.4 Structural and Special Materials

II.4.1 Structural Materials

Three classes of alloys are currently considered as leading candidates
for the first wall/blanket structure of a commercial fusion reactor, viz.,
austenitic stainless steels, ferritic (martensitic) steels and vanadium-base
alloys. A representative alloy from each class has been selected for analysis
in the present study. Austenitic stainless steels have been used extensively
in fission reactor applications, and therefore possess the most developed data
base for nuclear applications. For this reason the austenitic steels are
generally regarded as a reference with which other candidate alloys are com-
pared. The primary candidate alloy (PCA), which is under development in the
U.S. alloy development program, is selected as the reference austenitic steel.
This alloy in the 20-25% cold-worked condition is the product of several years
of development to provide a radiation damage resistant alloy for fusion reac-

tor applications.

The ferritic steels offer possible advantages over the austenitic steels
in the areas of radiation swelling resistance, lower thermally-induced
stresses, and better compatibility with liquid lithium and Li-Pb alloy. The
HT-9 (Fe-12CrlMoVW) alloy in the normalized and tempered condition is selected
as the reference ferritic alloy primarily on the basis of the extensive nonir-
radiation data base and high temperature strength. Although this alloy exhi-
bits good radiation swelling resistance, the composition and thermomechanical
treatment has not been optimized for radiation damage resistance as in the

case of the PCA alloy.

Vanadium—base alloys represent an advanced alloy that offers advantage
with respect to higher temperature operation, better corrosion resistance in
lithium (and probably Li-Pb) and possibly better radiation damage resistance.
The V-15Cr-5Ti alloy, which was originally developed as part of the fast
breeder reactor program, is selected as the reference alloy. The titanium
provides improved radiation damage resistance and the chromium provides
improved mechanical properties. Although this alloy was developéd partially
on the basis of good radiation damage resistance, it does not necessarily

represent an optimized alloy composition.
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Modifications to these reference alioys to reduce residual radioactivity
will be considered in later stages of this study. A high manganese austenitic
steel and a modified ferritic steel with no nickel or molybdenum will be eval-
uated in the second year of this study. The reference vanadium alloy composi-

tion (VCrTi) offers the potential for low long-term activation.

The materials assessment conducted as part of this study included (1) a
compilation of available materials properties data, (2) specification of lim—
iting criteria for materials performance, and (3) determination of design al-
lowable parameters. Where possible, established design rules or codes, e.g.,
ASME Boiler and Pressure Vessel Code, were applied. Critical design issues

associated with each of the three reference alloys are identified.

A review of the critical thermophysical and mechanical proerties of the
three reference alloys and the effects of radiation on the properties is pre-
sented in Chapter IV. Table II.4-1 gives a summary of the materials data base
assessment. Corrosion/compatibility data are presented in Chapter VI. For
cases where insufficient data exist for a reliable assessment, best estimates
are provided for use in the design studies. The thermophysical properties of
PCA and HT-9 alloys are well defined and those of VCrTi are adequately defined
for the present study. The temperature dependent tensile and creep properties
of the three alloys in the unirradiated condition are given in Chapter IV.
For the VCrTi alloy, moderate strain hardening was projected to slightly
enhance (~ 20%) the tensile properties compared to the limited data presented

for annealed material.

The design stress limits, the maximum allowable operating temperature and
the lifetime are set primarily by radiation damage considerations. Represen-—
tative design stress limits are given in Table II.4-1. The S, values for HT-9
and VCrTi are based on unirradiated property data since these alloys harden
under irradiation. Significant softening of cold-worked PCA occurs above
~ 400°C. The S, values are based on a general code thermal creep limit of 1%
and a radiation creep limit of 57%. The radiation creep limit, which is not
well established, is set at a higher limit since radiation creep is generally
classified as not damaging. It 1is important to note that the radiation creep
responses of these alloys are not well established. However, radiation creep
is projected to be limiting under certain conditions. The maximum design tem—

perature for structural applications is based on helium embrittlement. Severe
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TAHE IL.4-1.

STRICTURAL MATERTALS ASSESSMENT

oF
K - ) ¢ 400¢
Design Stress Limit
Sy (Irrad.) (310 dpa)

Maximm Allowable
Tenperature, °C
(Irrad. Embrit.)

Radiation Lifetime
(Swelling) (5%)

Critical Design
Issues

190 MPa (500°C)
175 MPa (550°C)

550

160 DRA (500°C)
150 DPA (400°C)

@ Limited Lifetime
(swelling)

® High Therml Stress
Factor

@ Liquid Metal
Corrosion

® Radiation Creep

©® Operating Temp. Limit

175 MPa (500PC)
160 MPa (550°C)

550

~ 200 DPA

® Weld Procedure
(BT)

@ IBTT above RT

® Operating Temp.
Limit

©® Liquid Metal
Embrittlement

@ Ferromagnetic
Properties

Candidate Allogys Austenitic Steel Ferritic Steel Vanadium
PCA-CW H-9 V-15Cr-5T1
Status of Data Base Extensive Extensive - Unirrad. Limited
Limited - Irrad.
Thermal Stress Factor| 0.22 0.11 0.055

230 MPa (500°C)
230 MPa (700°C)

750

> 200 DPA

@ R&D Requirements

@ Weld Procedure (inert
envi roment)

® Oxidation Character.

® High T Permeation Rates

® Costs
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loss of ductility is observed in most alloys at ~ 0.5 T . A margin of ~ 50°C
is provided for in the temperature limits listed in the table. The swelling
response of the alloys under irradiation has been approximated by a bilinear
swelling curve. The curves given in Chapter IV are based on peak swelling
emperatures. For PCA a higher swelling lifetime 1s allowable for tempera-
tures below 400°C. All swelling curves require extrapolation of existing data
.o fusion reactor conditions; however, the uncertainties associated with swel-

ling of HT-9 and VCrTi are much greater than those for PCA.

Critical limiting or unresolved design issues associated with each of the
reference alloys are summarized in Table II.4-1., Although the data base for
PCA (or autstenitic steels) is greater than for the other two alloys, the
lifetime for swelling, the high thermal stress factor and the radiation creep
limits are more limiting than those for HT-9 and VCrTi. The most critical
issues associated with HT-9 relate to the more severe weld procedure require-
ments (post weld heat treatment) and the increase in the ductile —— brittle
transition temperature (DBIT) during irradiation. Adequate data for HT-9 at
the most critical temperatures (200 - 350°C) have not been generated; however,
some ferritic pressure vessel steels exhibit severe embrittlement (DBTT >
250°C) at irradiation temperatures of ~ 300°C. The data base for the VCrTi
alloy is much more limited than for the other two alloys. Very limited data
have led to a high degree of optimism regarding the potential performance of
this alloy class. In addition to these relatively large uncertainties, con-
cerns regarding higher cost and the reactivity of vanadium with various chem-

ical environment, e.g., air, have been identified.

1T.4.2 Special Materials

Three areas, tritium breeding materials, neutron multipliers and electri-
cal insulators, were addressed during the first year of the Blanket Comparison
and Selection Study. The assessment of solid breeder materials is given in
Chapter VIII and is summarized in Section II.6. The effort on liquid metal
breeder materials has primarily been focused on the collection, compilation
and limited assessment of properties for 1liquid 1lithium (Li) and 1liquid
lithium~lead (17Li-83Pb). The purpose is to provide a data base on these two
materials so that consistent property values can be used for design within the

study. A rather complete set of Li properties 1is now available, though
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several properties for 17Li-83Pb are still lacking (see Table V.1-5). For
those unavailable properties, estimates based on separate properties of Pb and

Li are recommended for interim use.

With the possible exceptions of Li,0 and LigZrOg, neutron multipliers are
required to achieve an acceptable tritium breeding performance for virtually
all other solid breeders. Two neutron multipliers, beryllium and lead, are
considered for the solid breeder blanket designs in this study. The main con-
cerns for beryllium are the irradiation swelling caused by helium generation
and the resource limitation. With regard to the swelling problem, there is
little concern over the loss of beryllium physical integrity as long as it is
contained by the surrounding structural material. Swelling needs to be accom-
modated, however, such that the induced stresses in the structural material
are minimized. Two methods for swelling accommodation were investigated. The
first method uses high-density beryllium and relies on high irradiation tem-
perature (> 750°C) for helium release. Swelling should be less than the geo-
metrical 1limit of 30%, but the exact value is not known at the present time.
The second method, recommended in the STARFIRE study, is to use a beryllium
with 70% theoretical density and interconnected porosity to accommodate swell-
ing. If the added beryllium thickness (due to the low density) does not
impose significant penalty on the overall tritium breeding of a fixed-size
blanket, the proposed method should be sufficient to solve the swelling prob-
lem. An added assurance can be gained when the irradiation temperature is
kept below 600°C such that the interconnected porosity will remain open. The
degradation of thermal conductivity of such a porous beryllium should not
represent a significant heat transfer problem. Calculations using well esta-—
blished formulae for the porosity correction of thermal conductivity showed
that the thermal conductivity of a 70%Z TD beryllium remains high compared to
those of the other fusion blanket materials.

The assessment of beryllium resources for fusion neutron multiplier
application has resulted in the following conclusion. It appears reasonable
to consider beryllium as a neutron multiplier for the first and second genera-
tions (~ 1800 and 3000 GWe-y, respectively) of fusion reactor service, but
close attention to beryllium recycle losses will be required. Since beryllium
will activate in the fusion environment (primarily due to impurities), a

remote fabrication technology will be required. Without recycle, beryllium
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neutron multiplier should only be considered for use in the first generation

of fusion reactors.

Because of its low melting point (327°C), the lead neutron multiplier
will most likely be used in liquid form. The primary consideration is the com-
patibility of liquid lead with the structural materials. Volume expansion/
contraction of lead upon melting/freezing is another design aspect that should

be taken into consideration.

Electrical insulators are important to liquid metal blankets because they
can significantly reduce the magnetohydrodynamic pressure losses. Preliminary
work done to date has been to identify potential candidates. Based on limited
information, several oxides (Y203, Scy04, Ca0) were identified. Based on a
slightly greater data base, Y,03 is currently suggested as the reference for
the present study. However, viability is not considered sufficiently proven
to include it in liquid breeder blanket designs. More detailed evaluation of

the electrical insulators issue is planned next year.

II.5 Liquid Metal, Gaseous and Water Corrosion/Compatibility

Critical aspects of 1liquid metal, gaseous and water corrosion/compati-
bility with candidate structural materials are presented in Chapter VI and
summarized in this section. The present study included the following

assessments:

® Liquid Metal Corrosion/Compatibility
- Lithium
- 17Li-83Pb

® Gaseous Corrosion/Compatibility of Vanadium
- Helium With Impurities
- Air or Oxygen Characteristic of Accident Conditions

- Hydrogen Plasma Environment
® Water (200 - 350°C)

- Vanadium Alloys
-~ Cold-Worked Austenitic Steel
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I1.5.1 Liquid Metal Corrosion/Compatibility

II.5.1.1 Liquid Metal Corrosion/Compatibility Data Base

Corrosion and compatibility issues are a major consideration in assessing
the viability of the different liquid-metal blanket designs. The corrosion
and mass transfer problem varies for the many combinations of containment
material and liquid metals that can be considered in a fusion reactor blanket
system and depends on several variables. This section identifies the possible
mechanisms and provides a qualitative assessment of the corrosion problem.
The existing data are reviewed to evaluate the influence of the critical mate-
rial and system variables on corrosion and to establish preliminéry tempera-
ture limits for circulating or semistagnant liquid metal systems. Emphasis is
on the corrosion behavior of austenitic PCA, ferritic HT-9, and vanadium

V-15Cr-5Ti alloys in liquid lithium and eutectic 17Li-83Pb environments.

The most important compatibility concerns in any  application of liquid
metals are corrosion and the effect on mechanical properties of the contain-
ment material. Corrosion can lead to significant wall thinning/wastage and
deposition of corrosion products in cooler areas of the circuit. Deteriora-
tion of mechanical strength of structural materials can result from the influ-
ence of the environment itself and the effects of microstructural and composi-
tional changes that occur in the material during long-term exposure to the
liquid metal.

The basis for a temperature limit from corrosion considerations can be
radioactive mass transport, wall thinning/wastage, or mass transfer and depo-
sition. Data indicate that a temperature limit based on radioactive mass
transport, at‘least for PCA and HT-9, would be too low for blanket systems
using liquid lithium or 17Li-83Pb. The problem of radioactive material trans-
port would have to be solved by means other than limiting the temperature.
The allowance for wall thinning is not likely to be important for section
thicknesses > 3 mm during a service life of 2 to 3 y. The most important con-

sideration in establishing the operating temperature limits for fusion reactor
blankets is mass transfer and deposition.

Corrosion mass transfer seems to be the limiting factor for austenitic
PCA alloy in circulating lithium systems. Table II.5-1 provides preliminary
design temperature limits for the three structural alloys. At flow velocities
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between 1.5-0.05 m/s, the use of PCA alloy is probably limited to temperatures
below 430-460°C. However, additional data on the effects of various system
parameters are needed to accurately establish the operating temperature
limits. Ihe ferritic HT-9 alloy is more resistant to corrosion in lithium
than the austenitic stainless steels. Mass transfer/deposition effects are
not likely to be the limiting factor at temperatures below 530-570°C. Limited
data indicate that vanadium alloys have good corrosion resistance in lithium
at temperatures up to 750°C. However, nonmetallic element (such as O, N, and
C) transfer would dominate corrosion limits. Although the importance of these
nonmetallic interactions are reasonably well understood, the purification

requirements are not well defined.

Preliminary data in 17Li-83Pb indicate that the use of austenitic stain-
less steels may be prohibitive for practical applications. The high corrosion
rates of austenitic stainless steels in flowing 17Li-83Pb would probably limit
the operating temperatures below 370-400°C. The corrosion behavior of ferri-
tic HT-9 alloy in 17Li-83Pb at temperatures up to 440°C is similar to that of
the austenitic stainless steels in lithium. Additional data are required to
accurately establish the operating temperature limits. Furthermore, low-
temperature embrittlement of ferritic steels in Pb-17Li environment is a major
concern and needs to be resolved. Information on the corrosion of vanadium
alloys in flowing Pb-17Li environment is not available. Based on limited data
for corrosion of refractory metals by lithium and lead, an estimated temper-

ature limit of 650°C is recommended for the present study.

IT.5.1.2 Liquid Metal Corrosion Product Transfer

A mathematical code for corrosion products transport has been devel-
oped. The code uses the results from corrosion experiments as the source term
to predict corrosion product deposition in various regions of the primary
loop. From the mass deposition, the radiation environment around different
components of the primary loop can be calculated. The predicted contact dose
rate around a MARS type steam generator (Li-Pb in HT-9) is ~ .2 Rem/hr.

Therefore, remote maintenance of the steam generator appears essential,
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TABLE II.5-1.

PRELIMINARY DESIGN TEMPERATURE LIMITS (°C)2

System Flow Austenitic Ferritic Vanadium
Velocity Steel Steel Alloy®
n/s (pca)b (HT-9) (V-15Cr-5T1)
Lithium
Circulating 1.5 430 (470) 535 750
0.5 445 (480) 550
0.05 455 (495) 565
Static - 525 (575) 565 750
Pb-17Li
Circulating 1.5 375 (410) 415 (450) > 6504
0.5 385 (420) 425 (465)
0.05 395 (430) 435 (475)
Static - 395 (430) 435 (475) > 6504

Limits based on a uniform dissolution rate of 5 um/y (or ~ 5.5 mg/mz.h).
The values within brackets correspond to a rate of 20 ym/h.

b Temperature limits for Pb-17Li system are for 20% cold worked Type 316 SS.
Nonmetallic element transfer are expected to dominate corrosion limits.

Estimates based on low solubility of refractory metals in Li and Pb.

A corrosion product cleanup scheme has been developed. The principle of
the scheme is based on the use of a cold trap to maintain the concentration of
If such a

corrosion product cleanup system is programmed into the corrosion product

the corrosion product under saturation throughout the main loop.
transport code, the calculated deposition rate is reduced by a factor of 50.

I1.5.2 Gaseous Corrosion/Compatibility

The thermodynamic and kinetic processes for vanadium and VCrTi exposed to
helium with low impurity concentrations have been evaluated. Since data are
very limited, unalloyed vanadium has been evaluated and extrapolations to
VCrTi have been made. For purposes of the present design study, it is con-
cluded that oxidation will be excessive (unacceptable) if VCrTi is exposed to
helium with greater than ~ 0.1 ppm moisture at temperatures above ~ 550°C. At

temperatures below 500°C, kinetic mechanisms become controlling and may permit
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limited use of VCrTi in high purity (< 1 ppm H,0) helium. This alloy is sig-
nificantly more resistant to oxidation than unalloyed vanadium. An evaluation
of the helium coolant cleanup indicates that the purities required here are

extremely difficult to attain economically in practical systems.

The potential effects of short term exposure of VCrTi to air and/or oxy-
gen has been investigated to evaluate potential effects of accident condi-
tions. No severe effects are predicted for exposures to air for a few hours
at temperatures £ 650°C. As in the case of moisture in helium, the alloy is

much more resistant to oxidation than unalloyed vanadium.

The potential for. hydrogen pickup in VCrTi exposed to the hydrogenous
plasma environment was evaluated. The tritium inventory in vanadium exposed
to projected hydrogen pressures is predicted to be sufficiently low that
hydrogen embrittlement is not projected to be a problem.

I1I.5.3 Water Corrosion

Most earlier studies have concluded that vanadium alloys could not be
used in pressurized water-cooled systems because of excessive corrosion. An
evaluation of recent scoping data concludes that selected alloys such as VCrTi
may be acceptable for use in pressurized water. Observed corrosion rates in
250-300°C water for relatively short times (£ 100 h) indicate corrosion rates
less than an order of magnitude greater than those typically observed for aus-

tenitic stainless steels.

Although austenitic stainless steels have been used extensively in pres-
surized water systems, stress corrosion problems have frequently been observed
under certain conditions. The combination of cold-work and reduced ductility
under irradiation may exacerbate this problem. Further investigations should
be conducted to more thoroughly evaluate the seriousness of this problem. For
the present study, it is assumed that this problem will not prevent the use of

cold-worked PCA in pressurized water systems.
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1I1.6 Solid Breeder Tritium Recovery

1I.6.1 Introduction

The use of solid tritium breeder materials in fusion blankets demands
that attention be given to those technical issues that govern tritium re-
covery. Significant effort was devoted in BCSS to evaluating these issues.
This section provides a summary of the results. The details are given in
Chapter VIII. Topics discussed include operating temperature limits, tritium
solubility, tritium transport, irradiation behavior, fabrication, and

mechanical properties. .

I1.6.2 Temperature Limits

The tritium inventory in a candidate breeder material, which is charact-
erized by transport (diffusion rates) and solubility constraints, is predicted
to possess a strong temperature dependence and to be sensitive to diffusion
path length. Bulk diffusion is considered to be the primary contributor to
setting the lower temperature limit. As diffusion slows, residence time
increases as does the tritium inventory. The recommended lower temperature
ranges from 300°C to 410°C for the candidate materials (see Table II.6-1).
While the selection of an inventory limit cannot be precisely specified, it is

clear that candidate materials exhibiting low inventory are more desirable.

Except for LiZO, the upper temperature limit for solid breeders is based
on experimental determination of the temperature at which closed porosity is
apparent which occurs at approximately 90%Z of the theoretical density. 1In
general, the thermal sintering characteristics of stable ceramic oxides are
quite similar. Temperatures in excess of 0.8 T, (the absolute melting point)
are required before significant thermal sintering occurs. However, for some
ceramic oxides, neutron irradiation is known to decrease the temperature at
which sintering occurs. The effects of radiation may, therefore, close
porosity at temperatures lower than 0.8 Tpyo suggesting that lower maximum

operating temperatures than indicated in Table II.6-l.

There are important conclusions to be drawn from the thermomechanical
studies on Li,0. It is evident that the solubility of LiOH in Li,0 is very

low and the phases are nearly immiscible. Consideration of this factor is

important because the blanket must not operate in a regime where LiOH is the
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TABLE II.6-1. PROPERTY VALUES AND RECOMMEND TEMPERATURE LIMITS
FOR CANDIDATE SOLID BREEDER MATERIALS?

Recommended

Properties Temperature Limits
MP, °C /em? b °c °c | at, °c

> pLi y 8g/cm K, W/mk Tmin’ Tmax) ’
Li,0 1433 0.93 3.4 410 800% 1 390
y-L1A10, 1610 0.28 2.2 3004 1200f 900
Li A10, 1047 0.61 2.3 350¢ 7808 430
Li,5103 1200 0.36 1.5 4104 1000f 590
11,510, 1250 0.54 1.5 3204 950f 630
LiyZr04 1616 0.33 1.3 4008 1400f 1000
LigZrOg 1295 0.68 1.5 350¢ 9808 630
L1,Ti04 1550 0.33 2.0 4008 11858 785

2Effects of radiation on tem perature limits are not reflected in this table.

bEstimated for 857 smeared density and temperature of 1000 K.

CEstablished from chemical considerations, i.e., reaction with moisture to
form LiOT. log P(LiOH,g)(atm) = - 8635/T +-yélog p(Hy0,g) + 4.57.

dEstablished from diffusion/inventory considerations (~ 1 ym grain size).
®Estimated assuming similar properties (nonirradiated).
fEstablished experimentally from onset of closed porosity.

0.8 T

€Estimated assuming m> Ke

Thax = _
h1000°C for design approaches with helium purge gas flow directed only to the
"cold" region of the breeder.

stable phase. At high temperatures LiOT vaporization could present some de-—
sign challenges in managing potential blanket transport. However, higher tem-
peratures are very attractive from a thermal hydraulic design point of view.
Thus, designs which take advantage of the higher operating temperature limit
must have purge gas flow directed only to the "cold” region (< 700°C) of the

breeder.
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II.6.3 Tritium Solubility

Currently, only 1i20 has received considerable attention in laboratory
studies of candidate lithium containing ceramics. These studies have shown
L1,0 to have extremely low moisture solubility (parts per million) for the
operating temperature range of interest. The solubility is related to the
partial pressure of Hy0 in the gas phase over the sample (see Fig. II.6-1).
If the H20 partial pressure 1is large enough, a separate LiOH phase will
form. To avoid second phase formation at 700 K, the partial pressure of Hy0
must be maintained below 7 x 104 atm. Less stringent conditions prevail at
higher temperatures. Thus these solubility studies have scoped out the two
phase regions in addition to defining the vaporization behavior of LiOH (g);
LiOH (g) being the product of reaction between H,0 (g) and Li,0 (s). At 800
K, the partial pressure of H,0 is 5.8 x 1073 atm while at 900 K, it is 2.4 x
1072 atm. An assessment of vapor transport is a design-specific issue involv-
ing other factors because the amount of material transported depends not only
on its vapor pressure but also on the flow rate of the carrier gas. Further,
if transport is expected, the system design must allow space to receive the

condensate.

The Li-0-H system has been studied in detail thermodynamically and calcu-
lations of activity coefficients for LiOH as a solute were derived from the
solubility data of LiOH as a function of temperature and pressure, and thermo-
chemical data for LiOH(1), LiOH(g), and LiZO(s). The activity coefficient is
a rather large value (103) at low temperature. Over the concentration regime
studied, the activity coefficients are greater than unity, indicative of posi-
tive deviation from ideality. Such deviations from ideality are interpreted
to result from repulsive interactions between LiOH and LiZO, suggestive of
solubility of LiOH that is lower than would be predicted from ideal solution
behavior. This condition is favorable from a blanket performance perspective

gince it indicates that tritium should be easily recoverable.

11.6.4 Tritium Transport

The modeling of tritium escape from solid tritium breeders mst recognize
the relative importance of mass transfer in the gas phase as well as solid
state diffusion. Experimental investigations on oxygen containing compounds

have produced considerable uncertainty in the absolute value of the tritium
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diffusion coefficient. Only limited data exist for characterizing the trans-
fer of tritium from the gas—solid interface into the gas stream. Consider-

ations of this latter aspect indicate important consequences for tritium

recovery, tritium inventory, and blanket design.

A model for tritium transport in Li,0 has been developed consistent with
available diffusion data. Neutron irradiation converts the Li® components in
Li,0 into tritium and helium creating at the same time (among other defects) a
Li vacancy (VLi)' The origin of the VLi can arise from several sources: (1)
the extrinsic impurity induced defects that control Li diffusion below 1000°C,
(2) the 6Li(n,a)T reaction that generates many defects in transforming Li into
3K and “He atoms, and (3) defects generated via displacement damage, i.e., re-
coil of the energetic 34 and %He atoms. Subsequently the following defect

reaction takes place:

+
VLi + T « VLi/T [I1.6-1]

The notation VLi/T denotes a stable defect complex comprising a Vi and a tri-

tium atom bound together in a certain geometrical configuration.

At low temperatures (< 400°C) one can interpret existing diffusion data
to suggest that the VLi/T complex migrates as a unit. Above 400°C we expect
the complex to be less stable allowing the T atom to move more freely; probab-
ly interstitially within the LiZO lattice. This hypothesis is consistent with
the data, however, more detailed studies are needed to affirm this two stage
mechanism. If the mechanism has merit, it supports the previously developed

thermodynamic ideas that tritium is available for extraction.

I1.6.5 Irradiation Effects

Recent EBR-II irradiation tests on solid breeder materials tend to
substantiate the selection of the upper temperature limits presented in this
report. Available data indicate that tritium retention is low and pellet
integrity is reasonably good. For Lij0, vaporization and swelling introduce
potential upper temperature and lifetime limiting phenomena, whereas, other
materials (e.g., Y-LiAl0,, L1,485i0, LipZr03) do not appear to be as limited.
Vaporization and redeposition of approximately 3% of the Li,0 was observed in-
reactor at 900°C. The actual transport was probably as LiOT.
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In fission reactor applications, material swelling during irradiation has
provided lifetime limiting criteria for some materials, e.g., graphite, stain-
less steel, etc. In other situations, however, swelling does not limit the
lifetime because it can be restrained by structural components. In a recent
irradiation, LiZO swelled in an inhomogeneous manner rather than densifying.
If L120 can plastically deform at blanket operating temperatures, swelling
could be restrained and thus not constitute a life limiting phenomena. If
restraint is not successful, designs must either accommodate this behavior or
accept lower lifetimes. Other ceramics, such as Y-LiAlOZ, Li,S104, and

LiyZr0O3, do not appear to swell.

A complementary experiment to that cited above is being conducted in the
Oak Ridge Reactor. The primary purpose of this experiment is to test in-situ
tritium recovery from miniaturized solid breeder blanket (Y-L1A102) assembly.
Using a 0.1% H2/He purge stream, tritium was recovered primarily in the HT
form, HT/HTO = 103/1. Tests suggested tritium recovery is possible at temper-

atures as low as 500°C.

I11.6.6 Blanket Fabrication

There are two possible blanket configurations for solid breeders:
pressed and sintered pellets and sphere-pac (spherical form) material. The
pressed and sintered technique has been used successfully for preparing LiZO,
LiASiOA, Y-LiAlO2 and LiZZr03. Excellent experience was gained recently in
preparing large pellets, about 2.5 cm diameter by 2.6 cm in length for the
lithium breeder module program for TFTR. Li20 pellets of 70 to 93% theoreti-
cal density have been prepared by standard methods while dense pellets up to
99%7 TD were prepared using hot isostatic pressing methods. The latter tech-
nique is preferred when grain size is to be preserved to high density. The
sphere-pac technique has been developed for LWR and fast reactor fuel rods and
is considered attractive for solid breeders. Compared to the pressed and sin-
tered technique, breeder material in sphere-pac configuration could potential-
ly minimize the effect of variability in breeder-to-structure interface heat
conductance. For optimum performance the sphere-pac configuration requires
three sizes of spheres to achieve about 887 smear density. These sizes have
diametral ratios of about 40:10:1. The actual diameters currently favored are
1200, 300, and 30 um.
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The major advantage of the sphere-pac fuel over pressed and sintered pel-
lets is the improvement in predictability of breeder—-to-structure interface
heat conductance, which in turn improves the predictability of breeder temper-
atures. The quantification of‘this improvement and the reduction in the ef-
fective thermal conductivity for a particular solid breeder material requires
experiments. The fabrication of microspheres for the selected breeder materi-
al needs to be investigated and demonstrated and can be aided by the techno-

logy base that exists for sphere-pace fuel for fission reactors.

II.6.7 Mechanical Propertiés

Experimental data on the mechanical properties of solid breeder materials
are nonexistent at the present time. Baseline information on such properties
is essential to the design of solid breeder blankets and is necessary to un-
derstand the irradiation behavior of solid breeders. Elastic properties are
needed to determine the thermoelastic mechanical behavior of materials, i.e.,
Young's modulus (E) and Poisson's ratio (v). Thermal stresses in the solid
breeder are directly proportional to E and are affected by v, depending on the
solid breeder configurafion, i.e., whether the configuration approaches a
plane-strain or plane-stress condition. Since thermal stresses typically vary
from tensile to compressive in the solid breeder under a temperature gradient
or during temperature cycling, the possibility of tensile-stress—induced
cracking must be considered. The cracks can represent sources for localized
stress and strain concentrations in the cladding if cladding is used to con-
tain the solid breeder. In the event of solid breeder swelling and/or ratch-
etting during blanket operation, the localized stress and strain concentration
is a potential failure cause for the cladding materials. Similarly, ceramic
brittle materials are often observed to fracture at a critical uniaxial ten-
sile stress. This maximum stress (cf) can be used as a fracture criterion to
determine whether or not cracking will occur.

II.7 Alternative Blanket Concept Screening

The alternative concept screening task has the principal objectives of
recommending whether any alternative blanket concepts should be added to the
mainline concepts being considered in the study. To achieve this objective, a
four step process was implemented. First, a literature search compiled a bib-

liography of fusion-electric blanket designs that were characterized by the
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breeding material, coolant, structural material and presence or absence of a
multiplier. Second, from this 1list, twelve alternative concepts were identi-
fied. The third step in the process was the comparison of the design para-
meters for these concepts against the screening criteria established for the
prcject. Fourth, for concepts that were judged to have the potential to be
attractive candidates for commercial application, additional design work was

performed to enable an improved evaluation to be made.

The alternative concepts can be segmented into six groups. These are
molten salt breeders (FLIBE), molten salt coolants, lithium-lead intermetallic
breeder (L17Pb2), solid microsphere breeder/coolant, phase change breeders,
and slurries. Designs for only the first five groups were evaluated. For the
slurry concepts, designs have not been developed to the point where a meaning-
ful evaluation could be performed. Many of these concepts used structural
materials such as Inconel, graphite, TZM or titanium/aluminum that are not
being included in the BCSS. 1In our evaluation of these concepts, we have dis-
cussed their applicability with austenitic and ferritic steels and with vana-
dium alloys. None of the identified alternative concepts have a separate neu-
tron multiplier region. Because the ability to achieve an adequate tritium
breeding ratio is vital for fusion, we have considered adding neutron multi-

pliers to the design as part of the evaluation.

The FLIBE molten salt breeder blanket that is helium cooled fails to meet
the tritium breeding criterion. Analysis has shown that insufficient breeding
is an inherent characteristic of this breeder. Therefore, we have modified
this concept by adding a lead multiplier zone. In addition, we modified the
configuration to be more compatible with present design practice. The results
of this work showed an adequate TBR, a preference for a ferritic steel struc-
ture, a very simple tritium removal system, and an inherently fault tolerant
design. The key concern associated with design is the maximum wall loading
that can be accommodated. This wall loading is influenced both by the ability
to cool the first wall with helium and the lead/structure interface tempera-
ture. We have presently baselined the concept for a neutron wall loading of 3
MW/mz;‘however, we believe that this can be extended to 5 MW/m? with the most
recent corrosion design guidelines. All problems associated with gas cooling
of the first wall and blanket (heat flux/erosion capability, blanket/shield

thickness, etc.) are also present in this design. One feature of this concept
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is that the method of tritium removal is through slip streaming the primary
coolant 1loop. This allows a significant simplification of the mechanical
design but increases problems in tritium containment. However, analysis has
shown that the concept meets the initial screening criteria on tritium loss.
On balance, the helium cooled, lead multiplier, FLIBE breeder concept is con-
sidered very similar to the helium cooled, lithium-lead breeder mainline con-
cept. We recommend that this concept be studied further, however, with a

lower priority than that for the HTS-cooled blanket discussed below.

Designs of blankets with L17Pb2 as the breeder and helium, water and mol-
ten salt coolants have been evaluated. The water cooled designs have been
eliminated because of high rate of energy release reactions between the cool-
ant and breeder. A similar conclusion can be reached for Li;Pb, and the
nitrate-nitrite molten salt HTS. Helium cooled Li,Pb, designs should pass the
screening criteria. However, we judged that problems in oxygen control in the
coolant, tritium containment and separation, phase change in the breeder that
decreased tritium diffusion and a restricted temperature of operation window
for the breeder make the concept unattractive for eventual commercial applica-

tion. We recommend no further work.

The phase change blanket with 62Li-38Pb breeder and boiling water coolant
was developed for application to a pulsed device. There is much less motiva-
tion for the concept for steady-state tokamaks or mirrors. In addition, the
chemical compatibility of the breeder and coolant may cause excessive rates of
energy release in the event of a tube failure. No further work is recom-

mended.

The use of solid microsphere coolant/breeder was proposed for an ICF
reactor but could, with modification, be carried over to tokamaks or mirrors.
The graphite first wall and blanket structure would have to be replaced with
silicon carbide because of radiation damage. This design passes the screening
criteria. However, we do not recommend this concept for further work because
of the need for a ceramic structure, potential radiation and self-erosion

damage to the breeder, and development of the heat transport system.

The final altermative concept that was sufficiently deveioped to be eval-
uated was molten salt cooled blankets. The concepts that appeared in the lit-
erature are HTS cooled lithium, HTS cooled Li;Pb,, and FLIBE cooled 1lithium.
The two HTS designs suffer from chemical compatibility problems that can

I1-27



result in high rates of energy release. The FLIBE cooled blanket requires a
high temperature refractory structure such as TZM because of the high melting
point of FLIBE. The concept is not compatible with the structural materials
being considered in the BCSS.

Our evaluation of these molten salt designs showed that they failed to
meet the project initial screening criteria. However, the HTS coolant has
several properties that make it advantageous for fusion blankets. The prin-
cipal feature is low pressure; other features include low melting point,
relatively low viscosity and compatibility with a large range of breeders.
Therefore, we developed designs for an HTS cooled lithium breeder (17Li-83Pb)
and a solid breeder (LiAlOZ with a lead multiplier). Both of these designs
showed adequate tritium breeding. HTS shows good compatibility with both
austenitic and ferritic steels over a wide temperature range. Also, this salt
has the unusual property of containing tritium by conversion to T,0, which is
easily removed by vacuum degassing. Thus, HTS does not require either a double
walled heat exchanger nor an intermediate loop. The potential problems with
HTS are radiolytic decomposition which 1s unknown, the maximum operating tem—
perature based on thermal decomposition, induced radioactivity which presents
safety concerns, and voltage enhanced corrosion which restricts flow velocity
and tube size in regions of high magnetic field. However, the advantages
associated with this concept are sufficiently attractive to recommend its

inclusion as a mainline concept.

In summary, the principal recommendation of the alternative concepts task
is the addition of HTS as a coolant for lithium-lead and solid breeders as the
highest priority. In addition, we recommend that a helium cooled FLIBE breed-
er with a lead multiplier be considered as a backup to the helium cooled 83Pb-
17Li design. All other concepts that were identified have identified problems
that make them unsuitable for the BCSS or have sighificant development uncer-
tainties.

II.8 Liquid Metal Blanket Designs

The viability of blanket concepts based on the use of liquid metals,
either lithium or 17Li-83Pb, as the tritium breeding material has been eval-
uated in the present study. The blanket concepts considered for both tokamak
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and mirror reactors represent two classes: (1) self-cooled systems in which
the liquid metal serves as both breeder and coolant, and (2) separately-cooled

liquid metal blanket concepts. The six concepts evaluated include:

® Self-cooled Systems (Breeder/Coolant)
- Lithium/Lithium
- 17Li-83Pb/17Li-83Pb

® Separately-Cooled Systems (Breeder/Coolant)
~ 17Li-83Pb/Sodium
- 17Li-83Pb/Water
- Lithium/Helium
- 17Li-83Pb/Helium

In addition, for tokamak reactors, a preliminary evaluation of a non-breeding
inboard blanket with a self-cooled outboard blanket has been conducted. - Re-

sults of the liquid metal blanket study are presented in Section VII.

I1.8.1 Self-Cooled Blanket Concepts

The key feature of the self-cooled blanket concepts relate to the use of
the same liquid metal as both tritium breeder and coolant. This factor sim—~
plifies both materials and design considerations since the blanket requires
only a structure and a breeder—coolant. Coolant-breeder compatibility/reacti-~
vity is not a factor. Heat transfer requirements are also reduced because
most of the nuclear heating 1is deposited directly in the breeder—coolant.
Lithium and Li-Pb both provide relatively high tritium breeding capability and
tritium recovery with relatively low tritium inventory is feasible. The
liquid metals are good heat transfer fluids with high thermal conductivities

and heat capacities, which are beneficial for normal and transient operation.

Critical feasibility issues and design constraints for full coverage
self-cooled 1liquid metal blanket concepts are summarized in Table II.8-1.
Viable self-cooled liquid metal blanket designs are driven primarily by mag-
netohydrodynamic (MHD) considerations and for some structural materials by

corrosion temperature limits. The MHD considerations involve:
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TABLE II.8-1. CRITICAL FEASIBILITY ISSUES AND DESIGN CONSTRAINTS FOR
SELF-COOLED LIQUID METAL BLANKET CONCEPTS

® Most Critical Feasibility Issues
- Liquid Metal Corrosion/Compatibility
® Acceptable Materials Combinations
® Maximum Structural Interface Temperature
- Liquid Metal MHD
® Pressure Losses/Structure Stresses

® Heat Transfer/Recovery

First-Wall Heat Flux (Tokamak)
Temperature Distribution (Laminar Flow)

® Critical Design Constraints
-~ Thermal Hydraulics
® First-Wall Heat Recovery
® Manifolding

® Startup/Shutdown Procedure

— Stress Limitations
® First-Wall Thermal Stresses
® MHD Pressure Stresses

® Weight Loads (Lithium-Lead)

~ Neutronics
® Neutron Absorption/Shielding (Lithium)

® Tritium Breeding (Lithium)

= Tritium Recovery

® High Tritium Pressure (Lithium-Lead)
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® Incorporation of manifolds into blanket modules to minimize ‘flow
velocities perpendicular to the primary magnetic field (tokamak-
toroidal field; mirror-axial field).

® Some method of flow enhancement is required to provide adequate
cooling for the first wall of a tokamak.

Generic blanket concepts considered include:

® Poloidal Flow Manifold/Module
- Large Straight Channels
— Induced Helical Flow

° Poloidal Flow M@pifold/Module with Toroidal/Axial Flow First Wall
® Poloidal Flow Manifold/Module with Radial Flow First Wall

The second option, i.e., the poloidal flow manifold/module with a toroi-
dal/axial flow first wall, was selected as a reference for the comparison
study. Figure II.8-1 is a schematic diagram of the reference design concept
for the tokamak configuration. The manifold/module flow circulates at a
slight angle to the poloidal direction. Each channel in the manifold serves a
bank of first-wall channels and then reenters the manifold at the opposite
side of the sector. Table II.8-2 summarizes the key features of the reference
design concept, which is used for both lithium and Li-Pb. For the case of the
high density Li-Pb, flow would be in the opposite direction, i.e., top to

bottom to reduce the effect of the head pressure.

The initial focus of the study has been on the austenitic stainless steel
PCA structural material. The Li-Pb breeder-coolant with a PCA structure is
not considered viable primarily on the basis of excessive corrosion of PCA by
the Li-Pb. As indicated in Section VI and II.5, the maximum interface temper-
ature that meets the corrosion criteria of 5 um per year is < 400°C for recir-

culating systems with velocities of ~ 1 m/s.

For the case of the lithium breeder/coolant, corrosion considerations
limit the interface temperature for PCA to ~ 430°C. This temperature is
acceptable for a viable design; however, the energy conversion efficiency will
be limited to ~ 33-34%. Table I1.8-3 summarizes the design parameters for the
PCA/Li design based on the tokamak configuration. This design meets all the
initial screening criteria. The major problem relates to the MHD pressure
losses. The most critical region is the inboard region and the critical

stress region is the webs between the poloidal manifolds. The maximum calcu-
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TABLE 1I.8-2, FEATURES OF TOROIDAL (AXIAL FLOW) FIRST WALL CONCEPT

® Blanket Module Serves as Manifold.
- Minimizes Velocity Perpendicular to Field.
- Adjoining Channels Provide MHD Benefit.

- Maximum Pressure (Inlet) Occurs in Low Temperature Region; Maximum

Temperature Occurs in Low Pressure Region (Outlet).

® Toroidal (Axial) Flow First Wall Permits High Coolant Velocity for
Effective First Wall Heat Removal. :

- Low MHD Pressure Drop in High Velocity Region.
— Can be Parallel to Effective Field if Necessary.
— No Major Effect on MHD Pressure Drop.

® Minimal Number of Bends Reduces MHD Effects.
® Small First-Wall Channel Reduces Primary Stress Effect on First Wall.

® Primary Stress Maximum in Web of Module.

- Lower Fluence Region Results in Reduced Radiation Creep.
- Separates Maximum Primary Stress From Maximum Thermal Stress and Maximum

Membrane Temperature.
- Maximum Pressure/Stress at Low Temperature (Inlet).
® Smooth First Wall Maximizes Effective Blanket Density.
- First Wall Can Easily Conform to Plasma Contour.

® Flow Geometry Provides for Ease of Filling and Draining of Blanket.

lated stress in the webs is 160 MPa, which is 30% less than the maximum allow-
able design stress. Uncertainties in the MHD pressure loss calculations are
estimated to be less than 257Z. Tapered thickness webs as described in Section
VII are necessary to obtain these allowable stresses. The corrosion tempera-
ture limits can be designed for but with very little margin. The breeding
ratio exceeds the design specifications for the blanket thickness recommended
provided that blanket coverage is high.
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TABLE II.8-3. SUMMARY OF Li/PCA TOKAMAK BLANKET PARAMETERS

Materials
Coolant - Li
Breeder Li
Structure ' ' PCA
Design Concept vPoloidal Flow Manifold with
Integrated Toroidal Flow First
Wall
Inboard Blanket/Reflector Thickness 65 cm
Outboard (Top and Bottom) Blanket/ 85 cm
Reflector Thickness
Thermal Hydraulics
Flow Requirements
Inboard Manifold (Avg). 0.42 m/s
First Wall 1.6 m/s
Maximum Interface Temperature
Manifold 380°C
First Wall 420°C
Coolant Temperature
T 230°C
in °
out 380°C
System Efficiency 33-34%
MHD/Stress
System AP Inbd: 3.0 MPa, Outbd: - 1.4 MPa
Pumping Power Requirements ~ 2% o
Primary Stress (Web) 160 MPa (30% Margin)
First Wall Thickness 3.5 mm for 50 W/cm? flux
Neutronics
Breeding Ratio (1D) 1.32
Energy Multiplication 17.9 MeV/DTn (1.27)
Fraction of Energy Deposited in Blanket | > 977
Tritium Recovery
{~Getter or Gas Permeation/Recovery
T-Concentration Li 1 wppm (< 400 g blanket inventory)
T-Processing Rate ~ 0.1% Coolant Flow Rate
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A preliminary evaluation of this design has been conducted for a vanadium
alloy structure with Li as the coolant/breeder. Because of the projected
higher corrosion resistance of vanadium alloys, a higher allowable interface
temperature (750°C) and a higher system AT (200°C) are acceptable. The criti-
cal MHD pressure problem for the V/Li system is approximately the same as that
for the PCA/Li system since the higher allowable system AT (lower velocity)
compensates for the higher electrical conductivity of vanadium. Because of
the lower thermal stress factor associated with VCrTi, surface heating of 100
W/c:m2 can be accommodated with a 5-6 mm wall. Replacing PCA with VCrTi
results in improved tritium breeding performance by ~ 10%; however, the energy
multiplication is reduced by a similar amount. The higher system temperatures

allowable with the VCrTi structure provide for an energy conversion efficiency
of ~ 40%.

Preliminary analyses of some of the critical aspects of a Li-Pb/self-
cooled system have been evaluated. The MHD pressure loss in Li-Pb is only
slightly higher than that for lithium. The corrosion limits for VCrTi in Li-
Pb are not well defined but are projected to be adequate for acceptable design
performance. Based on limited analyses and a relative comparison with the
PCA/Li and VCrTi/Li systems, a viable VCrTi/Li-Pb design appears feasible.
The energy conversion efficiency may be compromised somewhat compared to the
VCrTi/Li system because of the lower temperature limits specified by the cor-
rosion criteria. It is assumed that an intermediate heat exchanger (IHX) and

loop are required for both Li and Li-Pb systems.

The major uncertainties regarding MHD effects relate to flow profiles in
the channels. The preliminary evaluations conclude that fully developed flow
is unlikely for the current design. Undeveloped flow characteristics are
expected to enhance heat transfer, but to have limited effect on the pressure
losses. A better understanding of MHD effects 1s required to ensure proper

flow distribution and to eliminate unacceptable stagnation regions.

I1.8.2 Separately—-Cooled Liquid Metal Blanket Concepts

Blanket concepts that incorporate lithium or 17Li-83Pb as breeding mate-—
rials with a separate coolant have been included in the present study. Sepa-
rate coolants considered in the initial screening include helium, pressurized

water and liquid sodium. Section II.8.2.1 presents a summary of the helium-
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cooled blanket concepts with either lithium or Li-Pb as the breeder. Section
I1.8.2.2 summarizes the evaluation of the water—-cooled Li-Pb blanket. Because
of the high reactivity of lithium with water, this concept was not included in
the evaluation. Section II.8.2.3 summarizes the evaluation of the sodium-—
cooled Li-Pb concept. Because of the similarity of sodium and lithium, a
sodium—cooled 1lithium—breeder concept was not considered. In addition to
these concepts, a preliminary analysis was initiated to evaluate the feasibil-
ity/desirability of a separate coolant for the inboard region (non-breeding)

of a tokamak reactor.

II.8.2,1 Helium—Cooled Liquid Metal Blanket Concepts

A blanket design concept has been developed for detailed investigation of
the critical issues of the liquid breeder, helium-cooled blanket concept. The
corrosion temperature limits make a helium—cooled design with lithium or Li-Pb
as the breeder unattractive if PCA is used throughout the structure. There-
fore, the design effort has focused on the evaluation of concepts that incor-
porate a combination of PCA and HT-9 as structural materials. Shown in Fig.
11.8-2 with Li as the breeder, the design offers a mechanically simple con-
figuration and features a PCA lobed first wall of the bellows type, HT-9 tube
fuel elements containing either static (17Li-83Pb) or very slowly circulating
(Li) liquid breeder, and a plate-type PCA reflector/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 tube bank
and reflector plates. The helium outlet temperatures are 525°C and 500°C with
Li and 17Li-83Pb breeder, respectively, providing a net power conversion sys-
tem efficiency of 36.5%Z. The advantages and disadvantages of helium—cooling
‘are summarized in Section 1I.9. The key features and parameters of the design

are presented in Table II.8-4 and summarized below.

The 7.0 mm first wall is designed to handle a neutron wall loading of 5
MW/mz, and is capable of accommodating a surface heat flux of over 0.5
MW/m2. The unique bellows configuration of the lobed wall allows it to accom~
modate the pressure load, thermal stresses, and radiation—-induced swelling
without relying upon creep for stress relief, although it does accommodate
radiation-induced creep. Its maximum temperature is 550°C with a design life
of two years set by wall erosion at the rate of 1 mm per year. The first wall
design is summarized in more detail in Section II.9. In the breeder zone, the
maximum tube diameter and pitch could be 6.2 cm and 6.75 cm with Li and 2.0 cm
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TABLE TL.8—%. KEY FEATURES AND PARAMETERS FOR LIQUID BREEDER/HELI(M—(DOI.ED BLANKET CONCEPTS

Materials

Breeder

Structure

Breeder contaiment tubes
Coolant

First Wall

Design surface heat flux, Mi/m*
Maximm temperature, °C

Fellows height, (BOL/EOL), mm
Equivalent thikness, (BOL/EOL), mm
Erosion thickness allowance, mm
Erosion life at 1 mm/y erosion rate, y

| Coolant

Inlet/outlet temperature, °C
Inlet pressure, MPa

Total pressure drop, kPa

Net power conversion efficiency, %

Breeder

Liquid breeder contained in tubes
Tube inner radius, cm

Tube wall thidkness, cm

Pitch '

Maximm interface temperature, °C
Blanket thickness, cm

Tritiun Breeding Ratio (1-D)

Fnergy Deposit in Blanket,
MeV/DT neutron (multiplication)

Blarket Tritim Inventory, kg

Tritium Leakage, Ci/d

Bellaws—type; accommpdates themml strains & radiation damage

0.6

550

9/7
6.3/5.0
2.0

2

275525
5.1

-~ 610

36.5

Slow cirailation

3.1
0.078
6.75 -
541
90
1.23

16.4 (1.16)

0.25

<1.0

0.6

550

97
6.3/5.0
2.0

2

275500
5.1
61.0
36.5

Static
1.0
0.025
2.25
487

66

1.20

16.8 (1.19)

0.6

0.02
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and 2.25 cm with 17Li-83Pb. In fact, a practical tube size would be smaller
for Li. The maximum breeder/HT-9 interface temperature of 541°C with Li sat-
isfies the limits established from compatibility concerns. With 17Li-83Pb
breeder and HT-9 tubes, the calculated interface temperature of 487°C exceeds
the recommended corrosion temperature limit because the thermal hydraulics
design was based on a preliminary tempefature limit of 500°C. It is expected
that the most recent iimit of 435°C might be met by design modifications of
the tube diameter and pitch and/or lowering the helium outlet temperatﬁre.

The composition and thicknesses of the breeder and reflector zones are
determined from neutronics considerations. With Li breeder, a 52 cm breeder
zone with a 15 cm reflector provides a 1-D tritium breeding ratio (TBR) of
1.23 and a nuetron energy multiplication factor of 1.16. With 17Li-83Pb, a 27
cm breeder zone with a 15 cm reflector provides a 1-D TBR of 1.20 and a

neutron energy multiplication factor of 1.19.

With Li breeder, satisfactory tritium recovery can be accomplished by
circulation and reprocessing of the Li at the rate of 0.15 m3/sec. The maxi-
mum Li flow velocity would be 2.7 cm/sec in the header regions of the blan-
ket. The tritium inventory would be ~ 250 grams in the breeder and negligible
in the ‘helium coolant. Tritium leak rate through the steam generator at the

above conditions would be < 10 Ci/day. This leak rate was calculated assuming
a factor of ten reduction in tritium permeation due to an oxide barrier on the
steam side of the heat exchanger. Factors of a few hundred have been observed
under certain conditions. Thus the leak rate may Be significantly lower if
increased effectiveness of the oxide barrier is possible. The leak rate could
also be reduced with oxygen partial pressure control and tritium cleanup of
the helium coolant. With 17Li-83Pb, tritium is permeated into the helium
coolant and recovered by slipstream processing of 1.0Z of the main helium
flow. The helium is controlled to 100 Pa oxygen partial pressure and the
17Li-83Pb is static. The resultant tritium inventory is 560 grams in the
breeder and 41 grams in the helium, for a total of 0.6 kg. Tritium leakage
through the steam generator is predicted to be ~ 0.02 Ci/day.

The present design offers many inherent 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
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helium. The eutectic 17Li-83Pb 1is significantly less reactive with air or
water than is lithium. In a depressurization event, the design allows for
rapid communication between submodules. The design is projected to withstand
the maximum forces expected without propagation to adjacent submodules. With
gas coolant, the capability exists to circulate the depressurizéd coolant for
heat removal during accident conditiomns, which may prevent module failure from
excessive temperatures. The capability also exists to provide a redundant and
diverse auxiliary cooling circuit via recirculation of the 1liquid breeder.
Under complete loss of cooling events, the blanket has a large heat capacity
(L1) and offers good heat conduction through the blanket for heat removal from
the first wall region. Finally, the thin first wall and low structure volume
fraction, together with the low tritium inventory and loss rate, would result

in low radioactive waste generation levels.

The critical feasibility issues and design constraints of the He-cooled
liquid breeder blankets are listed in Table I1I1.8.5. Primary problems/concerns
associated with these designs relate to the complexity and limitations of the
bellows first wall (see Section II1.9.4 for discussion) and corrosion/compati-
bility of the structural material. As discussed earlier, PCA as the breeder
containment is not acceptable because of the corrosion temperature limits.
Therefore, HT-9 is suggested for the Li and Li-Pb containment tubes. Even so,
the Li-Pb/HT-9 system design needs to be modified to meet the specified corro-
sion temperature limits. For the case of the Li-Pb breeder, tritium recovery
from the helium 1is required. Uncertainties regarding tritium permeation and

reaction kinetics make this a critical design constraint.

I1.8.2.2 Water—Cooled Li-Pb Blanket Concept

A blanket concept based on pressurized water as the coolant and 17Li-83Pb
as the breeder material is being evaluated in the study. The Li-Pb alloy is
much less reactive with water than lithium; however, breeder—coolant compati-
bility remains an issue. Corrosion criteria for PCA in noncirculating Li-Pb
systems require interface temperatures below 400°C. This would be marginal
for an acceptable system, particularly when the tritium recovery issues are
considered. HT-9 will permit higher operating temperatures, however, embrit-

tlement (liquid metal and irradiation) are primary concerns.
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TABLE II.8-5. CRITICAL FEASIBILITY ISSUES AND DESIGN CONSTRAINTS
FOR HELIUM-COOLED LIQUID METAL BLANKET CONCEPTS

Most Critical Feasibility Issues

- Temperature/heat flux limits on first wall
- Liquid metal corrosion/compatibility

° Acceptable materials combinations
° Maximum structural interface temperature

Critical Design Constraints

- Thermal-hydraulics: breeder zone tube dimensions/pitch;
: manifolding
- Neutronics: refelction/shield energy distribution and
inboard/outboard tradeoff
- Tritium recovery from primary helium coolant (17Li-83Pb)

Adequate tritium breeding is attainable with this system. The major con-
cern relates to tritium recovery. The main difficulty arises from the 1low
tritium solubility, which results in a high tritium partial pressure. To
reduce tritium migration into the water coolant to acceptable 1levels, a
double-walled tubing concept is being evaluated. Effective tritium barriers
appear to be needed. Preliminary calculations indicate that the Li-Pb must be
circulated for tritium recovery. Because of the low tritium solubility in Li-
Pb (new data indicate the solubility is a factor of three lower than previ-
ously assumed), relatively large flowrates of Li-Pb must be processed to main-
tain acceptable tritium partial pressures. Mass flowrates equivalent to sev—-
eral percent of those required for self-cooled Li-Pb systems are projected.
Further analyses and preconceptual design development are required to assess

this concept.

II.8.2.3 Sodium—Cooled Li-Pb Blanket Concept

A sodium-cooled Li-Pb blanket was evaluated in this study. Attractive
features of this system relate to (1) lower corrosion rates for sodium in aus-—
tenitic steel compared to lithium, (2) sodium is a good coolant with a lower
melting temperature than lithium, (3) Li-Pb provides excellent breeding capa-
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bility, (4) sodium is less reactive with Li-Pb than some other coolants con-.

sidered, and (5) tritium recovery from sodium by cold trapping appears attrac-
tive.

However, preliminary analyses indicated major design problems, particu-
larly compared to other blanket options, and thus a detailed design was not
developed in this sfudy. Three considerations have lead to the elimination of
this concept as a primary candidate. The added complexity of a separate cool-
ant (when both breeder and coolant are liquid metals) compared to the self-
cooled lithium or Li-Pb concepts tends to offset for some of the favorable
characteristics. The most critical problem relates to MHD considerations.

Excessive pressure losses predicted for a sodium-cooled system relate to:

— The lower heat capacity of sodium requires approximately twice the

volumetric¢ flowrate of Li or Li-Pb for equivalent heat removal.

- Since sodium serves only as coolant, only a small volume fraction of
the blanket (<4ZOZ) is allowable, therefore, requiring about 5 times
higher flowrates.

- Predicted MHD pressure losses are at least 5-10 times those predicted
for Li or Li-Pb.

The high MHD pressure losses appear to be prohibitive. Also, activation
of 23Na to 22Na and 24Na is projected to have serious safety implications.

I1.8.2.4. Dual Coolant Concepts

A blanket design based on a dual coolant concept is being investigated.
The outer blanket which is cooled by 17Li-83Pb provides adequate breeding.
The inner blanket, which does not breed, 1s cooled by helium to provide high
temperature heat. The Li-Pb is used in the preheater and boiler portion of
the steam generator and helium is used in the superheater part. Since Li-Pb
is only used in the low témperature operation, an exit temperature of 425°C is
sufficient, thereby reducing. the corrosion problem. No 1liquid metal in the
inner blanket reduces the overall MHD problem. However, very high temperature
steam may be obtainable (538°C, 16.6 MPa) by the use of insulating refractor-
ies in the blanket. A power conversion efficiency of > 407 may be feasible.
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I11.9 Solid Breeder Blanket Designs

This section summarizes the work accomplished by the study in analysis,

design dgvelopment and evaluation of three separate blanket concepts:
° Lizo solid breeder with pressurized water coolaﬁt (LiZO/HZO)
® Li,0 solid breeder with helium gas coolant (LiZO/He)
® Ternary oxide solid breeder (e.g., LiAlOz) with pressurized water
coolant and a neutron multiplier (TO/HZO/NM); lead was selected

initially to evaluate whether a multiplier other than beryllium was
viable.

Analyses performed to enable prediction of solid breeder 1lifetime and

performance are also summarized.

I1.9.1 Selection of Concepts

The three blanket concepts listed above were selected at the outset of
the project for analysis and development. The specific solid tritium breeder
and coolant choices were made 1largely on the basis of recent blanket
studies. The results of those studies and others indicate that of all solid
breeder blanket concepts, these three represent those generic concepts that
are likely to have the highest overall potential for successful use in

magnetic confinement fusion power reactors.

Breeders — Lithium oxide 1is generally considered today to be the best
candidate solid breeder. Its principal attribute is the potential for
achieving attractive tritium breeding ratios—significantly higher than
unity——without a neutron multiplier. All other candidate solid breeders, with
the probable exception of L182r06, will require a neutron multiplier to
achieve the required tritium breeding ratio. Other attractive features of
Li,0 include a high melting point (~ 1427°C) and very low activation. - The
primary disadvantages are associated with its hygroscopic nature. The effects
of irradiation on the thermophysical properties and tritium release
characteristics of Li,O and all other solid breeders are not well defined.

Coolants — Pressurized high-temperature water and gaseous helium have
been the coolants most often proposed for use with solid breeders. Water
coolant has excellent heat transfer characteristics, and enjoys a well-

developed technology from fission reactor experience for use in power
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conversion systems. Its primary disadvantages are lower thermal energy
conversion efficiency and the high pressures required for containment. The
primary advantage of helium is that it can be operated at high temperatures
without an absolute need for very high pressures. It is chemically inert.
The principal disadvantages of helium relate to its low volumetric heat
capacity.

Neutron Multiplier — Beryllium and lead have been most often proposed as

neutron multipliers. Concerns have been expressed in past studies about
beryllium's toxicity, its resource usage rate for commercial reactors, and
radiation damage. Lead is an excellent multiplier of neutrons, has no
resource or radiation damage concerns and only minor toxicity concerns, but
its low melting point (327°C) and the relatively low temperature 1limit,
imposed by corrosion considerations, at the interface between liquid lead and
structural material are major drawbacks for this application. The combination
of these limitations and the relatively high threshold for the (n,2n) reaction
(about 6.8 MeV compared to ~ 1.8 MeV for beryllium) result in a lower tritium
breeding potential with lead, as compared to beryllium, in most blanket
designs. Since beryllium's use in solid breeder power reactor blankets has
been previously studied in some depth, the project elected to examine a
blanket concept using lead neutron multiplier with a ternary oxide solid
breeder. The objective of studying lead is to establish whether an attractive
alternative to beryllium as a neutron multiplier exists. Pressurized water
was selected as the coolant. The possible benefits to the concept of using
Lizo instead of the ternary oxide, and of using helium coolant instead of

water, may be evaluated later if considered appropriate.

Structure — The structural material considered thus far for these
concepts is PCA (Prime Candidate Alloy) austenitic stainless steel, which is
basically a titanium—modified Type 316 steel. Ferritic steels (principally
HT-9 alloy) and vanadium alloys (principally V-15Cr-5Ti) will be examined
later.

All three concepts use in-situ recovery of tritium by “circulating helium
purge gas through the blanket breeder zone. Other tritium recovery methods,
such as breeder recirculation or batch recovery, were evaluated as part of the

Alternative Concepts Screening task (Chapter X).
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I1.9.2 Performance and Lifetime Evaluation

Issues of generic importance to the performance and lifetime of solid
breeder blankets include solid breeder physical integrity, thermal conductance
between solid breeder and structural material, and the irradiation behavior
(i.e., sintering, grain growth, creep and swelling) of solid breeders.
Analytical results were determined for physical integrity (Sec. IX.2.1) and
thermal conductance (Sec. IX.2.2). The evaluation of solid breeder
configuration/ confinement requirements (Sec. IX.2.3) is germane to all three
blanket concepts, and specifically provides a basis ‘for selecting the
reference and backup des{gns for the L120/H20 concept.

Solid Breeder Physical Integrity — Previous thermal stress analysis for

the DEMO blanket design showed that with a monolithic Li,0 solid breeder
block, the temperature-gradient induced thermal stresses can reach very high
magnitudes, well beyond the estimated solid-breeder fracture strength. The
analysis also showed that for thin disc geometry (instead of a long cylinder),
thermal stresses can be reduced somewhat, but the propensity for cracking is
still very high. Cracking and any resulting cracked fragment relocation will
create problems in controlling the gap between solid breeder and coolant
tube. Therefore, design solutions have been proposed that entail breeder
segmentation both axially (planes normal to the direction of coolant flow) and
radially (planes which include from the tube axis). Depending on the degree
of segmentation, solid-breeder cracking, in principle, can be avoided, but
fabrication may represent a difficult task.

. A one-dimensional, first order method for thermal stress analysis of Li,0
solid breeder in plate or beam geometry was developed. Equations - were
developed which provide the two criteria necessary for sizing the breeder
plate or beam thickness: (1) Tpax — Tmin_s_allowable AT; (2) maximum tensile
principal stress < fracture stress (of). These equations were used to
estimate Li,0 solid-breeder plate and beam thickness requirements established
from the temperature window (AT) and fracture strength constraints (see
Table I1.9-1). Of these two criteria, the fracture strength (of) criterion
always results in a smaller half-thickness (h) than dqes the temperature
window (AT) criterion. To avoid cracking, the plate or beam thickness should
be determined from the o_ criterion, which, if satisfied, automatically

f
satisfies the temperature window constraint.
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TABLE II.9-1 PLATE- AND BEAM-TYPE SOLID BREEDER HALF-
THICKNESS (h) REQUIREMENTS

Half-thickness, h (cm)
Region?
Criterion 1 2 3
Max. tensile stress (plate) < I (23.7 MPa) - 0.15 0.30 0.74
Max. tensile stress (beam) < ¢ (23.7 MPa) 0.17 0.34 0.85

3Nuclear heating: Region 1, Q = = 59 W/cc; Region 2, Q = 0.25 Q __;
Region 3, Q = 0.04 Q__ . Cmax

Thermal Conductance — Thermal Conductance (hI) across the solid breeder/

structural materials interface is a key issue in the development of solid
breeder blanket technology. Previous analyses showed that the sensitivities
of the solid breeder temperaturés to variations in hI and other parameters
(e.g., solid breeder thermal conductivity, neutron wall load) are comparable,
but the uncertainty range (in percent) of hy may be considerably larger than
for other parameters. The interface between solid breeder and structural
materials can be classified into two broad categories: (1) a gap (vacuum or
gas—filled), of width d ranging from sintered breeder surface roughness values
to > 1 mm; and (2) a solid material, which may be metallurgically bonded to

" the solid breeder and structure.

A general approach to the overall conductance problem for a gap interface
was developed (Sec. IX.2.2) based on theoretical considerations. The bulk of
the analysis has been for gas—phase conductance only; radiation transport and
solid-solid contact will be treated in the future. A theoretical equation was
determined for helium gas thermal conductivity as a function of temperature.
The results for l-atm pressure were compared to a correlation derived from
experimental data, with good agreement indicated over the interface
temperature range (573 - 773 K) of interest.

The gas phase conductance equations were solved for d = 1 to 4 mm. For
the same heat flux (q") at the solid breeder surface, the temperature
drop (AT) will double for doubling gap size according to AT = q"/hg. Assuming

the coolant conditions remain the same, the solid breeder temperature mst
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increase substantially. The other extreme case for hg occurs when d is very
small, of the order of breeder surface roughness (d = 1077 m). The
calculation results show that hg is a factor of roughly 10x to 40x higher than
for d = 1 to 4 mm. The implication for blanket design is that the
interface AT, and its uncertainty range, are greatly reduced for a given set
of conditions if close breeder/structure contact is maintained, as compared to

gap widths > 0.1 mm.

Solid Breeder Configuration/Confinement — The differences in the breeder-—

outside-tube (BOT) and breeder—in-tube (BIT) approaches (Fig. II.9-1) to
breeder configuration wére evaluated. Breeder temperature control for the BOT
is of relatively far greater concern than for the BIT. Numerous factors will
operate to change the gap distance in the BOT approach. The deformation
processes not related to radiation effects are drivem by solid breeder
temperature and stress, and thus are of an iterative nature, requiring
continuous tracking of the two surfaces. Additional complicating phenomena
are cracked fragment relocation, asymmetric gaps, and development of breeder

crack surfaces normal to the radial heat flow direction.

Several potential ﬁethods to alleviate these problems were reviewed.

Segmentation of the breeder is the equivalent of pre-cracking, so that the
thermal gradient is insufficient to cause further cracking. This approach
also implies other breeder forms, such as the sphere-pac configuration. For
sphere-pac, the interface conductance variation is potentially much less than
for the breeder segment approach, and an effective (bulk) breeder thermal
conductivity should be adequate in determining solid breeder temperatures. A

solid material interface, metallurgically bonded to the solid breeder and

structure, could virtually eliminate interface conductance uncertainties
during operation if the bond stayed intact. However, braze tests conducted at
McDonnell Douglas using metallic felt and Ti-Cu-Ag brazing material indicate
that, although the bond itself survives the cooldown phase from braze
temperatures, the Li,0 test pellets developed cracks both parallel and near
parallel to the interface. Dispersion toughening of the breeder, by

introducing second-phase materials such as BeO to increase toughness (or
reduce brittleness) of the breeder, is a method established in ceramic
engineering. However, little or no work in this area has been done to date

using solid breeders.
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Among these three alternatives, the sphere-pac configuration appears most
attractive and has been chosen as the reference solid breeder configuration
for the LiZO/HZO system. The sintered beam—-type solid breeder is suitable for
the backup design of the LiZO/HZO coolant panel concept, and has been chosen
as the reference configuration for the Li,0/He concept.

11.9.3 Li,0/H,0 Blanket Concept

The development of the design approach for this concept used the major
conclusions from recent blanket studies as a starting point. Three basic
approaches to blanket general arrangément were considered: (1) BOT (breeder-
outside-tube), (2) BIT (breeder—in-tube), (3) layered (breeder between flat
coolant panels). These approaches were evaluated from the standpoints of
mechanical and structural design, fabrication, thermal-hydraulics

requirements, and neutronics.

The preliminary reference design for the blanket concept has adopted the
BOT approach for the breeder zone, and the sphere-pac approach for LiZO fab—
rication. This is a significant departure from previous designs (e.g., STAR-
FIRE, DEMO) which used ﬁhe sintered product form for the breeder. A second
major difference is the first wall design, which uses a welded coolant panel
with flat skins joined by vertical ribs to form rectangular-cross—section
coolant channels, whereas STARFIRE and DEMO used corrugated panels with

channels die-stamped into the skins.

Conclusions from Previous Studies - The results of previous design

studies for water cooled solid breeder blankets have led to a number of impor-
tant major conclusions, which were used as a starting point for the present

work. These conclusions are briefly summarized below:

® Maintenance: Use sector-remdval-and-replacement; no in-situ repairs.
° Tritium recovery: In-situ via helium purge gas.

° Water coolant conditions: ~ Same as LWR's.

) Coolant containment: In small-cross—section flow passages.

° Coolant flow direction: Primarily toroidal or poloidal through
breeder zone, not radial.

° First wall/blanket integration: Full structural/mechanical
integration is strongly preferred.
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Evaluation and Comparison of Design Approaches - The major differences

among the BOT, BIT and layered approaches to breeding zone arrangement (Fig.

- II.9-1) affecting the design approach selection are briefly discussed below.

The BIT approach is presently considered not acceptablé for use with
high-pressure water coolant on the basis of insufficient tritium breeding
(less than unity) without the use of a neutron multiplier. This results
primarily from the high volume fractions of ﬁeutron—absorbing steel for the
relatively thick tubes needed to contain the high-pressure water coolant. The

BIT approach was therefore not considered further in the comparison.

Tritium Breeding is one of the two most important engineering feasibility

evaluation criteria (Section II.3). One-dimensional neutronics analyses indi-
cated that the BOT approach should yield a tritium breeding ratio approximate-
ly the same as for the layered approach, i.e., ~ 1.15. The same relative

results may also be expected if a beryllium neutron multiplier is added.

Reliability of water-cooled blankets against leaks that result in reactor
shutdown is expected to receive major emphasis in the study as the designs are
developed further. For the BOT approach, double ﬁall tubes can be used inside
the breeder zone, with the ends independently welded at or behind the rear
wall such that both pressure boundaries at any given tube must be breached
before water/breeder contact can occur. However, similarly providing two
barriers at the welded panel/plenum joints for the layered approach could be
very difficult.

The major difference in Accident Safety is that the BOT approach permits

the incorporation of dual independent coolant loops for the first wall and
blanket, to enable safe removal of afterheat from all blanket sectors in the
event of a shutdown due to a failure in one of the loops. To incorporate two
lcops into the layered design would be very difficult; an emergency cooling
system would likely be the preferred option.

The Blanket Fabrication complexities for the BOT approach are judged to

be less than for the layered approach, mainly because the end plenums and
theirAconnections to the first wall and blanket panels are eliminated. The
principal complication for the coolant tubes is the welding of the tube ends
to the manifold. The use of the sphere-pac breeder fabrication approach will
greatly simplify the final blanket assembly for either approach.
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The selected approach should preferably have the Design Flexibility to

accommodate changes in the blanket concept itself or in design details without
requiring major modification. The two most important possible changes to the
Li,0/H,0 blanket reference design would be (1) use of the sintered product
breeder instead of the sphere—-pac approach, and (2) the addition of a slab-
type beryllium neutron multiplier. The layered approach can accept either or
both changes with relatively small impact. The re-adoption of the sintered
product breeder fabrication approach for this concept would 1likely require
major changes to the BOT approach, however, to assure acceptable breeder/tube

interface heat transfer ,characteristics.

The principal Development Risk for the BOT approach is considered to be

the difficulties involved with incorporation of the sintered product breeder,
if the sphere-pac approach to Li,0 fabrication does not prove to be workable.
For the layered approach, development of highly reliable plenum/panel seals

and weld methods is the area of most concern.

The BOT approach was selected for the LiZO/HZO concept reference design,
on the basis of its relative advantages over the layered approach when coupled
with the sphere-pac breeder fabrication method. The layered approach is

presently considered a back-up option.

Reference Design Description - The preliminary reference design for the

Lij0/Hy0 blanket concept is illustrated schematically in Fig. II.9-2. Key

features and major parameters are listed in Table II.9-2.

The blanket design uses individual first-wall/blanket modules, configured
as parallelepipeds. These modules are assembled into ten blanket sectors.
The first wall is an actively cooled ribbed panel made of PCA. Three milli-
meters of steel are added to the plasma-facing side of the panel as an erosion
allowance, permitting a 3-year life at the assumed 1 mm/y erosion rate. (This
is approximately the same as the 3-year PCA first wall life anticipated on the
basis of radiation-induced swelling (T ~ 400°C). Over 5 mm of erosion
thickness can actually be applied, for the nominal 50 W/cm2 surface heat
flux.) The first wall is mechanically and structurally integrated with the
blanket. Actively cooled support frames within the breeding zone are welded
to the back side of the first wall and to the rear wall of the breeding zone
to provide structural rigidity to the module.
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TABLE II.9-2.
BLANKET REFERENCE DESIGN

KEY FEATURES AND MAJOR PARAMETERS FOR Li,0/H,0

e First Wall:

Li,O Breeder
- Fufly integrated with blanket

Parameter Value
® Materials
- Coolant HZO
- Breeder LiZO
- Neutron Multiplier (none)
- Structure PCA Aust. St. Stl.
- Purge Gas Helium

- Coolant panel with rectangular-cross-section channels - Cools part of

- Maximum surface temperature 550°C
- Maximum structural thickness 8.9 mm
- Erosion thickness allowance 3.0 mm
- Erosion life at 1 mm/y erosion rate 3.0y
® Breeder Zone:
- Li,0 breeder fabricated with sphere-pac method
- U—%end Coolant Tubes, flow in toroidal direction
- Coolant Inlet/Outlet temperature 280/320°C
~ Coolant pressure 15.2 MPa
- Breeder minimum/maximum temperature 410/800°C
- Purge Gas Pressure 0.1 MPa
® Tritium Breeding Ratio ~ 1.102

I3°D Monte Carlo analysis, assuming water cooled outboard belt limiter and rf

waveguides.

The Li,0 sphere-pac breeder is contained by the six sides of the module.
The toroidally-oriented coolant tubes in the breeder zone are arrayed in
Each tube is fabri-
cated from seamless PCA tubing in the cold worked (CW) condition.

diameter is 10 mm for each tube, and wall thickness is 0.75 mm,v

banks; each tube makes a single pass through the breeder.
Inside
Tube spacing
radially and poloidally through the breeding zone is graded in proportion to
the local nuclear heating rate, to maintain the Li,0 breeder within the design
basis minimum and maximum temperature limits of 410°C and 800°C respectively

at all points for normal operating conditions. For each tube, coolant
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temperature is increased from 280°C at the inlet to 320°C at the outlet by
orificing at the tube entrances to. produce the proper flow rate/flow velocity
combination., The breeder coolant tubes are U-shaped and terminate in the
inlet and outlet manifolds located immediately behind the back wall. A double
weld method is proposed for the the tube ends which should sharply increase
the reliability of the blanket against water leaks into the breeder.

The tubular manifolds connect all modules within a sector. The present
manifold scheme uses four inlet and outlet manifolds, two of each for each of
the two separate cooling circuits. The first wall and all even—numbered
coolant tube banks are connected to the first circuit; the first coolant tube
bank and all other odd-numbered banks are comnected to the second circuit.
For the inboard blanket, the large manifold tubes end in headers behind the
modules above and below the vertical inboard module. The coolant tubes in
this module extend through it vertically (poloidally) and terminate in the
manifold headers. Thus there are no large-diameter manifold tubes in the
inboard module, sharply reducing the inboard wall/blanket/shield thickness
which results in very significant capital cost savings for the reactor.

Helium purge gas is used to remove tritium from the breeder zone.

Key Issues and Concerns - The work thus far has indicated a number of key

issues and areas where significant concern exists regarding the eventual suc-

cess of the LiZO/HZO concept development; these are listed in Table II.9-3.

The ribbed panel first wall design requires further analysis to determine
the effects of radiation, primarily creep and swelling. Design detail options
to accommodate these effects without degrading blanket performance must be
investigated. Methods to increase reliability against leaks in the breeding
zone will be pursued, including the use of double wall tubes and double welded
tube ends at the rear wall. The key area of the behavior of sphere-pac Li,0
will be pursued, principally as part of the Solid Breeder Tritium Recovery
Issues task. Reducing the thickness of the manifold zone can result in
possible economic (capital cost) advantages, if the use of thinner blankets
leads to a reduced reactor envelope. Manifolds with rectangular flow chan-
nels, spanning the rear of each module, could significantly reduce manifold

thicknesses compared to tubular manifolds, and will be investigated.
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TABLE II,9-3.

KEY ISSUES AND CONCERNS FOR L120/H20 BLANKET CONCEPT

Area

Issue/Concern

Comment

® First Wall [ )

® Breeding Zone |e®

® Manifold ®

Reliability against leaks
- Basic panel
- Panel connections

Irradiation effects

Reliability against leaks

Lizo sphere-pac
— Fabrication
- Long term effects

Purge gas flow paths
Accommodation of Be
neutron multiplier

Thickness requirements

Module removal/replacement

Modify to use double skins
on both sides

Investigate detail options
for connections

Find detail options for
strain and deformation
accommodation

Investigate options
— Double weld tubes
- Double weld tube ends

Continue investigation of
sphere-pac fabrication,
and behavior under blanket
conditions

Evaluate integral
rectangular channel
option

Investigate options to
allow manifold separa-
tion/reweld at module
interface locations

Conclusions and Recommendations -

Some

conclusions affecting the Lip0/H,0 concept and the

design are summarized in Table III.9-4.

of

the most important study

selection of the reference

The Li,0/H70 blanket concept meets

all initial screening criteria, and appears to be an attractive choice.

It is

recommended that this concept be retained for further evaluation and design

development during the second year of the project.
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TABLE II.9-4. PRELIMINARY STUDY CONCLUSIONS FOR Li;0/H,0 BLANKET CONCEPT

® Large-scale breeder cracking, if present, will probably result in
unacceptably large uncertainties in blanket performance.

® The breeder-in-tube (BIT) approach results in an unacceptable TBR. With a
neutron multiplier, TBR is perhaps acceptable but is probably high-risk.

® Tritium breeding ratios for the BOT and layered approaches are estimated
as follows:

Approach Without Multiplie<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>