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ABSTRACT

The Blanket Comparison and Selection Study (BCSS) was a two-year, multi-

laboratory project Initiated by the U.S. Department of Energy/Office of Fusion

Energy (DQE/OFE) with the primary objectives of: (1) defining a limited num-

ber of blanket concepts that should provide the focus of the blanket R&D pro-

gram, and (2) identifying and prioritizing critical issues for the leading

blanket concepts. The BCSS focused on the mainline approach for fusion reac-

tor (TMR) development, viz., the D-T-U. fuel cycle, tokamak and tandem mirror

reactors for electrical energy production, and a reactor parameter space that

is generally considered achievable with modest extrapolations from the current

data base. The STARFIRE and MARS reactor and plant designs, with a nominal

first wall neutron load of 5 MW/m^, were used as reference designs for the

study.

The study focused on:

• Development of reference design guidelines, evaluation criteria, and

a methodology for evaluating and ranking candidate blanket concepts.

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

systems analysis for comparison.

• Development of conceptual designs for the comparative evaluation.

• Evaluation of leading concepts for engineering feasibility, economic

performance, and safety.

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

blanket concepts.

Sixteen concepts (nine TMR and seven tokamak) which were identified as

leading candidates in the early phases of the study, were evaluated in detail.

The overall evaluation concluded that the following concepts should provide

the focus for the blanket R&D program:
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(Breeder/Coolant/Structure)

Lithlum/Llthium/Vanadium Alloy

Li2O/Helium/Ferritic Steel

LIPb Alloy/LiPb Alloy/Vanadium Alloy

Uthium/Helium/Ferrltic Steel

The primary R&D issues for the Li/Li/V concept are the development of an

advanced structural alloy, resolution of MHD and corrosion problems, provision

for an inert atmosphere (e.g., N2) in the reactor building, and the develop-

ment of non-water cooled near-plasma components, particularly for the tokamak.

The main issues for the LiPb/LiPb/V concept are similar to the Li/Li/V blanket

with the addition of resolving the tritium recovery issue. Furthermore, reso-

lution of MHD and corrosion problems will be more severe for LiPb/LiPb/V than

for the Li/Li/V; on the other hand, the LiPb blanket has reduced concerns with

respect to chemical reactivity with environment. The R&D issues for 1^,0/He/

FS concept include resolution of the tritium recovery/containment issue,

achieving adequate tritium breeding and resolving other solid breeder issues

such as swelling and fabrication concerns. Major concerns for the Li/He/FS

concept are related to its rather poor economic performance. Improvement of

its economic performance will be somewhat concept-dependent and will be more

of a systems engineering issue.
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1. INTRODUCTION

Development of a viable blanket system is essential before the feasibili-

ty of fusion as a commercial energy source can be established. In addition, a

tritium breeding and heat rejection blanket will be required for any fusion

test device which produces more than a few ten's of magawatts of power for ex-

tended periods of time. The blanket must operate reliably for extended life-

times in the severe radiation, thermal, chemical, stress, and electromagnetic

environment of a fusion reactor core. Since the primary functions of the

blanket system relate to energy extraction and tritium breeding for a D-T fuel

cycle, both the economics and safety of fusion power will be greatly influ-

enced by the blanket design and performance characteristics. Demonstrating

the scientific and engineering feasibility of the blanket system will require

extensive research and development (R&D).

Numerous studies conducted worldwide over the past fifteen years have

proposed a large number of blanket 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 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 eval-

uation of all possible options is usually 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 or 4) 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:
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1) Define a small number (3 or 4) of blanket design concepts that should

provide the focus of the blanket R&D program. A design concept is

defined by the selection of all material (e.g., breeder, coolant,

structure and multiplier) and the specification of other major

characteristics that significantly influence the S&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 was a multilaboratory effort led by Argonne National Laboratory

with support from industry, universities, and other national laboratories (see

Table 1-1). The executive committee for the project, which is listed in Table

1-2, consisted of managers from Argonne and the lead support organizations.

The major support organizations provided teams of experts, while the other

special support consisted primarily of individual experts in selected areas.

This executive committee served as the decision making body for the project.

The evaluation criteria, design guidelines and individual blanket ratings were

reviewed in detail by the executive committee throughout the course of the

study. Most of the decisions were either a consensus or a strong majority

opinion of the committee. Only rarely were decisions made on the basis of a

close vote by the committee.

A review committee, listed in Table 1-3, was appointed by DOE's Office of

Fusion Energy to provide periodic evaluation of the progress and direction of

the study. Reviews were held at the end of the first year of the study, mid-

way through the second year, and at the end of the study.

The objectives and scope of the BCSS are substantially different from

past reactor studies. Previous studies were generally concerned with develop-

ing specific conceptual designs, whereas the focus of the BCSS was on concept
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TABLE 1-1. BLANKET COMPARISON AND SELECTION STUDY TEAM

LEAD LABORATORY

Argonne Nat ional Labora tory

MAJOR SUPPORT ORGANIZATIONS

McDonnell Douglas As t ronau t i c s Company

GA Technologies , I n c .

TRW, Inc .

EG&G Idaho, I n c .

Lawrence Llvermore National Laboratory8

University of California, Los Angelesa

SPECIAL CONTRIBUTORS

Grumman Aerospace Corporation

t(
b

Energy Technology Engineering Center

Westinghouse Electr ic Corporation

b
univers i ty of Wisconsin

Rensselaer Polytechnic I n s t i t u t e

Hanford Engineering Development Laboratory13

Oak Ridge National Laboratory

aFY 1984 only.
bFY 1983 only.

TABLE 1-2. BCSS PROJECT EXECUTIVE COMMITTEE

D. L. Smith (ANL) Project Manager

G. D. Morgan (MDAC) Deputy Project Manager

M. A. Abdou (UCLA)a

C. C. Baker (ANL)

J . Gordon (TRW)

R. Moir (LLNL)

S. Piet (EG&G)

K. Schultz (GA)

D. K. Sze (ANL)

Pro jec t Manager FY 1983.
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TABLE 1-3, BCS3 REVIEW COMMITTEE

R. Krakowski (LANL) - Chairman

D. Cohn

C. Flanagan

R. Gold

C. Henning

G. Kulcinski

R. Little

J. Scott

F. Garner

(MIT)

(W/FEDC)

Wa

(LLNL)

(U of WI)

(PPPL)

(ORNL)

(HEDL)b

bFY 1984 only.

selection. Therefore, the project organization and emphasis were carefully

planned at the initial stage to best serve the purpose of the study. A few

examples illustrate the point. Blanket designs were 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 pur-

sued in sufficient depth to permit meaningful comparisons, minor details that

do not represent significant issues are not considered. In contrast, key is-

sues related to the feasibility and performance of blanket concepts were eval-

uated to the maximum possible extent permitted by the resources of the pro-

ject. Wherever possible, key feasibility issues that are relatively indepen-

dent 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 re-

sources required for developing designs of the affected blanket concept were

conserved. An important aspect of this effort was to develop and evaluate all

concepts on an equal basis. This included use of a common data base wherever

possible and normalization of the relative conservatism associated with the

design and performance characteristics of each concept.

The approach used in the BCSS involved the following:

• Develop reference design guidelines.
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• Identify concepts for consideration.

• Develop detailed evaluation criteria and methodology for ranking

concepts.

• Compile materials data base and develop uniform systems analysis.

• Develop conceptual designs for evaluation purposes.

• Identify critical feasibility issues for each concept.

• Evaluate blanket concepts.

• Identify and prioritize R&D requirements for leading concepts.

The BCSS Project task organization chart, Fig. 1-1, includes three major

areas, viz., Project Tasks, Special Issues and Blanket Design. The Project

Tasks include such areas as design guidelines, evaluation criteria; safety

engineering, economics and R&D evaluation; and special tokamak - TMR consider-

ations. Special Issues Tasks provided a consistent data base and analysis

methodology to be used for all design concepts. The Blanket Design Tasks

developed reference designs for the various blanket concepts.

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 for electrical energy production, and the reactor

parameter space of each that is generally believed to have a reasonable proba-

bility of being achievable. The STARFIRE and MARS reactor and plant designs

were used as reference designs for this study. 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 study.

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-

tion criteria which would facilitate the primary goal of the study; namely,

the selection of a limited number of a promising blanket concepts that should
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be the focus of blanket R&D. Detailed evaluation criteria were developed for

comparison of the blanket concepts in the following four areas:

• Engineering Feas ib i l i ty

• Economics

• Safety

• R&D Requirements

A more qualitative judgement approach was used to narrow the large number

of concepts considered (MOO) down to less than ten concepts. The detailed

evaluation criteria developed in this study was then applied to the leading

concepts to identify the top concepts to be recommended as a focus for the

near term R&D effort. This detailed evaluation methodology can be applied to

any future blanket concepts for comparison with those evaluated in the present

study.

In the initial phases of the study, various blanket concepts were desig-

nated either as "mainline" or "alternate" concepts. The mainline concepts

included those blanket concepts that had been developed to a greater extent

and that were generally believed to offer the greatest potential. All other

concepts, including more innovative and less well developed concepts, were

considered alternate concepts. The first year of the study focused on (1)

development of reference designs for the mainline concepts and (2) a concept

screening of alternate concepts to determine whether any alternate concepts

should be evaluated in detail (see Ref. 1-1).

Table 1-4 lists the candidate blanket materials that generally served as

a focus for the present study. The liquid metals, Li and LiPb alloy, were

evaluated both as separate breeder materials and as combination breeder-cool-

ants. Although both I^O and LigZrOg were originally thought to provide ade-

quate tritium breeding without a neutron multiplier, early in the study it was

determined that LigZrOg would not provide adequate tritium in a practical sys-

tem. The LiA10£ was generally considered as representative of the stable ter-

nary lithium oxides. The molten salt breeder, FLIBE, was one of the original
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alternate concepts that was considered in detail. Of the five coolants consi-

dered in detail, only the nitrate salt came from the alternate concept

evaluation.

TABLE 1-4. CANDIDATE FIRST-WALL/BLANKET MATERIALS

Breeding Materials

Liquid Metals
Li
17Li-83Pb

Ceramics
Li,0
Li8ZrO6

LiA102
b

Salt
FLIBEJ

Coolants

H20
Li

17Li-83Pb
He

Saltc

Structure

Austenitic Steel
PCA
Mn Steela

Ferritic Steel
HT-9
Mod. Ferr. St.a

Vanadium Alloy
V15Cr5Ti

Neutron
Multiplier

Be
Pb

aLow-activation structural alloys. V15Cr5Ti is inherently low activation.

LiLiAlC>2 is representative of ceramics that includes Li2SiOg, L^ZrO^, etc.

cNitrate salt.

dFluoride salt.

Three classes of structural alloys were selected for evaluation in the

study. The reference alloys include: (1) austenitic stainless steel repre-

sented by the primary candidate alloy (PCA) in the OFE Alloy Development Pro-

gram, (2) high chromium (9-12%) ferritic steel represented by the commercial

alloy HT-9, and (3) advanced vanadium-base alloys represented by the experi-

mental V-15Cr-5Ti alloy. In addition, low activation variants of the austeni-

tic (Mn-stabilized) and ferritic steels (no Mo or Ni) were considered. The

reference vanadium alloy composition falls within the low activation defini-

tion.

Beryllium and lead were the only neutron multiplier options considered

for enhancing the tritium breeding ratio of the candidate breeder materials.

Since lead was eliminated from consideration early In the study because of
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perceived design difficulties and limited performance, beryllium was the only

neutron multiplier evaluated in detail.

A major part of the effort was devoted to compiling the materials data

base and development of analysis capability required for blanket concept de-

sign and evaluation. In many cases it was necessary to extrapolate available

data to proposed conditions. An important part of the study was to evaluate

the sensitivity of blanket performance to uncertainties in the data base.

Blanket designs were developed in sufficient detail to evaluate the perform-

ance and safety characteristics of each concept. A consistent methodology was

applied to all of the leading concepts in order to normalize the evaluations.

For example, the same set of materials properties, stress limits, and corro-

sion limits, were used for all concepts. Also, self-consistent analyses were

used to obtain 3-D tritium breeding ratios and shielding requirements for all

designs.

Based on the blanket designs developed and the analyses conducted, criti-

cal feasibility issues for each concept were identified. A relative ranking

of the leading blanket concepts was developed from the evaluation criteria for

each of the four areas, viz., engineering feasibility, economics, safety, and

R&D. The R&D requirements for the leading concepts were identified and prior-

itized.

This report concentrates on the design and evaluation of the leading con-

cepts. Much of the detailed results used to arrive at the leading concepts

was presented in the Interim BCSS Rnport^ ' and are, therefore, not repro-

duced here. Chapter 2 gives an Overview and Summary of the results of this

study. Chapter 3 presents the results of the four evaluations. The R&D

Assessment is presented in Chapter 4 and details of the Evaluation Methodology

are covered in Chapter 5. Results of the Special Issues are presented in

Chapter 6. Chapters 7-10 provide details of the Blanket Designs.
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2. OVERVIEW AND SUMMARY

2.1 Introduction

The Blanket Comparison and Selection Study (BCSS) was a two-year, multi-

laboratory project initiated by the U.S. Department of Energy/Office of Fusion

Energy (DOE/OFE) with the primary objectives of: (1) defining a limited num-

ber of blanket concepts that should provide the focus of the blanket R&D pro-

gram, and (2) identifying and prioritizing critical issues for the leading

blanket concepts. The BCSS focused on the mainline approach for fusion

reactor development, viz., the D-T-Li fuel cycle, tokamak and tandem mirror

reactors for electrical energy production, and a reactor parameter space that

is generaUv considered achievable with modest extrapolations from the current

data base. The STARFIRE ̂ "^and MARS^2""2^ reactor and plant designs, with

nominal first wall neutron load of 5 MW/m , were used as reference designs for

the study.

The BCSS was led by Argonne National Laboratory with major support from

industry, universities and other national laboratories (see Table 2-1). The

major support organizations provided teams of experts, while the other special

support consisted of experts in selected areas. A nine member executive com-

mittee, which consisted of managers from Argonne and the major support organi-

zations, served as the decision making body for the study. A review committee

was appointed by DOE/OFE to provide periodic evaluation of the progress and

direction of the study.

The BCSS was conducted with the following two-phase approach:

PHASE I

• Develop reference design guidelines.

• Develop evaluation critiera and methodology for ranking concepts.

• Identify concepts for considerations.

- mainline concepts

- alternate concepts

• Compile data base and develop uniform systems analysis.

• Develop conceptual designs for evaluation purposes.
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PHASE II

• Identify c r i t i ca l issues for each concept.

• Evaluate blanket concepts.

• Identify and prioritize R&D requirements for leading concepts.

TABLE 2-1
BLANKET COMPARISON AND SELECTION STUDY TEAM

LEAD LABORATORY

Argonne Nat iona l Laboratory

MAJOR SUPPORT ORGANIZATIONS

McDonnell Douglas As t ronau t ics Company

GA Technologies , Inc .

TRW, Inc .

EG&G Idaho, I nc .

Lawrence Liverraore National Laboratorya

University of California, Los Angelesa

SPECIAL CONTRIBUTORS

Grumman Aerospace Corporation

Energy Technology Engineering Center

Westinghouse Electric Corporation

University of Wisconsin

Rensselaer Polytechnic Institute

Hanford Engineering Development Laboratory"

Oak Ridge National Laboratory

fFY 1984 only.
bFY 1983 only.
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The BCSS Project was organized into three major tasks, viz., Project

Tasks, Special Issues, and Blanket Design, as indicated in Fig. 2-1. The

Project Tasks included such areas as design guidelines; evaluation critiera;

and engineering, economics, safety and R&D evaluations. Special Issues Tasks

provided a consistent data base and analysis methodology to be used for all

design concepts. The Design Concepts Tasks developed reference designs with

sufficient detail to provide meaningful evaluations.

Design guidelines and evaluation methodology and criteria, based on the

reactor parameter space for tokamak and tandem mirror concepts that is gener-

ally considered reasonably achievable, were developed for the study. Using

the STARFIRE and MARS reactor and plant designs as a basis, blanket concepts

were developed for evaluation. A blanket concept is defined by the selection

of materials for the primary components, viz., breeder, coolant, structure,

and neutron multiplier if required, and by the geometric characteristics of

the design. Table 2-2 lists the candidate materials that served as a focus

for the BCSS.

TABLE 2-2
CANDIDATE FIRST-WALL/BLANKET MATERIALS

Breeding Materials

Liquid Metals
Li
17Li-83Pb

Ceramics

Li2°Li8Zr06

LiA102
b

Salt
FLIBEd

Coolants

H2°
Li

17Li-83Pb
He

Saltc

Structure

Austenitic Steel
PCA
Mn Steeld

Ferri tic Steel
HT-9
Mod. Ferr. St.a

Vanadium Alloy
V15C,r5Ti

Neutron
Multiplier

Be
Pb

Low-activation structural alloys. V15Cr5Ti is inherently low activation.

LiA102 is representative of ceramics that includes

cNitrate salt.

Fluoride salt.

etc.
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In the initial phases of the study, various blanket concepts were desig-

nated either as "mainline" or "alternate concepts. The mainline concepts in-

cluded those blanket concepts that had been developed to a greater e:-:tent and

that were generally believed to offer the greatest potential. All other con-

cepts, including more innovative and less well developed concepts, were consi-

dered alternate concepts. The Phase I effort focused on (1) development of

reference designs for the mainline concepts and (2) a concept screening of

alternate concepts to determine whether any alternate concepts should be eval-

uated in detail. Ihe mainline concepts considered included the following

breeder/coolant combinations with each of the three candidai structural

alloys and with/without a neutron multiplier.

U/Li Li2O/H2O

Li/He Li2O/He

LiPb/LiPb LiA102/He

LiPb/He LiA102/H20

LiPb/H2O LigZrO3/He

LiPb/Na Li

From all of the alternate concepts only those with nitrate salt (NS) as a

coolant or FLIBE as a breeder with helium coolant were selected for more

detailed evaluation.

A major part of the effort was devoted to compiling a materials data base

and development of the analytical capability required for blanket concept

development and evaluation. From the various combinations of breeder/coolant/

structure/neutron multiplier combinations listed above, -130 concepts were in-

cluded in the initial evaluation. These blanket concepts were developed in

sufficient detail to evaluate the performance and safety characteristics of

each concept.

Sixteen leading concepts (seven tokamak and nine TMR blankets) selected

in Phase I of the study were evaluated in detail in Phase II of the study. A

detailed evaluation methodology was developed in each of the four areas:
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• Engineering Feasibility

• Economics

• Safety

• R&D Requirements

Based on the blanket designs developed and the analyses performed, a rel-

ative ranking of the leading blanket concepts was developed in each of the

foui evaluation areas. Critical issues associated with each concept were

identified, an R&D assessment was performed, and the R&D requirements for the

leading concepts were identified and prioritized.

2.2 Design Guidelines and Evaluation Methodology

Uniform design guidelines and evaluation criteria were developed to

provide a consistent basis for comparison of the various blanket concepts.

2.2.1 Design Guidelines

The purposes of the design guidelines were:

- To establish the value (or range of values) of parameters and to

specify assumptions that require consistency in evaluating the various

blanket concepts.

- To provide uniform guidance on the approach to handling issues that

impact blanket design and/oi: performance.

Table 2-3 lists the key design guidelines used in this study. In many

cases sensitivity studies were conducted to evaluate the impact of variations

of the reference guidelines on the performance characteristics of selected

blanket concepts. Other design guidelines such as structural and breeder

material temperature limits, tritium breeding requirements, and fluence limits

to the TF coils are discussed in Section 2.3.
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TABLE 2-3
DESIGN GUIDELINES

Reactor Design Basis

Peak Magnetic Field, T

Neutron Wall Load, MW/m2

First Wall Heat Flux, W/cm2

First Wall Erosion, mm/y

Dose to TF Coils, rads

2.2.2 Evaluation Methodology

Tokamak

STARFIRE

10

5

100

1

10 1 0

TMR

MARS

5

5

5

0.1

10 1 0

An important part of the study was the development of detailed evaluation

criteria and a methodology for uniform comparison of the various blanket con-

cepts. In the early phases of the study initial screening criteria, minima or

maxima, were established for several important parameters: breeding ratio,

thermal efficiency, tritium inventory, lifetime, tritium loss rate, and mini-

mum wall loading.

Approximately 130 concepts were developed in sufficient detail for a

qualitative comparison by the executive committee. These concepts were ranked

as:

R=1: Potentially attractive, recommended for further development.

R=2: Set aside for possible future consideration.

These concepts judged to be potentially acceptable but less

attractive than the R=l concepts.

R=3: Rejected.

- Those concepts that did not meet initial screening criteria.

- Judged to be clearly inferior to other concepts and eliminated

from further consideration.

2-7



The R=l concepts were Chen evaluated in more detail, partially on a com-

parative basis, to reduce the number of top rated concepts to an acceptable

number for detailed evaluation. The nine concepts (breeder/coolant/structure/

neutron multiplier) listed in Table 2-4 were finally rated R=l and evaluated

in detail.

TABLE 2-4

Li/Li/V

Li/Li/FSa

UPb/Li"b/Va

Li/He/FS

FLIBE/He/FS/Be

(FS: Fer r i t i c S tee l ,

Li2O/He/FS

LiA102/He/FS/Be

LiA102/H20/FS/Be

LiA102/NS/FS/Be

NS: Nitrate Sal t )

Not rated R=l for tokamak configuration.

A detailed methodology was developed for evaluation of these concepts in

each of four areas:

• Engineering

• Economics

• Safety

• R&D Requirements

The evaluation methodologies and results are summarized in Section 2.5. De-

tails of the procedures and rankings are presented in Chapter 3

and 5. The overall ranking of concepts was based primarily on the engineer-

ing, economics, and safety evaluations.

2.3 Special Issues

Several special Issues important to more than one blanket concept were

evaluated separately to provide a common base for all concepts. The special
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issues include: (1) a materials data base assessment (structural materials,

corrosion limits, breeder materials, and special materials), (2) tritium

containment, (3) structural and electromagnetic analyses, (4) neutronics

analyses (tritium breeding, shielding, and activation), (5) reliability,

resource and high power density blanket considerations, and (6) auxiliary

components (limiter/divertor, energy conversion system, etc,).' 1'

2.3.1 Structural Materials

Three classes of alloys are currently considered as leading candidates

for the first wall/blanket structure of a commercial fusion reactor: auste-

nltic stainless steels, ferritic (martensitic) steels, and vanadium base al-

loys. For the BCSS program, one reference or baseline alloy was selected from

each class and one low activation counterpart for the austenitic and ferritic

steels was identified for evaluation as part of the study; the reference

vanadium alloy is inherently low activation.

Austenitic stainless steels have been used extensively in fusion 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 to which other alloys are compared. The primary candidate aus-

tenitic alloy (PCA), which Is under development In the U.S. alloy development

program, was selected as the reference austenitic alloy. This alloy, which is

a modification of Type 316 stainless steel, in the 20-25% cold worked condi-

tion is the product of several years of development to provide a radiation

damage resistant alloy for fusion reactor applications.

The low activation counterpart to PCA is a manganese stabilized steel

with very low nickel and molybdenum in order to qualify for Class "C" radio-

active waste disposal per 10CFR61. The manganese steels are noted for their

hardenability and were developed primarily for wear resistance applications.

Although most of the compositions commercially available today contain signi-

ficant amounts of nickel and molybdenum, and are difficult to fabricate, a

manganese steel with a composition Fe-15Mn-15Cr-0.05Cr-0.01N was proposed for

evaluation in the present study. Major concerns regarding the use of this

alloy relate to corrosion and safety because of the high mobility/volatility

of manganese. Other properties are assumed to be similar to those of PCA.
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The high chromium ferritic (martensitic) steels, e.g., HT-9 and Fe-9Cr-

lMo, offer possible advantages over the austenitic steels in the areas of

radiation swelling resistance, lowar 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 for this study primarily on the basis of the extensive nonirra-

diation data base and strength at high temperatures. Although this alloy ex-

hibits good radiation swelling resistance, the composition and thermomechani-

cal treatment has not been optimized for radiation damage resistance as in the

case of the PCA alloy. Welding and radiation embrittlement are primary

concerns.

The low activation ferritic steel proposed for evaluation is Fe-llCr-

2.5W-Q.3V-0.15C. Tungsten is substituted for molybdenum in this alloy. While

this specific alloy has not been made, alloys with similar compositions have

been produced. As a result, there is a high degree of confidence that the

proposed alloy can be fabricated with properties similar to commercial HT-9.

IP this study both unirradiated and irradiated properties were assumed to be

equivalent to those for the HT-9 alloy.

Vanadium-base alloys represent an advanced alloy system that offers ad-

vantage with respect higher temperature operation better corrosion resistance

in lithium (and probably Li-Pb), and possibly better radiation damage resis-

tance. The V-15Cr-5Ti alloy, which was originally developed under the fast

breeder reactor program, is selected as the reference alloy. The titanium

provides improved radiation damage resistance and the chromium provides im-

proved high temperature mechanical properties. Although this alloy was devel-

oped partially on the basis of good radiation damage resistance, it does not

necessarily represent an optimized composition. Because of the limited data

base this alloy system will require a larger R&D effort.

The reference vauadium-base alloy also meets the "low activation" defini-

tion in terms of waste management. Therefore, an alternate low activation

alloy is nof- required for this system.

It is important to note that for all "low activation" alloys, the long

term activation will be dominated by activation products from trace impuri-

ties. . Therefore, very low concentrations of certain impurities, e.g., niobi-

um, molybdenum, and nickel, must be maintained to meeL Class "B" or "C" waste

disposal criteria.
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Table 2-5 provides a summary of predicted performance characteristics and

limitations of the candidate structural alloys. Key conclusions from the

study are summarized in Table 2-6-

2.3.2 Corrosion/Compatibility

Critical aspects of liquid metal, molten salt, water, and gaseous corro-

sion/compatibility with candidate structural materials were evaluated in

detail. The present study included the following assessments:

• Liquid Metal Corrosion/Compatibility with Li and l7Li-83Pb

• Molten Salt (Nitrate Salt and FUBE) Corrosion/Compatibility

• Water (200-350°C) Corrosion of Vanadium Alloys and CW-PCA

• Gaseous Corrosion/Compatibility of Vanadium

2,3.2.1 Liquid Metal Corrosion/Compatibility

Corrosion and compatibility issues are a major consideration in assessing

the viability of the different liquid-metal blanket designs. The most impor-

tant compatibility concerns in any application of liquid metals are corrosion/

mass transfer and the effect of environment on the mechanical properties of

the containment material. Corrosion can lead to significant wall thinning/

wastage and deposition of corrosion products in cooler areas of the circuit.

Deterioration of mechanical strength of structural materials can result from

the influence of the environment itself and the effects of microstructural.a.nd

compositional changes that occur in the material during long-term exposure to

the liquid metal. Section 6.2 provides an assessment of the corrosion
behavior of austenitic PCA, ferritic HT-9, and vanadium V-15Cr-5Ti alloys in
lithium and eutectic 17Li-83Pb environments.

Factors that aftect corrosion include: liquid metal purity, composition

and microstructure of the containment material, temperature, exposure time,

velocity including MHD effects, system AT, surface area and temperature pro-

file, and system containment (e.g., bimetallic system). In general, the data

base is inadequate for both lithium and Li-Pb to define the importance of each

of these factors. However, the data for austenitic and ferritic steels are

sufficient to provide reasonable projections of corrosion rates for Li and

LiPb under anticipated conditions. Only limited data exist for corrosion of
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TABLE 2 - 5
STRUCTURAL MATERIALS ASSESSMENT

Candidate Al loys

Physical P roper t i es

Halt ing Temp. C O

Nuclear P r o p e r t i e s 9

dpa/MW . Y/m2

appm He/MW • Y/m2

appm H/MW • Y/m2

Heating Rate (W/cnr)

TBRa

Thermal Stress Factor

MVfm2-mm (500°C)
Msx. Surf. Heat Flux,

Design Stress Limit
Sm (MPa) 500°C
Sm (MPa) 550 °C

Austen It Ic Steel
PCA-CW

1400

11
174
602
40

1.23

,b 3 - 2

MW/m 0.3

205
192

(2 x 10 4 h, 100 dpa)
500 °C
550 °G
700 °C

Maximum Al lowable

100
85
—

550
Temperature, °C (--.5 T )

(Tt(Irrad. Bnbrlt.)

Corrosion Rate, mg/nr • hc

Llthlun (500°C) 60
LIPb (500°C)

Radiation Lifetime
(Swelling) <5t)

Critical Design
Issues

>100

100 OPA (500°C)
150 DPA (400°C)

• Limited Lifetime
fcwel 1 Ing)

• High Thermal Stress
• Liquid Metal Cbrroslon
• Radiation Creep
• Operating Temp. Limit

Farrl t lc Steel
HT-9

1420

11
130
505

40

1.23

4.8
0.4

175
160

155

100
—

550

2
100

190 DPAd

9 Weld Procedure
(PWHT)

• DBTT a bove RT

• Operating Temp. Limit

• L iqu id Hata l Embrit .

• Ferromagnetic Properties

\fanad 1 urn

V-13Cr-5TI

1880

11
57
240
25

1.28

9.8
1.8

220
235

165
165
165

720

<.01

.01

220 DPAd

• RAD Requirements

• Weld Procedure ( Iner t

environment)

• Oxidation Character is t ic

• High T Permeation Rates
• Cbsts

aFor I Ithlum blanket.
cPredlcted for 1.5 m/s.

"idealized f l a t plate 5 mm thick with 50°C f I Im coefficient, T
dNot we 11 defined, may be h Igher. ° U

400°C
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TABLE 2-6
KEY CONCLUSIONS OF BCSS

Ferritic steel and/or vanadium alloy have been selected as structure for
all leading blanket concepts.

- Higher risk than PCA
- High probability they will work
- They provide significant advantages compared to PCA
- Vanadium provides temperature and heat load advantage

Low activation structure is feasible.

- Modified ferritic steel with properties similar to HT-9 can be developed
- Vanadium alloy is inherently low activation
- Manganes : stabilised steel performance is similar to PCA with additional

problems

Grooved first wall provides significant lifetime/erosion advantage for
tokamak.

Except for reactivity problems, Li is generally superior to LiPb.

Tritium recovery from solid breeders appears feasible.

- Hydrogen swampiig appears necessary to facilitate T-release

(T-released as HT)
Long-term radiation effects are unknown

- Swelling of Li20 presents a design problem

Tritium containment/recovery is a major concern for all .oncepts except
lithium.

Tritium in reduced form (HT or T2) at relatively high pressures
- Effective tritium barriers will be necessary to contain tritium

Acceptable tritium breeding is attainable for all leading concepts except
possibly Li20. Ternary oxides require an effective neutron multiplier.

gZrOg will not provide sufficient breeding without neutron multiplier
- Major uncertainties in T-breeding requirement relate to:

• plasma burnup fraction
• required doubling time
• tritium processing efficiency

Beryllium is the only reasonable neutron multiplier option.

- Resources are adequate for hundreds of reactors
Efficient reprocessing will be required
Believe swelling can be accommodated
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vanadium in lithium and LiPb. Based on these data and data for other refrac-

tory metals, very low corrosion rates are predicted for vanadium alloys in Li

and LiPb.

The basis for a temperature limit from corrosion considerations can be

radioactive mass transport:, wall thinning/wastage, or mass transfer and depo-

sition. The specified corrosion limit for hands-on-maintenance, based on fis-

sion reactor experience, is 0.5 \im/y» Th' corrosion limit to avoid problems

from excessive deposition of coriosion product in localised regions is gener-

ally believed to be ~5 pm/y. Because or the specific design dependency and

uncertainties associated with this limit, a more liberal limit of 20 ym/y is

specified for this study. The allowance for wall thinking is specified as 10%

of the wall thickness; however, this limit is not likely to be important for

section thicknesses >3ram during a service life of I to 4 years. In most cases

the most important consideration in establishing the operating temperature

limits for fusion reactor blankets is mass transfer and deposition.

Table 2-7 lists the proposed design temperature limits based on mass

transfer/deposition and radioactive mass transfer for the three structural ma-

terials in flowing lithium and Li-Pb» The corrosion rates for PCA in LiPb are

clearly excessive for acceptable thermal hydraulic performance. The rates for

PCA in lithium and ferritic steel in LiPb pose severe constraints that would

generally make such systems unattractive. The corrosion rates for ferritic

steel in lithium meet the mass transfer/deposition criteria; however, radioac-

tive mass transfer will be. sufficient to require remote maintenance. The pre-

dicted corrosion rates for V-15Cr-5Ti in lithium and LiPb, although highly

uncertain, satisfy both the mass transfer/deposition and the radioactive mass

transfer criteria with considerable margin. Therefore, remote maintenance

would not be dictated by corrosion considerations.

2.3.2.2 Molten Salt/Corrosion

An adequate data base exits for design of nonnuclear nitrate salt heat

transfer systems with austenitic steels to temperatures of 600°C. No data

have been reported on the corrosion of HT-9 or Fe-9Cr-lMo. The dominant

corrosion effect observable in austenitic steel heat transfer systems with the

nitrate salt is the formation of a duplex spinel/magnetite oxide film and an

uptake of oxidized chromium (+6) by the molten salt. For non-nuclear
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applications, a corrosion allowance of 13 pra/year appears adequate up to

600°C. For purposes of this study it is assumed that the corrosion behavior

of ferritic steel is similar to the austenitic steels; however, this must be

verified.

TABLE 2-7
DESIGN TEMPERATURE LIMITS (°C) FOR LIQUID METAL SYSTEMS AT 1.5 m/s

Liquid-Metal

Lithium

LiPb

Criteriaa

pm/y

20
5

0.5

20
5

0.5

Austenitic
Steel
PCA

470
430
370

410
375
320

Ferritic
Steel
HT-9

580
550
460

450
415
360

Vanadium
Alloy
VCrTi

>750
>750
>750

>750
>750
650

Reference criteria for mass transfer/deposition and radioactive mass trans-
fer in this study are 20 pm/y and 0.05 um/y, respectively.

The salts are somewhat conducting and, when moved through a magnetic

field, will generate a voltage which can cause dissociation of the salt.

Increasing the ionic content of the salt will increase the corrosion of the

structure. Although very little data exist, preliminary estimates indicate

that this effect is not serious.

The majority of the relevant corrosion data for FLIBE have been obtained

with austenitic stainless steels. Based on the Molten Salt Reactor Experi-

ment, corrosion rates of Type 316 stainless steel loops containing 2LiF-BeF2

mixture under heat transfer conditions average about 8 pm/year at 650°C.

These rates can be lowered significantly by chemically buffering the salt

and/or reducing the chromium content of the steel. The high nickel alloys

generally exhibit superior corrosion resistance compared to the austenitic

steels. The high chromium ferritic steels have not beer, investigated. Cur-

rently there is a great uncertainty in the FLIBE corrosion properties in a

magnetic field. Further tests are required to evaluate the potential for

electromagnetic effects on the corrosion by the salts.
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Vanadium is not considered compatible with the salts above -*400°C because

of oxidatiom problems.

2.3.2.3 Water Corrosion

Most earlier studies have concluded that vanadium alloys could not be

used in pressurized water-cooled systems because of excessive corrosion.

However, evaluation of recent scoping data concludes that selected alloys such

as VCrTi may be acceptable for use in pressurized water.

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.

2.3.2.4 Gaseous Corrosion/Compatibility of Vanadium-Base Alloys

An evaluation of the thermodynamlc and kinetic processes for vanadium and

VCrTi alloys exposed to helium with low impurity concentrations indicates that

oxidation will be excessive (unacceptable) if VCrTi is exposed to helium with

greater than -0.1 ppm moisture at temperatures above ~500°C. An evaluation of

the «ielium coolant cleanup indicates that the purities required here are ex-

tremely difficult to attain economically in practical systems.

No severe effects are predicted for exposure of vanadium base alloys to

air for a faw hours at temperatures <650°C. However, since one oxide of

vanadium melts at ~670oCt rapid attack may occur at higher temperatures.

2.3.3 Breeder Materials

Lithium is the only viable tritium breeding material for a D-T fusion

reactor. Liquid lithium, the 17Li-83Pb eutectic alloy, solid compounds

Including Li2O and LiAlO2, and the fluoride salt (FLIBE) are the leading

candidate breeder materials considered in the BCSS.
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2.3.3.1 Solid Breeder Materials

Li^O and several ternary lithium oxides are generally considered as the

leading candidates for the solid breeder blanket concepts. The L^O is of

interest because adequate tritium breeding may be attainable without the added

complexity of a neutron multiplier. The ternary compound LigZrOg was also of

interest because of its relatively high breeding potential and the possibility

of better therraochemical stability compared to LiiO. All other ternary

ceramics considered will require an effective neutron multiplier. Primarily

because of the higher melting temperature, and hence better thermochemical

stability, LiAlO, was selected as the reference ternary solid bre -ler for this

study.

Critical issues associated with solid breeder materials relate to the

following:

fabrication/refabrication of the ceramic,

property data base,

tritium release from solid,

• temperature limits

• specie

radiation effects (swelling),

tritium breeding.

Important aspects of the first four issues are discussed in Section 6.3 and

briefly here. The tritium breeding considerations are discussed in Sections

6.8 and 6.10.

Fabrication/Refabrication

Two configurations, pressed and sintered plates and sphere-pac materials,

were chosen for the BCSS solid breeder blankets. Considerable experience now

exists in powder preparation, in the fabrication of sintered breeders by cold

pressing/sintering, and by hot pressing. The latter technique is preferred

when grain size is to be preserved to high density. Future development in

this area needs to focus on breeder raicrostructure tailoring and on properties

enhancement.
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Sphere-pac solid breeders offer the potential in reducing the blanket

temperature variability associated with breeder cracking and the gap conduc-

tance uncertainty. Sphere-pac requires three sizes of high-density (>98% TD)

spheres to achieve about 88% smear density. These particle sizes have diame-

ter ratios of 40:10:1; the actual diameters currently used for fission fuels

are 1200, 300, and 30 urn. The same sizes have been recommended for the

sphere-pac solid breeder blankets. There have been few direct experiences in

fabricating sphere-pac solid breeders and none regarding their performance

characteristics in an Irradiation environment. Consequently, there remain

several fabrication development issues. Refabricatior. of recycled Irradiated

material, which is essential, is a major development problem.

Property Data Base

Several thermophyslcal and mechanical properties of the candidate solid

breeder materials are required for blanket design and performance/safety eval-

uation. Particularly important properties include: hydrogen/tritium solubil-

ity and diffusivity, surface desorption characteristics for tritium, thermal

conductivity, specific heat, thermal expansion, helium diffusivity, elastic

and fracture properties, high-temperature creep, and chemical compatibility.

The effects of radiation on some of these properties is of particular Impor-

tance. In many instances limited data exist for the leading candidate mate-

rials. The greatest uncertainties arise from possible variations in micro-

structuie and the effects of radiation.

Table 2-8 presents a comparison of several important properties for the

selected candidate materials. The LiAlC^ exhibits the highest melting

temperature and thus, the projected highest operating temperature limit. The

thermal conductivities of all candidate alloys are quite low and sensitive to

both microstructure and radiation. The tritium diffusivity of L12O is much

greater than that for LiA102.

Data on the mechanical properties, viz., elastic moduli, fracture

strength and creep properties, are non-existent for the candidate materials.

These properties are particularly important with regard to the accommodation

of the differential thermal expansion and swelling of LijO. Significant

uncertainties relative to the mechanical response of solid breeder materials

remain.
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TABLE 2-8
PROPERTIES OF CANDIDATE SOLID BREEDER MATERIALS3

Breeder

Li2°

LiA102

LigZr06

Li2Si03

MP,

°C

1433

1610

1295

1200

P 6Li,

g/cmJ

0.93

0.28

0.68

0.36

k b

W/m-K

2.5b

1.27C

1.6b

1.8

1.5

T d

°C

410e

350

350

410

T f

max1

°C

800g

1000

760

700

AT,

°C

390

650

410

290

Grainh

Dia., pm

3.01

0.2

2.0

—

Tritiumb

Diffusivity

cm /s

10"7

ID""

aEstimates based on limited unirradiated and irradiated data for candidate solid breeders and other ceramic
materials.
Estimated for 85%-dense, sintered material at 1000°K.
^Estimated for 87% dense sphere-pac material.
Values are estimated based on diffusive inventory considerations.
^Based on solubility consideration.
Based on sintering at 0.66 T .

^Based on high-temperature mass transfer (LiOT/LiOH) considerations.
.Based on the smallest grain diameters with existing fabrication technology.
xGrain growth has been observed after irradiation of TJ -



Tritium Recovery

Tritium recovery considerations impose perhaps the greatest restrictions

on the solid breeder operating limits. All current designs provide for a

helium purge stream to flow throughout the blanket for tritium recovery. Tri-

tium generated within the solid must diffuse to the surface, desorb from the

surface, migrate to the helium purge, and be carried in the purge stream to

the tritium processing system. Results from in-reactor purge flow experiments

indicate that the tritium inventory can be maintained at relatively low levels

provided the grain size, porosity, and temperature of the breeder material and

the purge gas flowrate and chemistry are adequately controlled. Addition of

hydrogen to the purge stream has been shown to have a dramatic effect on the

tritium inventory. Projected temperature and grain size limits for acceptable

tritium release are listed in Table 2-8.

Effects of high radiation fluence arid thermal cycling on the tritium

release characteristics of solid breeders are not well defined. Significant

swelling and grain growth has been observed after irradiation of U ^ O at

temperatures of 500-700°C. The LiAlC^ is much more resistant to swelling and

grain growth. However, significant retention of tritium was observed after

capsule irradiations.

2.3.3.2 Liquid Breeder Materials

Three liquid breeder materials, viz., lithium, 17Li-83Pb eutectic alloy,

and FLIBE (LiF-BeF2), have been considered for the liquid breeder blankets.

Table 2-9 summarizes several properties of these materials. The data base for

lithium is fairly well established. Important issues relate to reactivity

with water, air, and concrete. Lithium has a significant solubility for

hydrogen (tritium), which is an advantage for tritium containment.

Several properties of the Li-Pb alloy have not been measured, e.g., ther-

mal conductivity and solubility of pertinent structural material elements.

Key features of LiPb include: high density, reduced reactivity with air and

water compared to lithium, and low tritium solubility which results in low

inventories and relatively high tritium pressures.
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TABLE 2-9
PROPERTIES OF LIQUID BREEDER MATERIALS8

Melting Temperature, °C

Density, g/cnr

Heat Capacity, J/g • K

Thermal Conductivity, W/m • K

Li

180

0.49

4.2

50

UPb

235

9.4

-0.15

FLIBE

363

2.0

2.3

0.8

aAt -500°C.

Various compositions of FLIBE have been considered. The eutectic compo-

sition (47% LiF - 53% BeF2) is characterized by a relatively high melting

temperature, low thermal conductivity, and low tritium solubility. Tritium

can be contained in FLIBE in both the reduced form, T-, and in the oxidized

state, TF. Since the solubility of tritium is very low, the tritium pressures

will be quite high.

2.3.4 Special Materials

Neutron multipliers, electrical insulators, and nitrate salts (NS) were

evaluated for special applications in the BCSS.

2.3.4.1 Beryllium

Based on the Phase I BCSS evaluation, beryllium was chosen as the refer-

ence neutron multiplier for all the LiA102 and FLIBE blankets. The main con-

cerns for beryllium are the resource limitation, irradiation swelling, tritium

release, and salt compatibility. An assessment of the resource issue has con-

cluded that It is reasonable to consider beryllium as a neutron multiplier for

the first and second generations (-1800 and 3000 GWe-y, respectively) of fu-

sion reactor service. Recycle of beryllium will be required and clost atten-

tion to beryllium recycle losses will be important. Since oeryllium will

become radioactive in the fusion environment (due to impurities), a remote

fabrication technology will be required. A process for fabricating and

recycling beryllium pebbles has been proposed; the remoting requirement adds
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substantially to the total cost. For the water and NS-cooled blankets, an

efficient method for separating Be from LiAlOj microspheres prior to recycling

also needs to be developed.

Swelling in beryllium is caused by helium bubbles generated during irra-

diation. Depending on the fluence and particularly the temperature histories,

volumetric swelling of beryllium can vary from 5 to 33%. Both the inter- and

intragrannular helium bubble swelling will weaken the beryllium so that its

mechanical integrity cannot be assured during blanket operation. If the

beryllium is not contained by a structural material (as is the case for all

the IAAIO2 and FLIBE designs that use bare beryllium rods, spheres, and peb-

bles), the consequence of Be losing its mechanical integrity must be consi-

dered. Potential impacts on the blankets include material relocation, coolant

blockage, and temperature hotspots.

Tritium release and salt compatibility of beryllium are potential safety

concerns for specific blanket concepts.

2.3.4.2 Electrical Insulators

Electrical insulators are important to liquid metal blankets because they

can significantly reduce the magnetohydrodynamic pressure losses. Both MHD

experiment and theory indicate that the pressure losses would be significantly

reduced if high (electrical) resistance structural walls were used in the de-

sign. Two possible methods of achieving this benefit have been considered.

The first utilizes a thin insulator film on the surface of the conducting

wall. Compatibility and stability of the Insulator in contact with the liquid

metal is a major concern. The second consists of a laminated structure with a

thin metallic layer over au insulator layer on the wall. In this case the in-

sulator is protected from the corrosive effects of the liquid metal coolant.

However, the corrosion and mechanical integrity of the thin metal clad become

more critical. In both cases radiation effects are critical, particularly for

the insulator. However, only low voltage (<1 volt) insulators are required in

these liquid-metal blanket applications.

Based on limited information, several oxides (Y20-,, Sc^O,, CaO) and a

spinel (MgAl2O^) have been identified as potential candidates for the

laminated concept. The Y2O3 is currently suggested as the reference for the

coating concept.
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The laminated insulator concept is considered sufficiently credible for

use in current designs. Although the insulator coating exhibits several ad-

vantages, satisfactory performance is more questionable because of the added

compatibility constraints. Further work on both concepts is recommended.

Liquid metal compatibility and radiation stability of the insulators are the

primary development issues.

2.3.4.3 Nitrate Salts

Nitrate salts (NaNOo-KN03 and NaNO3-NaNG2~KNO3) have been used for many

years in a non-nuclear environment. Some thermophysical properties of the

reference nitrate salt (50% NaNO3~50% KNO-j), also called draw salt, are listed

in Table 2-10. Primary concerns related to the use of nitrate salt coolants

include thermal and radiation stabilities, MHD effects, tritium chemistry,

handling and corrosion properties. In general, only limited information is

a'-'ilable in these areas, and almost no information on either radiation and/or

magnetic effects. The primary advantage of the salt coolant is the potential

for low operating pressure. A. dominant concern relates to activation of Na, K

and N.

TABLE 2-10
SELECTED PROPERTIES OF NITRATE SALT

(50% NaN03 - 50% KN03)
a

Melting Temperature (°C)

Density (kg/m^)

Thermal Conductivity (W/m°K)

Viscosity (mPa • s)

Heat Capacity (j/kg°K)

Electrical Conductivity (1/ohm • cm)

220

1840

0.52

1.8

1605

1.04

^Properties except melting temperature are at 400°C.
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2.3.5 Tritium Containment

The BCSS has concentrated on the issues of tritium containment in a D-T

fusion reactor blanket and coolant system. One of the most serious issues

concerns tritium leakage in steam generators. To prevent tritium leakage to

the steam side of a steam generator either one or both of the following

assumptions are necessary:

1. Tritium can be oxidized rapidly into the oxide form which will

significantly reduce its permeation rate.

2. Effective barriers, e.g., oxide films, will reduce the permeation

rate by a factor of 100 to 1000.

Detailed calculations for the blanket tritium recovery systems for each

blanket concept have been carried out including the tritium flow rates and

inventories in each blanket subsystem. The blankets can be divided into four

categories from tritium containment considerations:

1. Self-cooled lithium blanket. No major problem is anticipated due to

the high solubility of tritium in lithium.

2. He-cooled lithium blanket. Some moderate problems may be encountered

in the containment of the tritium that permeates through the first

wall and into the blanket coolant.

3. Solid breeders and 17Li-83Pb self-cooled blankets. A major effort is

required to provide adequate tritium containment. By using the com-

bined effects of oxide barriers and isotope swamping, the tritium

leakage rate can be limited to between 10 to 100 curie/dey.

4. The FLIBE blanket. The problem here is critical. Special multiple

diffusion barriers, each far more effective than those recommended by

the task group, are required.
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2.3.6 Tritium Breeding Requirements

Attaining fuel self sufficiency is clearly a critical goal for fusion.

Therefore, the tritium breeding potential has been evaluated as a figure of

merit for candidate blanket concepts. The required tritium breeding ratio

must exceed unity by a margin, G, to supply inventory for startup of other

fusion reactors, to compensate for losses and radioactive decay between pro-

duction and use, and to compensate for hold-up inventories in various compo-

nents as well as reserve storage inventory. This margin, GQ, is found to

strongly depend on the desired doubling time and many of the reactor plasma

and engineering parameters, e.g., 1) the tritium fractional burnup in the

plasma, 2) the equilibrium tritium inventories in various components, particu-

larly the blanket, 3) the time constants to reach equilibrium tritium inven-

tories, 4) the frequency of failure and time to repair components in the tri-

tium processing system, and 5) efficiencies of and non-radioactive (e.g.,

chemical) losses from various subsystems.

In comparing blanket concepts, as well as plasma and technology choices,

as to the potential for attaining DT fuel self sufficiency, one needs a figure

of merit. One such figure of merit, F, which has been used in the BCSS final

comparative evaluation is

Tc " (1 + G )
[2-1]

where

Tc = Calculated tritium breeding ratio for a reference reactor system.

GQ = Tritium breeding margin required for startup inventory of other

reactors, to compensate for holdup, losses and decay, and to

provide adequate reserve.

AG = Uncertainties in breeding margin associated with variations in

reference parameters.

Ag = Uncertainties in breeding margin associated with uncertainties in

system definition.
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A = Uncertainties in predicting the breeding ratio in the reference

system due to uncertainties in nuclear data, calculational

methods, and geometrical representation.

Tables 2-11 and 2-12 show the results for Tc, 1+GQ, A
2, A 2 and A2 for tokamaks

and mirrors, respectively.

The general conclusions are as follows. The GQ is relatively insensitive

to blanket concept with a value of -0.07. Of the three uncertainty factors,
2 2 2

viz., A , A and A , only the A"2 term varies significantly with concept.
G s p p

Since A2 is the smallest; contributor to the uncertainties, the combined uncer-
P

tainty term A2 is relatively insensitive to concept. The largest uncertainty

is associated with A2. This term is affected most by the following factors:
G

tritium fractional burnup in the plasma,

required doubling time,

tritium processing efficiency.

2.3.7 3-D Tritium Breeding Analysis

A three-dimensional tritium-breeding analysis was performed for the nine

TMR designs and seven tokamak designs rated as "R=l" in the BCSS study. These

designs include the combinations of breeder, coolant and structural materials

presented in Tables 2-11 and 2-12. All the ternary-ceramic designs and the

FLIBE designs employ neutron multipliers in various forms and thicknesses.

The analysis was performed with a continuous-energy Monte-Carlo code,

MCNP, and its associated cross-section libraries based on the latest ENDF/B-V

data. For each design, 10,000 neutron histories were generated, resulting in

a cypical scatistical error of ±1% or less in the estimate of total tritium

breeding ratios (TBR's).

The basic geometrical configurations modeled for the study are based on

the MARS design for the TMR concepts and on the STARFIRE design for the toka-

mak concepts. The reference limiter used for the tokamak analysis is taken

from the FED/INTOR Phase-2A study, i.e., a bottom limiter constructed of a Cu-

2Be alloy a with water coolant and beryllium coating. An alternate limiter

design that is used for the two liquid-lithium blanket concepts, Li/Li and Li/
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TABLE 2-11
RESULTS OF TRITIUM BREEDING REQUIREMENTS, POTENTIAL AND UNCERTAINTIES

FOR CANDIDATE BLANKET CONCEPTS IN TOKAMAKS

Concept

A UA102 /NS/FS/Be

B L i /L i /FS

C UPb/LiPb/V

D Li /L i /V

E U 2 O/He/FS

F LiA102/He/FS/Be

G U / H e / F S

H FLIBE/He/FS/Be

I UA10 2 /H 20/FS/Be

T c

1.24

—

—

1.28

1.11

1.04

1.16

1.17

1.16

1 + Go

1.073

—

—

1.068

1.067

1.067

1.068

1.067

1.071

. 0 5

—

—

.05

. 0 5

.05

.05

.05

. 0 5

.0094

—

—

.0094

.0094

.0094

.0094

.0094

.0094

A2
P

.0009

—

—

.0041

.0029

• 0009

.0030

.0017

.0009

1

.0603

—

—

.0635

.0623

.0603

.0624

.0611

.0603

T -(l+G WEAy
c o i

-.079

—

—

-.040

-.207

-.273

-.158

-.144

-.157
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TABLE 2-12
RESULTS OF TRITIUM BREEDING REQUIREMENTS, POTENTIAL AND UNCERTAINTIES

FOR CANDIDATE BLANKET CONCEPTS IN MIRRORS

Concept

A LiAlO2/DS/FS/Be

B Li/Li/FS

C UPb/LiPb/V

D Li/Li/V

E U20/He/FS

F LiA102/He/FS/Be

G Li/He/FS

H FLIBE/He/FS/Be

I LiA102/H20/FS/Be

Tc

1.29

1.14

1.18

1.19

1.14

1.16

1.17

1.29

1.22

1+Go

1.069

1.068

1.067

1.068

1.067

1.067

1.067

1.067

1.070

*G

.05

.05

.05

.05

.05

.05

.05

.05

.05

.0094

.0094

.0094

.0094

.0094

.0094

.0094

.0094

.0094

A2
P

.0009

.0035

.0024

.0041

.0029

.0009

.0030

.0017

.0009

.0603

.0629

.0618

.0635

.0623

.0603

.0624

.0611

.0603

T -f 1+G WZAf
c *• oJ i

-.025

-.179

-.136

-.130

-.176

-.152

-.147

-.024

-.096



He, employs a lithium-cooled Vl5Cr5Ti heat sink, along with a beryllium coat-

ing. The geometrical configuration of the RF-waveguides which penetrate per-

pendicularly through the lower outboard sector is modeled after the STARFIRE

design, i.e., HT9 grid structure cooled by water.

In order to account for the DT fusion taking place in the end-plug re-

gions of TMRs, the TBR's calculated by MCNP for the TMR blankets have been re-

duced by 2.5%. In addition, the blanket area lost for start-up heating has

been estimated to be -0.5%. Thus the overall breeding adjustment required for

the TMR designs is -3% of the MCNP estimates.

2.3.8 Shielding Assessment

A shielding assessment was performed to determine shielding materials,

compositions, arrangement, and thickness for each blanket concept. Two

shielding criteria were adopted for this assessment: a) workers are permitted

in the reactor hall one day after shutdown, and b) superconducting coils are

required to function for 150 MW • y/m DT neutron exposure at the first wall.

The occupational exposure is limited to 0.5 mrem/h based on working 8 h per

day and 40 h per week. The personnel exposure criteria were used to size the

outboard bulk shield for tokamak reactors and the shield thickness between the

central cell coils for mirror reactors. A shielding criterion of 10 rads

was used to size the bulk shield in the inboard section of the tokamak reac-

tors and the central cell sections under the coils for mirror reactors. As a

result of this criterion, all other nuclear responses do not exceed any design

limit for the superconductor materials or the copper stabilizer. Also, the

nuclear heating in the winding material is about 0.1 mW/cm which is very

close to the optimum design conditions for mirror reactors and quite satis-

factory for the design of the toroidal field coils in tokamak reactors.

A steel type shield is used for all designs to permit accurate comparison

between the different blanket concepts. The shielding materials are type

Fel422 steel as a bulk shielding material, B^C as a neutron absorber, H2O as a

moderator and coolant, and Pb as a gamma-ray absorber.

All calculations were performed with the discrete ordinate code ANISN

with Sg symmetric angular quadrature set and P-j legendre expansion for the

scattering cross sections. A 67 multigroup cross section set (46 neutrons and

21 photons) collapsed from the CTR library was used for ANISN calculations.
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The MAGKLIB was employed to calculate the nuclear response functions (nuclear

heating, radiation damage, gas production, etc.). The plasma and the first

wall radii were used from STARFIRE and MARS. Table 2-13 gives the shield

thickness and the blanket energy multiplication factors for each concept based

on the above criteria.

TABLE 2-13
BCSS BLANKET/SHIELD DIMENSIONS, ENERGY MULTIPLICATION FACTORS AND

ATOMIC DISPLACEMENT IN THE FIRST WALL FOR THE TOKAMAK BLANKET CONCEPTS
AND THE MIRROR BLANKET CONCEPTS

Blanket Concept

Breeder/Coolant/Structure/Multiplier

TOKAMAK

Li^O/He/FS

LiA102/He/FS/Be

LiA102/H20/FS/Be

LiA102/NS/FS/Be

FLIBE/He/FS/Be

Li/He/FS

Li/Li/V

TMR

Li2O/He/FS

LiA102/He/FS/Be

LiA102/H20/FS/Be

LiA102/NS/FS/Be

FLIBE/He/FS/Be

Li/He/FS

Li/Li/V

Li/Li/FS

LiPb/LiPb/V

Blanket/Shield/Total
Thickness, cm

Inboard

41/73/114

41/74/115

35/70/105

51/60/111

41/75/116

61/64/125

64/62/126

68/55/123

58/64/122

70/45/115

51/59/110

85/47/132

108/52/160

80/48/128

80/48/129

90/40/130

Outboard

85/102/187

70/116/186

70/99/169

51/112/163

85/99/184

120/104/224

75/95/170

68/104/172

58/114/172

70/95/165

51/108/159

85/95/180

108/101/209

80/80/161

80/80/160

90/75/165

Energy
Multiplication

Factor
Blanket

1.223

1.280

1.372

1.323

1.511

1.279

1.272

l.i.28

1.291

1.386

1.316

1.549

1.270

1.259

1.313

1.294
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2.3.9 Activation/Waste Management

The activation of five structural materials and seven coolant/breeder/

multiplier materials in a common reference neutron environment was calculated

with the FORIG activation code. The reference environment was the neutron

flux and spectrum at the first wall of the MARS reactor. The structural ma-

terials were: PCA, HT-9, modified HT-9, TENELON, and V-15Cr-5Ti. The cool-

ant/breeder/multiplier materials were LiA102> 17Li-83Pb, Be, LigO, Lithium,

Nitrate Salts, and FLIBE. Qualitative comparisons of these activated materi-

als were made with respect to worker protection requirements for gamma radia-

tion in handling the materials and with respect to their classifications for

near-surface disposal of radioactive waste.

The results of the comparisons are:

• All materials will require remote handling and shielding during

operations and in the first ten years after removal from a reactor.

• At 100 years after removal from a reactor, only LinO, lithium, and

FLIBE can be handled by workers without special protection.

• Near-surface disposal can be used for: V-15Cr-5Ti, Mod HT-9, TENELON,

Beryllium, Li2O, Lithium, and FLIBE.

o Special processing will be required before near-surface disposal can

be used for: PGA, HT-9, LiA102, 17Li-83Pb, and Nitrate Salt,

• Current regulations for near-surface disposal of radioactive wastes

(10CFR61) will have to be amended to cover the basic performance

requirements for waste disposal sites for fusion waste.

2.3.10 Electromagnetic Effects

Electromagnetic forces on the first wall and blanket of the tandem mirror

reactor are small for blankets cooled by water or helium, moderate for liquid

LiPb, and significant but manageable for liquid Li. For a tokamak, the forces

are significant but manageable for all the concepts.
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2-4 Design Concepts

The blanket concepts grouped by coolant type—liquid metal, helium,

pressurized water, and nitrate salt are summarized below.

2.4.1 Self-Cooled Liquid-Metal Blanket Concepts

The use of the same liquid metal as bith tritium breeder and coolant

greatly simplifies both design and materials considerations since the blanket

requires only a structure material and a coolant-breeder. Coolant-breeder

compatibility/reactivity is not a factor and structure compatibility consider-

ations are less restrictive. Heat removal requirements are also less complex

because most of the nuclear heating is deposited directly in the breeder-cool-

ant. Lithium and 17Li-83Pb (UPb) both provide relatively high tritium breed-

ing capability with LiPb having the advantage. Tritium recovery with rela-

tively low tritium inventory is feasible. Lithium has an advantage with re-

spect to tritium recovery while LiPb has potentially lower tritium inventor-

ies. Effects of radiation on breeder materials are not important considera-

tions for liquid metals. There are important constraints related to the use

of liquid metals in the blanket of a fusion reactor. For example, compatibil-

ity between the coolant and structural material will limit the allowable cool-

ant-to-structure interface temperature. The pressure drop of a liquid metal

flowing through a transverse magnetic field is much higher than that in the

absence of a magnetic field, leading to a requirement for relatively high

strength structural materials. Minimizing these pressure drops while provid-

ing for adequate removal of first wall surface heat fluxes and bulk nuclear

heating is a complex and challenging design task. The proposed design ap-

proach involves the incorporation of the manifold into the blanket. Reactiv-

ity of lithium with air and water is an important design consideration. Non-

water-cooled invessel components, e.g., limiters, are essential for acceptable

safety in lithium blankets. A nitrogen reactor room environment is also sug-

gested to provide improved safety ratings for the lithium-cooled concepts.

Special tritium barriers and/or double walled steam generators are necessary

to adequately contain tritium in the LiPb blankets.
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2.4.1.1 Final Rankings for Self-Cooled Liquid Metal Concepts

A summary of final rankings for the various liquid blanket concepts is

given in Tables 2-14A and 2-14B for tokamak and TMR reactors. In general, the

blanket designs of a tandem mirror reactor are ranked higher than those of a

tokamak reactor for the same coolant/structural material combination. This is

the result of less stringent MHD design requirements for a tandem mirror reac-

tor compared to that of a tokamak reactor. Liquid lithium, owing to its su-

perior thermo-physical properties, is a better coolant than LiPb . From an

engineering design point of view, the vanadium alloy is a better structural

material than either ferritic steel or PCA since the vanadium alloy has both a

higher allowable structural temperature and a higher allowable coolant to

structure interface temperature.

2.4.1.2 Reference Designs for Concepts Ranked R=l (Tokamak and TMR)

Three TMR concepts (LiPb/LiPb/V, Li/Li/V and Li/Li/FS) a n d o n e tokamak

concept (Li/Li/V) were ranked R=l, and were given a full comparative evalu-

ation with all other R=l concepts. Because of the major differences in the

relevant parameters between a tokamak and a tandem mirror reactor (Table 2-3)

the MHD, heat transfer, and structural material requirements for a tokaraak

blanket are much more stringent than for a tandem mirror blanket. This had a

very strong impact on the design configurations for the blankets.

The reference design for the tokamak reactor is the poloidal/toroidal

flow module shown in Fig.2-2. This reference design is composed of slightly

slanted poloidal manifolds and relatively small toroidal channels. Each

manifold supplies a number of toroidal channels. The coolant velocity in the

toroidal channels is relatively high whereas th"t in the poloidal manifolds

can be maintained at low values. Consequently, sufficient cooling of the

first wall can be achieved without increasing significantly the total pressure

drop through the blanket . The single largest pressure drop is due to the

poloidal flow through the manifold which is perpendicular to the toroidal

magnetic field.

The reference design for the tandem mirror reactor is similar to that of

the MARS design.C2"2) This design is chosen primarily because of its simplic-

ity, which outweighs some of its drawbacks such as large void fractions in the

blanket and a relatively poor heat transfer capability near the first wall.
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TABLE 2-14A
RANKING OF TOKAMAK AND TMR BLANKET CONCEPTSa

LIQUID METAL \ND MOLTEN SALT CONCEPTS

Concept PCA Ferritic Vanadium

A. Outboard Blanket Same as Inboard

Li/Li
LiPb/LiPb

Li/H2O
Li/He
Li/Na
Li/NS

HPb/H2O
LiPb/He
LiPb/Na
LiPb/NS

2B/2A
3

3
2A
3
3

2B
2B
3
2B

2A/1
2B

3
1
3
3

2B
IB
3
2A

2A/1
1/1

3
2B
3
3

2B
2B
3
3

B. LM Outboard Blanket Different Inboard Blanket1

Li/Li: -/He
LiPb/LiPb: -/He
LiPb/LiPb: -/H2O

2A
2B
2B

2A
2A
2A

IB
2A
2A

C. Either A or B but using more than one structural material in the same
blanket: (FS for Liquid Metal Containment)

LiPb/He 2A

D. Molten Salt Breeder

FLI3E/He
FLIBE/He/Be
FLIBE/He/Pb

3
IB
2B

3
1
2A

3
2B
2B

aSame ranking for tokamak and TMR except where two numbers are listed; where
different, tokamak ranking is listed first.

Concepts considered for tokamak only.
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TABLE 2-14B
RANKING OF TOKAMAK AND TMR BLANKET CONCEPTS

SOLID BREEDER CONCEPTS

Concept

Li2O/H2O

Li2O/He

Li2O/HTS

LiaZrO,/H9O
o 0 Z

LigZrO6/He

LigZrO6/l TS

U2O/H2O/Be

Li2O/He/Be

Li2O/NS/Be

LigZrO6/H2O/Ba

LigZrO6/He/Be

LigZrO6/HTS/Be

Li2O/H2O/Pb

Li2O/He/Pb

Li2O/NS/Pb

TC/H2O

TC/He

TC/NS

TC/H2O/Be

TC/He/Be

TC/NS/Be

TC/H2O/Pb

TC/He/Pb

TC/NS/Pb

SB with neutron multiplier

SB/He/BE: -/H20

PCA

2B

2A

2A

2B

2B

2B

2A

2A

2B

2B

2B

2B

2B

2B

2B

3

3

3

IB

IB

IB

2B

2A

2A

outboard,

2A

Ferritic

22

1

2A

2B

2B

2B

2A

2A

2B

2B

2u

2B

2B

2B

2B

3

3

3

1

1

1

2B

IB

IB

uonbreeding

2A

Vanadium

2B

3

3

2B

3

3

2A

3

3

2B

3

3

2B

3

3

3

3

3

IB

3

3

2B

3

3

inboard.

2B

Concepts considered for tokamak only.
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Figure 2-2. Schematic of the reference design for the self-cooled liquid-metal
blanket (poloidal/toroidal flow) of a tokamak reactor.



However, adequate cooling of the first wall is still achieved with moderate

pressure drops since the surface heat flux in the TNR first wall is relatively

small.

Critical Issues and design constraint associated with the self-cooled

liquid metal concepts include:

• Liquid Metal MHD Contraints

(pressure drop and heat removal)

• Corrosion Limitations

• Reactivity of Lithium

• Tritium Recovery and Containment for Lilrb

• High Mass and Cleanup of LiPb

2.4.2 Helium-Cooled Blanket Concepts

The principal advantages of helium as a blanket coolant derive from its

chemical inertness and virtual transparency to neutrons. Helium is a gas and

there are no phase changes in the temperature range of interest. Helium is

also nonmagnetic and noneonductive, an additional advantage for magnetically-

confined systems. It is used as a heat transfer medium for fission reactors;

thus systems for purity control, including tritium recovery, have been

developed. There are also advantages in reactor maintenance.

Ine principal disadvantage for all gas coolants is their low volumetric

heat capacity. This leads to the need to operate the helium pressure in the

range of 40 to 80 atm. The pumping powers for the helium-cooled design in the

BCSS are high (-2% to 5% of blanket thermal power) compared to the other

coolants. The heat transfer coefficient obtainable at reasonable velocities

in helium can be relatively low, leading to relatively high film drops and

thus high material temperatures. Despite some commercial usage of helium for

reactors, the relative experience in commercial deployment is much less than

that of water-cooled technology, particularly in the U.S.

2.4.2,1 Final Rankings for Helium-Cooled Concepts

A summary of the final ranking for all the helium-cooled concepts

examined in the BCSS is presented in Tables 2-14A and 2-14B. Rationale for

the rankings is also given for all except R=l concepts.
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In general, the rankings of helium-cooled concepts reflect the relative

safety advantages of helium coolant, its neutronics advantages, and the rela-

tively good thermal conversion efficiencies obtainable with the helium outlet

temperature achievable with radial coolant flow through the module and the

550°C temperature limits for PCA and ferritic steel structure. In most cases,

lower rankings for concepts relate primarily to relative disadvantages in oth-

er materials, narrow temperature windows, or structural materials limitations.

Lithium zirconate (LioZrCv) breeder concepts rank considerably lower Chan

concepts with LiaQ o r U-AIO? because of waste management concerns, lower

thermal conductivity and/or lower tritium breeding ratios. Concepts with PCA.

structure generally rank lower than those with HT-9 ferritic steel because of

greater thermal stress constraints for PCA* For concepts with liquid metal

breeders, allowable temperatures for the liquid-metal-to-structure interface

are also generally lower for PCA than for ferritic steel, which can restrict

the allowable system AT. Concepts with Pb neutron multiplier were generally

ranked lower than those with Be; the relatively high melting point of lead

(327°C) sharply restrict the allowable helium coolant AT by raising the

required inlet temperature to provide adequate margin against freezing of the

lead.

Concepts with vanadium alloy structure were ranked R=2B for liquid metal

concepts and H-3 for solid breeder concepts because of concerns for oxidation

of the structure by oxygen contaminants in the helium coolant stream or from

the oxidizing environment associated with the solid breeders.

2.4.2.2 Blanket Configuration for Reference Helium-Cooled Concepts

The lobular pressurized-module concept was selected for the reference

design for all He-cooled concepts in the BCSS. All the helium-cooled blanket

concepts appear to be equally applicable to the tandem mirror and tokamak re-

actors. The blanket internals and pressure boundary configuration would be

essentially identical for a given concept, and only the overall mechanical

structure would change. The first wall design fot a tandem mirror is simpli-

fied by the absence of any significant level of particle erosion or surface

heat flux. An Integral first wall is used for all of the helium-cooled de-

signs with full flow of the inlet helium directed to the first wall. An

internally-finned first wall is required for the tokaraak, but a simple channel

suffices for the TMR versions.
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Li,0/He/F6 Concept (Tokamak and TMR)

The Li^O/He/FS concept Is shown schematically in Ftg. 2-3. To achieve

the maximum volume of solid breeder in the Li20/He blanket, a flat plate fuel

element geometry was adopted. Solid breeder pellets are clad in HT-9 sheets

to form plates. The coolant flows through the 1-mm coolant gaps between

breeder plates and maintains the solid breeder temperature distribution within

Its specified temperature limits. The breeder plates are purged with a

separate helium stream with 1% H2 added, for positive control of tritium

eKtraction. The purge stream operates at 1 atm pressurf. This allows the 50

atm coolant pressure to clamp che cladding onto the LinO pellefs, giving good

thermal contact. It also reduces the purge mass flow rate and avoids concerns

about cladding deformation in case of a coolant depressurization accident.

A number of potentially critical issues that need to be addressed for the

Li2O/He concepts are as follows:

•Irradiation-Induced Swelling of Li2O

•Tritium Recovery and Containment

•LLOH Mass Transfer

•First Wall Cooling/Stress Limits

•Marginal Tritium Breeding Ratio Without Neutron Multiplier

•Helium Leakage into Plasma

LiA102/He/FS/Be Concept (Tokamak and TMR)

The LiA102/Be/ferritic steel blanket is very similar in configuration to

the Li2O design shown in Fig. 2-3. The rectangular fuel plate approach for

Li2O blanket is also used for the LiA102. The beryllium needed for adequate

tritium breeding design is placed in front of the LiA102 plates, in the form

of 2-cm diameter cylindrical rods cooled by crossflowing helium. This

configuration allows for easy manufacturing and assembly. Further, the rod

arrangement provides accommodation of radiation-induced small dimension

changes in the beryllium without allowing high stresses to develop. The

tritium breeding ratio of the LiA102/Be design for a tokamak is only 1.04.

Beryllium was used only on the outboard blanket to make the inboard blanket

thinner in order to improve its economic performance. In retrospect, it would
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Figure 2-3. Li^O/helium blanket design.
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have been better to Include about 10 cm of beryllium on the Inboard blanket to

achieve a higher tritium breeding ratio, even though economic and safety

penalties might have resulted.

Some of the critical Issues for this concept that relate specifically to

the use of LlAlO2 and Be are:

e Tritium Recovery and Containment

• Temperature Control of Breeder

• Control of Tritium from Be

• First Wall Cooling/Stress Limits

• Irradiation Damage of Be

• Helium Leakage Into Plasma

Li/He/FS Concept (Tokamak and TMR)

For the helium-cooled liquid-lithium breeder concept, an overall

configuration similar to that of the solid breeder designs was used, as shown

in Fig. 2-4. A tubular array of breeder elements was used. Liquid lithium

flows slowly through the tubes, allowing tritium recovery external to the

blanket. The slow flow velocity of lithium minimizes MHD effects. Tritium

permeation through the breeder tubes into the helium coolant is negligible.

The primary source of tritium permeation into the helium is through the first

wall.

Critical issues associated with the Li/He/FS concept include:

• Corrosion Temperature Limitations

• Reactivity of Lithium

• First Wall Cooling/Stress Limits

• Tritium Containment/Recovery

• Coolant Leakage Into Plasma

FLIBE/He/FS/Be Concept (Tokamak and TMR)

The breeder in this concept Is L^BeF^, the low-meltlng-teraperature

(363°C) version of the salt commonly known as FLIBE. The blanket refer-

ence design uses a lobe-shaped module essentially identical to the other He-

cooled designs to contain the 50-atmosphere helium gas. Helium cools the
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first wall and blanket internals. The internals consist of a bed of beryllium

balls, nominally 1 cm diameter, in which neutrons are multiplied and later

captured; breeding tritium and releasing energy in exothermic nuclear reac-

tions. Tritium is bred in the molten FLIBE salt which flows slowly (0.1

m/sec) in ferritlc steel tubes. The salt is kept in a reducing form by peri-

odic reaction with beryllium so the tritium will be in the T2 form. To pre-

vent the tritium from permeating into the helium stream at too high a rate, a

tungsten coating on the inside of the tubes is proposed. Tritium is removed

from the salt and helium by processing both* Because the solubility of triti-

um in FLIBE is so low, there will be a strong driving force for tritium perme-

ation. This requires a high integrity tungsten permeation barrier. The tri-

tium in the ' alium is prevented from permeating excessively into the steam

system by jacketing the steel steam generator tubes with a 1 mm aluminum

jacket.

Beryllium in the form of pebbles was chosen because by fluidizing, the

beryllium can be loaded into the blanket after manufacturing and the beryllium

balls can be replaced periodically (-1 to 2 years) to accommodate radiation

induced swelling. Once the balls have teached their radiation damage

lifetime, they can be removed by flowing the blanket for refabrication and

recycle.

Critical issues for the FLIBE/He concept include:

• Tritium Containment

• First Wall Cooling/Stress Limits

• Be Resources and Recycling Losses

• Be Pellet Radiation Damage

• Cleanup of FLIBE in Event of Leak

2.4.3 Water-Cooled Concepts

Blankets with pressurized water coolant have been examined in numerous

studies such as STARFIRE. Water has a good materials compatability data base

and excellent heat transfer characteristics and is very low in cost. Power

conversion technology for water is well-established. However, the thermal

energy conversion efficiency is only moderate, and high pressure containment

is required. In addition, tritium removal is costly and careful chemistry

control is required.
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2.4.3.I Final Rankings for Water-Cooled Concepts

The rankings for all water-cooled blanket concepts considered in the BCSS

are presented in Tables 2-14A and 2-14B. The rationale for those rankings is

summarized in this section.

The LiAKWHgO/FS/Be concept was ranked R=l and given a comparative eval-

uation against all other R=l concepts. The concept gives adequate tritium

breeding, and appears to give reasonable performance with no unacceptable

safety risks. Ferritlc steel is superior to austenitic stainless steel (PCA)

for this concept; vanadium alloy is less attractive, and might ultimately not

be acceptable because of high tritium permeation rates. The use of sphere-pac

fabrication for the breeder should give acceptable breeder temperature predic-

tability, LLAIO- breeder appears to be very stable under irradiation within

the specified allowable temperature range.

The LipO/H^O/FS concept was given a ranking of 2B. There are major un-

certainties in the viability of LioC* because of radiation-induced swelling.

Reactivity of HJ^ with Li^O is a major concern as is reliable containment of

pressurized water. In addition, unless a neutron multiplier is included, L^O

does not appear to be capable of breeding with an adequate margin. If a neu-

tron multiplier has to be introduced in a solid breeder blanket, then LiAiC>2

appears to be a better choice overall than l^O.

Concepts using molten Pb as a neutron multiplier were also ranked R=2B.

The use of molten Pb in water-cooled concepts leads to a large number of ser-

ious design problems that relate to the proximity of lead's solidus tempera-

ture (327°C) and the desired operating temperature of the water coolant (280

to 320°C).

All concepts with LigZrO^ solid breeder were ranked R=3. This concept

will not produce a net TBR without the addition of a neutron multiplier.

Phase transformation at ~660°C, serious waste management problems, and very

low thermal conductivity make this breeder even less attractive than other

solid breeders for water-cooled blankets.
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2.4.3.2 LiAlO2/H2O/FS/Be Concept Reference Design (Tokamak and TMR)

The blanket configuration is modular in nature, with a lobe-shaped semi-

cyltndrical actively cooled first wall. Nominal dimensions are 30 cm width

pololdally (15 cm radius for the first wall) and 70 cm depth measured radially

away from the plasma. The first 20 cm of hhe breeding zone is a 90:10 volume

mixcure ratio of beryllium (Be) and the LiAlO2 ternary ceramic (TC) breeder.

Both materials T e fabricated in sphere-pac form; the individual Be and TC

spheres are -100% dense. Packing density for the sphere-pac is 86%, The re-

maining 32 cm of the breeding zone is LiA102, again in sphere-pac form. The

remaining 18 cm of the nominal module depth is coolant inlet and outlet mani-

folds which extend around all the blanket modules to form the blanket sector,

with the raanil....J acting as sector structure. A. schematic diagram of the

water cooled concept is given in Fig. 2-5.

The individual blanket modules contact each other along their side walls

from the juncture of adjacent lobes radially back to the manifold zone. The

side walls bear against each other, providing mutual support to reduce struc-

tural requirements for reacting loads due to the 6-atm maximum internal pres-

sure of the helium purge gas.

The tokamak inboard blanket modules are very similar to the TMR and toka-

raak outboard modules except for depth. The breeding zone plus first wall is

28 cm, and manifold depth is 7 cm. The Be/TC mixture depth is 20 cm as in the

outboard modules, with the last 8 cm of the breeding zone being breeder only.

Critical issues associated with the LiAlOj/^O concept include:

• Reliability of Coolant Tubes

• Tritium Recovery/Containment

• Safety Related to Pressurized H20

• Fabrication/Refabrication of Breeder

• Limited Power Variation Capability

© Beryllium Reprocessing

2.4.A Molten-Salt-Cooled Blanket Concept

The two characteristics of blanket coolant that are highly desirable in a

fusion reactor are the ability to operate at low pressure with high tempera-
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ture and a high heat transfer coefficient. These characteristics are best met

by molten salt coolants. The family of nitrate salts (NS) and nitrate/nitrite

salts were specifically considered. The many desirable features of molten

salt coolants are mitigated by some undesirable features and by several uncer-

tainties that cannot be resolved without experiments. The salt selected was

an equimolar mixture of NaNO, and KNO~ known as Draw Salt. The reasons for

its selection are the data base established from its use in the solar program,

its high temperature stability and the hope that thermal stability would also

result in radiation stability.

2.4.4.1 Final Rankings for NS-Cooled Concepts

The nitrate-salt-cooled concepts for the tokamak and TMR (LiAKWNS/FS/

Be) were ranked R=l and underwent comparative evaluation with all other R=l

concepts. The rankings for all other nitrate salt-cooled concepts are given

in Table 2-14A and 2-14B.

2.4.4.2 LiA102/NS/FS/Be Concept Reference Design - Tokamak and TMR

A pod concept was chosen for the tokamak blanket to reduce thermal and

swelling stresses and to contain the pressure with the minimum amount of

structure. The NS is contained in tubes to minimize Its volume fraction and

to minimize voltage-enhanced corrosion. This concept is similar in many

respects to the water cooled concept (Fig. 2-5).

Flow through the coolant tubes and first wall in the pods is toroidal for

design simplicity. Thermal hydraulics considerations result In desirable

cooling tube lengths of approximately 6 m or two average pod lengths. Tubes

could be routed back and forth within the pods to achieve this length; how-

ever, temperature control and manufacturing simplicity suggest that axial flow

through two adjacent pods in series is a better choice. Two independent cool-

ant loops ars provided by manifolding and crossing over tubes at the back of

the blanket such that alternate tubes are supplied by one coolant loop. This

allows removal of afterheat in the event of failure of one of the loops.

The first wall and pod sldewalls are actively cooled. This is accom-

plished by making one side and the first wall of each pod a coolant panel.

The first wall is a composite structure with a grooved sacrificial erosion

layer. The tritium purge system has an inlet ple.ium at the front and an out-
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let plenum at the back of the blanket which supply the sphere-pac breeder with

a 1 cm/s flow of helium.

The TMR version of the blanket is very similar with a composite cylindrical

first wall loaded in compression to contain the sphere-pac breeder and multi-

plier and the helium purge gas. The first wall is connected to the back of

the blanket at the module ends by semi-eliptical toroidal end caps. Coolant

Cubes are routed axially; the 6.32 m TMR module length does not require that

the coolant pass through more than one module. One of the dual coolant loops

also supplies the first wall channels. The tritium purge system is essential-

ly the same as for the tokamak blanket, but with simpler cylindrical geometry.

Critical issues associated with the nitrate salt cooled concept include:

• Salt Stability

• Activation Product Control

• Tritium Recovery/Containment

• Voltage Enhanced Corrosion

• Coolant Compatibility with Beryllium

2.5 Evaluation of Leading Blanket Concepts

An evaluation methodology was developed as part of the BCSS project to

compare the leading blanket concepts. Detailed evaluations were performed for

the nine leading concepts (only seven for the tokamak (See Table 2-4) in the

four areas:

• engineering feasibility

• economics

• safety

• R&D requirements

Based on the results of these evaluations, an overall ranking of the blankets

was oerEormed to identify those concepts that should provide the focus for the

R&D program.
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2.5.1 Engineering Feasibility

The items included under "Engineering Feasibility," listed in Table 2-15,

include important blanket criteria that either deserve separate consideration

or do not readily fit under the categories of safety and economics.

TABLE 2-15
ENGINEERING EVALUATION INDICES

1. Tritium Breeding and In'/»ntory
2. Engineering Complexity and Fabrication
3. Maintenance and Repair
4. Resources
5. power Swings
6. Increased Capability

6.1 Increased Neutron Wall Loading
6.2 Higher Surface Heat Flux, Higher Erosion

7. Startup/Shutdown Requirements

Weighting Values

25
25
15
5a

10
10

5
5

10

aAssuraes go/no-go material shortage does not exist.

2.5.1.1 Methodology for Engineering Evaluation

The evaluation approach was to determine an overall engineering figure of

merit (EFM), defined as the weighted (W^) sum of an index (1^) for each item

listed in Table 2-15:

EFM = p j ^ [2-2]

where 1^ has a value of 0 to 1 for each item listed. The maximum score is

100. Separate scores for EFM were developed for tokamaks and tandem mirror

reactors.

Each of the seven indices is briefly described below.

Tritium Breeding and Inventory (Ij) - This is considered a major feasi-

bility issue and given a weighting of 25 points. A figure of merit (equal to

I|) was calculated for each concept based on its 3-D tritium breeding ratio

(TBR) and steady-state tritium inventory. Uncertainties in estimating actual

breeding requirements, in reactor design definition, and in calculation and
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modeling accuracies were considered.

Engineering Complexity and Fabrication (I9) - Eight important features of

blanket designs were identified which affect complexity and fabrication. Con-

cepts were judged as to how well they rated in each area.

Maintenance and Repair (I.,) - Four general blanket features were identi-

fied that impact the reactor operator's ability to maintain the reactor.

Resources (I.) - Concepts were rated on their consumption of scarce re-

sources, based on a 1000 GWe fusion plant capacity over a 40-year span.

Power Variation (Ic) - The concept's capabilities to permit reactor oper-

ation below or above the nominal design points were measured.

Increased Capability (I,) - This indice measured each concept's ability

to (I) operate at higher neutron wall loads (Pnw)>
 a"d (2) to accommodate

higher first wall surface heat loads and/or higher particle fluxes; this is

particularly important for tokamaks.

Startup/Shutdown (SU/SD) Requirements (Iy) - The SU/SD times required

were determined, and any reactor subsystems necessary to permit SU/SD were

identified and their added complexity was evaluated.

2.5.1.2 Results and Conclusions of Engineering Evaluation

The scores for all engineering evaluation indices are compared in Table

2-16 for TMR and tokamak concepts.

TMR Concepts - The scores for all but the water-cooled concept fall with-

in a relatively narrow range. It seems fairly clear that the water-cooled

concept is inferior to the other groups in this evaluation area. The concept

scores poorly in the complexity and power variation indices, and is not out-

standing in any of the categories.

The self-cooled liquid metal concepts score quite well individually and

as a group. They score very well in the complexity category, and do relative-

ly well in all other categories except maintenance.

The helium-cooled concepts (FLIBE excepted) as a class do only slightly

less well than the self-cooled liquid metal concepts. The LIAIO, concept

scores below the other two He-cooled concepts, primarily due to lower scores

in the complexity and resources categories which result from the need to add
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TABLE 2-16
ENGINEERING EVALUATION - SUMMARY OF SCORES

lEACTOR

r
H

R

0

K

A

M

A

K

A

B

C

D

E

F

G

H

I

A

B

L
0

E

F

G

H

1

CONCEPT

LiAlQ 2 /NS/FS/Be

U/U/FS

UPb/UPb/V

U/Li/V

U^O/He/FS

LiAlQ2/He/FS/Be

U/HB/FS

FUBE/He/FS/Be

L1A1O2/H2O/FS/Be

LiA102/NS/FS/Be

Li/Li/V

Li2O/He/FS

L1A102/He/FS/Be

Li/He/FS

FLlBE/He/FS/Be

LiA102/H20/F5/Be

->

20.3

6.6

10.4

11.1

6.8

a.u
3.9

20.3

13.9

15.4

18.4

4.0

0

4 . 8

9 . 6

8.3

13.

22.

2 1 .

21 .

12

10

16

15

10

13

19

12

10

16

15

10

s

^

7

0

6

6

5

6

.7

3

.7

7

.4

.3

.7

.7

.3

.7

9.B

7.3

6.0

7.5

13.5

13.5

10.5

9.8

11.3

9.8

10.5

13.5

13.5

10.5

9.8

11.3

1

5

5

5

5

2

5

1

1

1

3

5

2

3

1

1

5

.5

.3

.5

.3

„

.5

.5

.5

J

e i•*
10

9

10

10

8.5

8

10

6

3

10

.

10

a
8

9

6

3

Ti

\*ftA
s

8

7.5

7.5

8

10

10

10

10

8

6

.

4

2

2.5

2.2

2.3

7.5

* 3

5

5

5

5

7

7

6

5

7

3

_

5

7

7

6

3

7

68.3

62.6

63.5

68.2

63.5

60.4

64.1

67.9

53.4

61.4

_

72.3

32.0

44.2

54.2

49.5

49.3

1.000

.917

.959

.999

.927

.884

.939

.994

.811

.849

_

1.000

.719

.611

.730

.683

.682

2-51



Be Co Che blanket. The FLIBE blankeC scores considerably higher Chan the

other He-cooled concepts primarily because of the higher breeding ratio for

its reference design; but it scores lower relative to the others in mainte-

nance because of the presence of FLIBE and for resources because of the Be

neutron multiplier.

Tokamak Concepts - The distinctions among concept groups become more

evident for the tokamak versions, and the spread among scores is much wider

than for Che TMR concepts.

The self-cooled liquid metal blanket (Li/Li/V) is clearly at the top of

this group. It does well i.a the breeding, complexity, resources and power

variation categories, and scores reasonably well in the other three categor-

ies.

The helium-cooled concepts do not score as well as their TMR counter-

parts, and are well below the Li/Li/V concept. This reflects Che effects of

Che economics-motivated need for thin inboard blankets which in turn affects

TBR, and the relative difficulties in handling tokamak first wall surface

heating and particle fluxes with helium coolant. The LIAlO^/He/FS/Be concept

would likely have scored significantly higher if the decision had been made

to incorporate a Be neutron multiplier into the inboard blanket. This would

havf; given it "4-5 points for the breeding category. The FLIBE concept does

not score as well as its TMR counter-part, because the reference design does

not breed as well and the helium coolant has a limited capability for handling

increases in surface heat flux (q) and first wall erosion thicknesses (te)»

The salt-cooled concept scores relatively well—second in this group—

primarily because of its good scores in the breeding, power variation, and

heat load increase categories relative to the He-cooled and H^O-cooled con-

cepts. The water-cooled concept is at the bottom of the group together with

the FLIBE concept (if the LiAlO2/He/FS/Be concept is mentally granted ~5

points for breeding). It fares poorly in the complexity, resources, and power

variation categories, and stands out only in the P /q/tg Increase category.

General Conclusions - From Che results discussed above, several general

conclusions can be drawn from the engineering feasibility evaluation:

(I) The overall differences among ranked blanket concepts are consider-
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ably larger far tokamaks than for TMR's. These distinctions are

brought out by the more difficult problems for blankets in tokamaks

due to higher magnetic field strengths, higher surface heating and

particle fluxes, and the more complex geometry of the fusion core.

(2) Self-cooled liquid metal concepts have a slight overall advantage

over helium-cooled concepts for TMR's, and where they satisfy design

guidelines, have substantial, advantages for tokamaks. The helium-

cooled concepts do less well In tokamaks primarily because of the

need for a thin inboard blanket and the much higher surface heat

loads and erosion allowance requirements.

(3) The water-cooled solid breeder concept is clearly the least favored

for TMR's where its relatively good cooling capabilities do not give

it an advantage, and is in the lowest group for tokamaks.

(4) The salt-cooled solid breeder concept does well for both reactor

types, which largely reflects the salt's perceived engineering advan-

tages relative to water coolant of very low presLuve, higher tempera-

ture capability, and better neutronics.

2.5.2 Economic Evaluation

One of the major evaluation categories for the selection of promising

blanket concepts is how each blanket concept affects the overall [ilant econom-

ics, namely Cost of Electricity. Cost of Electricity was chosen as the sole

economic parameter because it incorporates direct cost .'.ifluences, annual cost

influences and technical performance (e.g., power conversion, thermal effi-

ciency, pumping power and thickness of blanket).

The R=l ranked blanket coneej:s were evaluated in the context of both

tandem mirror and tokamak reactor power plants. A system performance and eco-

nomic computer code was written to compare the blanket options. The costs

categories which may be affected by the blanket design parameters were the

costs of the first wall, blanket, shield, primary coolant loop, intermediate

coolant loop (if required), fuel handling and storage, magnets, turbine plant

equipment and electric plant equipment. Annual costs include capital costs,
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fuel, operation and maintenance, and scheduled component replacement. The

main performance parameters which influence the economic evaluation are the

neutron energy multiplication, coolant temperatures, gross thermal energy con-

version efficiency, primary coolant pumping power and thickness of blanket and

shield.

This study was structured to evaluate the merits of the blankets when in-

corporated in a tokamak or the tandem mirror reactor. Although the costs are

shown for both reactor types, many of the underlying technical performance and

economic assumptions and groundrules inherent in the reference STARFIRE and

MARS conceptual designs preclude a meaningful cross-comparison of the relative

merits of the two reactor types. Valid conclusions should only be drawn for

the blanket concepts within a specific reactor type. In both reactor concepts

the COE is based on a fixed 80% availability factor and a six year construc-

tion period.

Reference Designs Economic Evaluation Results - The Cost of Electricity

(COE) is composed of several factors, namely

Total Capital Cost x Fixed Charge Rate + Annual Costs
COE .

(Thermal Power x Gross Efficiency - Recirculating Power) x Availability

, The cost of the blanket components (first wall, blanket structure, breed-

er, multiplier, reflector and plenum) are shown In Fig. 2-6. The overall

highest cost blankets were the ones with vanadium structure (C and D), with

highly enriched breeders (I) and with high usage of beryllium multipliers (A,

H, F, and I). The total cost of the blankets ranged from $44M to $157M.

The shield surrounding the blanket was composed of the same materials for all

designs, but varied in thickness to achieve the same shielding effectiveness.

The shielding costs ranged from $80M to $122M. The specific cost values can

be found in Section 3.2 and Section 5.3.

The use of the reference reactors, STARFIRE and MARS, for the BCSS re-

quired that specific groundrules and methodology be adopted regarding how the

fusion power scaled with respect to the blanket and shield thicknesses. Sec-

tion 5.3 defines in detail those groundrules and methodologies. Briefly, the

fusion power for the tandem mirror is held constant and the blanket and shield

thickness variations then influence only the central cell magnet costs. In
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the tokamak, the magnet costs also changed but variations in the inner blanket

and shield thickness influenced the on-axis magnetic field, which increased or

decreased the fusion power. It also should be noted that a portion of the

tandem mirror plasma energy is deposited on the direct convertor and the halo

scraper, which converted the energy to electrical energy at an efficiency

different from that of main heat transport system.

Although there are other costs affected by the blanket choice, the major

costs are in the Reactor Plant Equipment, which include the first wall and

blanket, shield, magnets, heat transport system, and fuel handling and stor-

age. There are significant variations in the individual elements. However,

the variations in the summation of these elements is not that large. The

highest cost is only 30% more than the lowest cost. The helium-cooled, lith-

ium breeder (option G) is the highest cost option in both reactor types while

nitrate salt and water-cooled designs are the lowest cost designs.

Figure 2-7 presents the COE values for the R=l blanket concepts in both

reactor types. These results can be summarized as follows:

• The helium-cooled lithium breeder is the least economically attrac-

tive concept in either reactor type.

• The nitrate salt-cooled design is a good candidate for either reactor

type.

• The water-cooled design, because of its thinner inner blanket and

shield design, is attractive for the tokamak.

• The remaining self-cooled liquid metal and helium-cooled designs

represent moderate cost approaches and are roughly equivalent from an

economic performance standpoint.

Several sensitivity studies were performed to assess the impact of

variations in materials costs or blanket performance on the economic

evaluation. Those factors investigated include:

• Material cost for lithium, beryllium and vanadium.

• Blanket lifetime.

• Blanket energy multiplication factor (EMF).
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• Gross energy conversion efficiency.

• Blanket/shield thickness.

• Coolant pumping power.

The results of the analyses indicate that the latter four factors provide

the greatest leverage for improved performance.

2.5.3 Safety Evaluation

The safety evaluation is Intended to measure the relative safety and en-

vironmental attractiveness of the various blanket concepts. One possible com-

parison approach would be to conduct a complete probabilistic risk assessment

comprising the entire fuel and facility cycle for eacli blanket concept. How-

ever, restrictions on study resources and knowledge necessitate a more modest

approach. Thus, eleven specific evaluation indices have been established to

compare blanket designs. Individual indices are mixtures of quantitative and/

or qualitative information. The comparison is intended to approximate a rela-

tive risk assessment comparison to the extent possible by focusing on various

specific areas of possible differences among blanket designs.

Each design received a score for each index, I., between 0.0 and 1.0,

listed in Table 2-17. Each index also has a weighting value, W^, indicating

its judged relative importance. The sura of weighting values equals 100. An

overall Safety Figure of Merit, SFM, is defined as the weighted sum of index

scores:

1!

SFM = I I. W. [2-3]
i=l X 1

Most of the inde.c scores are directly related to specific figures-of-merit by

utility functions. The range of these figures-of-merit among designs for spe-

cific issues vary from a factor of three to a factor of seven orders of magni-

tude. Therefore, a 1 percent change in SFM would translate to much more than

a 1 percent change in safety and environmental risk.
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TABLE 2-17
SAFETY EVALUATION INDICES

Index Index Name Index Weight

1
2
3

4
5
6
7
8

10

Structure Source Terra Characterization
Breeder/Multiplier Source Term Characterization
Coolant Source Terra Characterization

Fault Tolerance to Breeder-Coolant Mixing
Fault Tolerance to Cooling Transients ;
Fault Tolerance to External Forces ;

Fault Tolerance to Near-Blanket Systems Interaction
Fault Tolerance of the Reactor Building to Blanket Transients

Normal Radioactive Effluents

Occupational Exposure
Waste Management :

10
10
10

6
6
6
6
6

20

10
10

The safety evaluation indices can be grouped into four major evaluation

categories: accident source term characterization i(30 percent of SFM), acci-

dent fault tolerance (30 percent), effluent control (20 percent), and mainte-

nance and waste management (20 percent). The balance (60-40 percent) between

accidents and non-accident issues was a compromise:between the general public

perception that accidents should be weighted high fas compared with the actual
i

low weighting for accidents that result from total fuel and facility cycle

risk studies for other energy technologies.

The resulting blanket SFM scores and their rank orderings are shown in

Figs. 2-8 and 2-9. The key trade-off was between tritium effluent control and

chemical reaction control. In particular, elemental lithium-bearing designs

are generally favorably ranked because they appear much more attractive in the

area of tritium effluent control while their chemical reaction problems are

generally assumed to be solved by design, e.g., use of an inert building at-

mosphere. The figures demonstrate that the contribution to the total SFM

score from the four major evaluation categories differs substantially among

blankets designs. The top-ranked designs, LiPb/LiPb/V (TMR only), Li2O/He/

HT9, Li/Li/V, and Li/He/HT-9, do better overall because they do reasonably

well in each category. The bottom-ranked designs, LiA102/H20/HT-9/Be and

LiA102/NS/HT-9/Be, do poorly overall because they do reasonably well only in

the category of fault tolerance.
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The two key areas of uncertainties and assumptions are tritium control

and chemical reaction control. The reference results depend on the following:

(a) use of nitragen cover gas to reduce the severity of air-metal chemical re-

actions, e.g., lithium-fires and air-vanadium oxidation, (b) use of non-water-

cooled liraiters to reduce water-metal chemical reactions, (c) assumption that

water-matal separation will be adequate to keep water-metal chemical reaction

risk to a low level, (d) assumptions and data indicating that tritium control

will be exceedingly difficult, and (e) assumptions that some tritium control

techniques will work. Given these conditions, the favorable ranking of some

of the liquid-lithium designs is less surprising.

The use of beryllium was found to have only a modest penalty because the

addition of beryllium toxicity generally has a small impact on breeder/multi-

plier Biological Health Potential.

The influence of two proposed "low activation" steels was examined. Mod-

ified HT-9 and Tenelon were found to basically meet the goal of near-surface

waste disposal, whereas the reference steels, HT-9 and PCA, do not. Basical-

ly, the "low-activation" steels solve the waste disposal problem by eliminat-

ing elements that give rise to long-term (>10 year) isotopes but replace them

with elements, tungsten and manganese, that give rise to shorter-term iso-

topes. However, in other activation-relevant areas—accident source terra,

afterheat, maintenance of structure, and maintenance of cooling systems—the

use of these "low activation" steels was found to have either an insignificant

impact or even a negative one. It appears that modified HT-9 is a net im-

provement over HT-9 even though the tungsten in modified HT-9 gives rise to

substantial amounts of tantalum, tungsten, and rhenium isotopes. It appears

that Tenelon is not a net improvement over PCA because the high manganese con-

tent gives rise to high amounts of Mn and Mn. Future work would be needed

to clarify these trade-offs. V15Cr5Ti is better from the activation stand-

point.

Overall, the most attractive blankets from the safety standpoint are

LiPb/LiPb/V, Li2°/He/HT~9» Li/Li/V, and Li/He/HT-9. Future research will

either confirm or change the present results with the areas of tritium control

and chemical reaction control being paramount. Further details may be found

in Sections 3 and 5.
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2.5.4 Summary of Research and Development Concept Evaluation Results

The evaluation methodology for research and development (R&D) provides

for an overall figure of merit (RDFM) which is given by

RDFM
30 _J_

RDR RDI
[2-4]

whore RDR is a parameter that assesses the "risk" in carrying out the R&D for

a particular blanket option and RDI is a parameter that assesses the R&D

"investment" cost or resource requirements for that option. The factor 30

provides for an approximately equal weighting between the two terms.

2.5.4.1 R&D Investment Evaluation Results

The R&D investment parameter (RDI) is a score made up of a sum of three

numbers dealing with schedule (X^, operating cost (X2) and facility needs

(X3) such that

RDI l [2-5]

Table 2-18 defines the score for Xp X2 and X3- The results of the RDI

evaluation are shown in Table 2-19. No significant differences for R&D

resource requirements were identified for a given blanket concept between

tokamak and tandem mirrors.

TABLE 2-18
RDI CATEGORIES

Time Scale

< 10 years

10 years +
20 years

> 20 years

Score X^

(1)

(2)

(3)

Average
Annual

Operating
Cost

< S5M

$5-20M

> $20M

Score X£

(1)

(2)

(3)

Required
Facilities

No New Facilities
> $10M

New Facilities
$10-$50M

New Facilities
> $50M

Score X-j

(1)

(2)

(3)
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TABLE 2-19
RDI EVALUATION RESULTS

Concept

Li/Li/V

Li/Li/FS

LiPb/LiPb/V

Li/He/FS

Li2O/He/FS

TC/He/FS/Be

TC/H2O/FS/Be

TC/NS/FS/Be

FliBe/He/FS/Be

Xl

2

1

2

1

1

1

1

1

1

X2

2

2

3

2

2

3

3

3

3

X3

2

2

3

2

2

3

3

3

2

RDI

2.0

1.7

2.7

1.7

1.7

2.3

2.3

2.3

2.0

Note: see Table 2-18 for definition of categories for Xj, X2, and X3.

In general, schedule considerations (Xj) were dominated by the time to

obtain data on neutron irradiation effects on structural materials. Noting

that the guideline for this evaluation was to obtain sufficient information to

be able to select a blanket for a fusion demonstration reactor, it was the

BCSS Project judgment that the blankets using ferritic steels (i.e., HT-9)

could be developed to that point in less than 10 years, thus Xj = 1. Vanadium

alloy blankets would require 10 to 20 years, thus X, = 2. The low-activation

ferritic steels were also judged to require 10 to 20 years for development.

No blanket option was judged to take longer than 20 years, given adequate

funding.

All blankets were judged to require annual R&D operating costs of > $5M.

The blanket concepts employing Li and Li20 without neutron multipliers were

judged to be in the range of $5M to $20M per year, thus X2 = 2. LiPb was

judged to require more resources than Li. Similarly, ternary ceramics (TC)

blankets with Be neutron multipliers would require more resources than Li^O.

Thus, these blankets were rated X2 = 3. Vanadium alloy blankets were judged

to require annual expenses similar to ferritic steel blankets but to require a

longer time as indicated on the X^ scores.

The facility scores (Xg) are similar to the scores for X,« The BCSS did
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not consider facility costs related to integrated testing in some type of fu-

sion-based test reactor, except to note that integrated testing of blankets

will be needed. It was further assumed that a 14 MeV neutron source like the

Fusion Materials Irradiation Test (FM1T) Facility would not be available and

that maximum use would be made of fission reactor and ion irradiation techni-

ques. While it is clear that the absence of a facility like FMIT would add

risk to the R&D program, it appears that it would still be possible to develop

the various blanket concepts to the point where a decision could be made on

their selection for a demonstration reactor.

The overall score (RDi) indicates tuat tlie ferritic steel blankets using

lithium as a coolant or static lithium with helium for a coolant, and l ^ 0

with helium as the coolant, have the lowest R&D resource requirement. The

blanket with the largest resource requirement is the self-cooled LiPb concept

with vanadium alloy as the structure. The blankets employing ternary ceramics

with a Be neutron multiplier have somewhat less resource requirements than

LiPb.

2.5.4.2 R&D Risk Evaluation Results

The R&D Risk parameter is a summation of key issues for each blanket op-

tion where each key issue is rated by the product (C. x P.) of the consequence

(C.) of the issue and the probability (P.) that the issue will arise for that

blanket option. The conse"uence is rated 1, 2 or 3 (low to severe impact) and

the probability is also rated 1, 2 or 3 (low to likely).

A total of 29 issues were identified for all top blanket concepts devel-

oped during the first year of the BCSS. The issues were then combined into a

single table (see Table 2-20) and each issue was given the C. x P, rating for

each blanket concept to which it applies. The issues are described in detail

in Chapter 4.

In general, the issues are grouped in Table 2-20 into items dealing with

structural materials (1 tc 5), liquid metals (6 to 11), solid breeders (13 to

17) and neutron multipliers (19 to 22). Several key issues (tritium breeding

- 12, tritium recovery/leakage/control - 18, tokamak first wall - 24, coolant

leakage - 25, electromagnetic effects - 29) apply to almost all blanket con-

cepts.

There are some important differences between tokamaks and tandem mirrors;
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TABLE 2-20
BLANKET CONCEPT KEY ISSUES RATING

to

ON

Key Issue

1. Unsatisfactory weld/fabrication
of structural materials

2. Excessive enbrittlement of
structure by hydrogen

3. Unacceptable radlatlon-lnduced
embrittlement of structure
Including DBTT concerns

4. V-blanket requires non-V
balance of plant (BOP)

5. Risk from reactivity of struc-
ture with environment (Inability
to use inert atmosphere)

6. Risk from reactivity of
coolant and breeder with environ-
ment (inability to use inert
atmosphere)

7. Corrosion worse than expected
(Includes non-V BOP in V designs)

8. HHD effects substantially worse

9. Insulators not developed for
liquid metal blanket

10. Inability to develop non-water
cooled near plasaa components

11. Difficult to meet seismic
requirements

Li/Li/V

3x2
3x2

3x1
3x1

2x1
2x1

3x1
3x1

3x1
3x1

2x2
2x2

3x2
2x1

3x1
2x1

3x2
3x1

Li/Li/FS

3x2

—

3x1

—

3x1

2x2

2x1

2x1

3x1

—

LiPb/LiPb/V

3x2

2x1

3x1

2x1

3x1

2x1

2x2

2x1

2x1

2x1

2x2

IK-CxF, TOK
TMR)

Li/He/FS

3x2
3x2

3x2
3x2

2x1
>.xl

2x2
2x2

2x1

2x1

2x2
2x1

Li2O/He/FS

3x2
3x2

2x1
2x1

3x2
3x2

1x2
1x2

UA10,/He
FS/Be

3x2
3x2

2x1
2x1

3x2
3x2

UAi0,/H20/
FS7Be

3x2
3x2

2x1
2x1

3x2
3x2

UAlfWNS/
FS/Be

3x2
3x2

2x1
2x1

3x1
3x1

2x2
2x2

FLiBe/He
FS/Be

3x2
3x2

2x2
2x2

3x2
3x2

2x1
2x1



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Key Issue

Inadequate tritium breeding

Inability to accommodate breeder
swelling

Temperature range for tritium
release ouch less than predicted

Unacceptable temperature predict-
ability of breeder (e.g., breeder
to-structure gaps are create 1)

Unacceptable power variation
capability

Fabrication/refabrication of
solid breeder

Tritium recovery/leakage/control
worse than predicted

Loss of Be integrity is a
major problem

Inability to reprocess Be In
efficient manner

T-release from Be to primary
coolant

Excessive chemical reactivity
of Be with salt

Salt stability/decomposition
worse than predicted

Li/Li/V

2x1
2x1

Li/Li/FS

2x1

—

—

—

—

—

—

—

—

—

—

—

LlPb/LlPb/V

—

—

—

—

—

3x2

—

—

—

—

—

Li/He/FS

2x1
2x1

3x1
3x1

Ll2O/He/FS

3x2
3x2

3x2
3x2

3x2
3x2

3x1
3x1

2x1
2x1

2x2
2x2

3x2
3x2

LiA10,/He
FS/Be

3x1
2x1

2x1
2x1

2x2
2x2

3x1
3x1

2x1
2x1

2x1
2x1

3x2
3x2

1x3
1x3

2x1
2x1

2x2
2x2

3x1
2x1

2x1
2x1

2x2
2x2

3x2
3x2

2x2
2x2

2x2
2x2

3x2
3x2

2x2
2x2

LiAlO,/NS/
FS/Be

2x1

2x1
2x1

2x2
2x2

3x1
3x1

2x1
2x1

liJ.

2x2

3x2
3x2

2x2
2x2

3x2
3x2

3x2
3x2

FU»e/He
FS/Be

3x1

3x3
3x3

1x2
1x2

2x1
2x1

2x2
2x2



oo

Key Issue

24. Inadequate performance of grooved
first wall (tokamaks only)

25. Excessive coolant leakage to
plasma

26. Difficult cleanup after spill

27. Coolant containment reliability
of double tubed wall less than
predicted

28. Excessive active-ton products,
difficult to control

29. Electromagnetic effects worse
than assumed

TOTALS Tokamak

RDR TMR

U/Ll/tf

2x2

2x1
2x1

3x1
2x1

47

34

L1/L1/FS

—

2x1

—

—

2x1

32

LIPb/UPb/V

—

2x1

2x2

2x2

48

Ll/He/FS

3x2

2x2
2x2

2x1

43

29

UzO/He/FS

3x2

2x2
2x2

2x1

61

53

UA10,/He
FS/Be

3x2

2x2
2x2

2x1

57

48

LiA10,,H70/
FS7Be

2x2

2x2
2x2

3x1
3x1

2x1

60

53

UA10,/HS/
FS/Be

2x2

2x3
2x3

2x1

66

58

FUBe/He
PS/Be

3x2

2x2
2x2

2x2
2x2

2x1

54

43



thus an entry is made in Table 2-20 for both concepts (the top entry is for

tokamaks). The overall score (RDR) for each blanket concept is then a sum

down the column of all the C* x P. values separately for tokamaks and tandem

mirrors. The results are shown at the bottom of Table 2-20.

In summary, the Li/He/FS blanket represents the minimum R&D risk (lowest

total of E C x P) for both tokamaks and tandem mirrors. The Li/Li/FS and Li/

Li/V designs are the next lowest risk designs for mirrors while Li/Li/V 13 the

second lowest risk design for tokamaks. The highest risk designs are the TC

concepts with Be multipliers, particularly with a nitrate salt coolant, for

both tandem mirrors and tokamaks.

2.5.4.3 Composite R&D Evaluation Results

The composite score for the R&D evaluations are shown in Table 2-21. The

relative ranking of the blanket concepts is also indicated in each table.

TABLE 2-21
R&D EVALUATION FOR TOKAMAKS

Blanket Concept

Li/Li/V
Li/Li/FS
LiPb/LiPb/V
Li/He/FS
Li2O/He/FS
TC/He/FS/Be
TC/H,O/FS/Be
TC/NS/FS/Be
FLIBE/He/FS/Be

TOKAMAK
RDFM

1.14

1.29
1.08
0.97
0.93
0.89
1.06

RANK

2

1
3
5
6
7
4

TMR
RDFM

1.38
1.52
1.00
1.62
1.16
1.06
1.00

' 0.95
1.20

RANK

3
2
8
1
5
6
7
9
4

2.5.5 Overall Evaluation

The previous sections present the results of the engineering feasibility,

economic, safety, and R&D evaluations. Tables 2-22 and 2-23 summarize the

relative ratings and the rankings of the tokamak and tandem mirror blankets,

respectively, in each of the four categories. The rating of the top blanket

concept in each category has been normalized to unity.
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TABLE 2-22
TOKAMAK BLANKET RANKING

U/Li/V

Li/Li/FS

LiPb/LiPb/V

Li/He/FS

Li2O/He/FS

LiA102/He/FS/Be

LiA102/H20/FS/Be

LiA102/NS/FS/Be

FLIBE/He/FS/Bci

Engineering

1.000 (1)

.750 (3)

.719 (4)

.611 (7)

.682 (5)

.849 (2)

.658 (6)

Economics

.85 (3)

.73 (7)

.79 (5)a

.79 (5)a

1.00 (1)

.98 (2)

.84 (4)

Safety

.998 (2)

.925 (3)

1.000 (1)

.904 (4)

.597 (6)

.515 (7)

.807 (5)

R&D

.886 (2)

1.000 (1)

.840 (3)

.754 (5)

.723 (6)

.692 (7)

.824 (4)

Overallb

1.000 (1)

.842 (3)

.878 (2)

.806 (6)

.805 (7)

.831 (4)

.809 (5)

*Tie in ranking.

Based on equal weighting for engineering, economic, and safety evaluation
results.

TABLE 2-23
TMR BLANKET RANKING

U/Li/V

Li/Li/FS

LiPb/LiPb/V

Li/He/FS

Li2O/He/FS

LiAlO2/He/FS/Be

LU102/H20/FS/Be

LiAlO2/NS/FS/Be

FLIBE/He/FS/Be

Engineering

.999 (2)

.917 (7)

.959 (4)

.939 (5)

.927 (6)

.884 (8)

.811 (9)

1.000 (1)

.994 (3)

Economics

.92 (4)a

.94 (2)a

.90 (6)a

.85 (9)

.89 (8)

.90 (6)a

.94 (2)a

1.00 (1)

.92 (4)a

Safety

.974 (3)

.832 (6)

1.000 (1)

.936 (4)

.987 (2)

.905 (5)

.595 (8)

.552 (9)

.782 (7)

R&D

,852 (3)

.944 (2)

.617 (7)a

1.000 (1)

.716 (5)

.654 (6)

.617 (7)a

.586 (9)

.741 (4)

Overall15

1.00 (1)

.922 (7)

.982 (2)

.943 (4)

.970 (3)

.927 (5)

.793 (9)

.863 (8)

.924 (6)

iTie in ranking.

Based on equal weighting for engineering, economic, and safety evaluation
results.
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A list of the overall top rated blankets is not readily apparent from the

individual evaluations. In general, each concept rates high in one or two

categories and low in the other categories. For example, the water-cooled

lithium aluminate blanket for the tokamak rates highest in economics but near

the bottom in both engineering feasibility and safety. Only the lithium

breeder/coolant concept with the vanadium alloy structure rates high in all

evaluations for both reactor configurations. However, because performance

cannot be guaranteed for any of the blankets, it is important to identify

three or four options that should provide the focus for blanket R&D.

Several methods have been considered for utilizing the information in

Tables 2-22 and 2-23 to identify the other top rated blanket concepts that

should provide a focus for the R&D effort.

• Numerical averaging of the normalized ratings in the four areas.

This method implies that the relative importance of each category is

similar and that the rating in each category provides an appropriate

comparative evaluation.

• Numerical averaging of the normalized ratings for engineering feasi-

bility, economics, and safety. This method implies that the attrac-

tiveness of each concept is defined primarily by these three evalua-

tions and that unless resolution of some key issue is prohibitive,

the R&D should not be a discriminator.

• Numerical averaging of the individual evaluations with either the

three factor or four factor approaches above, but with nonuniform

weighting factors. Two specific weighting factors proposed and con-

sidered were 30-30-30-10 and 25-50-25-0 for the engineering feasi-

bility, economic, safety, and R&D evaluations, respectively.

• A more qualitative comparison of the evaluation results including

either the three factor or four factor approach discussed above. In

this case the high rated blankets in each category were given a point

and the bottom rated concepts were given a negative point. This

approach penalized those concepts that rate very low in any category.
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The final results of all of these methods are quite similar. The three-

factor approach that provides equal weighting to the engineering feasibility,

economic, and safety evaluations is generally favored. Results obtained by

this method are summarized in Tables 2-22 and 2-23. The results obtained by

this method of comparison with some additional judgemental considerations have

been used to identify the four leading blanket concepts that should provide

the focus for the R&D effort.

The Li/Li/V concept rates superior to all other concepts in the tokamak

case and il rates marginally superior to other concepts Cor the TMR. The key

issues associated with this concept relate to MHD and corrosion problems, the

use of a nonreactive reactor room environment (nitrogen), and the feasibility

of a non-water-cooled limiter/divertor.

The L^O/He/FS is the top rated solid breeder concept, ranking consider-

ably below the Li/Li/V concept for the tokamak and relatively close to the

Li/Li/V concept for the TMR. In general, the key feasibility issues associ-

pted with the Li2O/He/FS concept are fundamentally different from those for

the liquid metal systems. Major concerns relate primarily to tritium recov-

ery/containment, soiid breeder integrity (swelling), and tritium breeding cap-

ability. This concept avoids the MHD and corrosion problems associated with

liquid metal systems.

The LLPb/LiPb/V blanket, which was rated high and thus evaluated in

detail only for the TMR, rates only marginally below the Li/Li/V concept.

This concept consistently ranks high by all methods considered except when R&D

is given a high weighting factor. Although these two liquid metal systems are

quite similar with respect to key issues, important differences relate to the

lower chemical reactivity with the environment and the more difficult tritium

containment for LiPb.

The Li/He/FS system is included in the list of concepts partially for

judgemental reasons and partially on the basis of ;-he combined quantitative

evaluation. This concept ranks third for the tokamak and fourth for the TMR,

although it rates only marginally better than several other concepts. The

primary justification for including this system relates to the fact that the

key feasibility issues are fundamentally different from both the self-cooled

liquid metal concepts and the solid breeder concepts. The Li/He/FS concept

avoids the tritium containment/recovery and breeder stability problems assocl-
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ated with the solid breeder concepts and is less susceptible to the MHD pro-

blems associated with the self-cooled liquid metal concepts. The primary

problem associated with this concept relates to poor economic performance.

For this reason, R&D issues specific to this concept should receive high

priority only if the feasibility issues or performance characteristics of the

other three concepts become less favorable.

The following important observations can be made:

• Each of these four concepts has a unique set of key issues. There-

fore, serious negative results associated with the key feasibility

issues will mostly likely apply to no more than two concepts, leaving

two potentially viable options.

• The evaluation indicates a relatively high importance factor for design

simplicity. None of the four concepts require a neutron multiplier.

• Emphasis is placed on those concepts that appear to provide superior

performance. In general, improvements to the lower rated blankets

are likely to be applicable to at least one of these higher ranke

concepts.

• Other concepts rated R=l and R=1B should be considered backup op-

tions. The priority of R&D for these systems will depend on results

obtained for the four top rated concepts.

2.6 Summary

A two-year multilaboratory Blanket Comparison and Selection Study (BCSS)

initiated by the U.S. Department of Energy/Office of Fusion Energy and led by

Argonne National Laboratory was conducted to: (1) define a limited number of

blanket concepts that should provide the focus for the blanket R&D program,

and (2) identify and prioritize critical issues for the leading blanket

concepts. The BCSS focused on the mainline approach for fusion reactor

development, viz., the D-T-Li fuel cycle, tokamak and tandem mirror reactors

for electrical energy production, and a reactor parameter space that is

generally considered achievable with modest extrapolations from the current
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data base. The STARFIRE and MARS reactor and plant designs, with nominal
o

first wall neutron load of 5 MW/m , were used as reference designs for the

study.

The study focused on:

• Development of reference design guidelines, evaluation criteria, and

a methodology for evaluating and ranking candidate blanket concepts.

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

systems analysis for comparison.

• Development of conceptual designs for the comparative evaluation.

• Evaluation of leading concepts for engineering feasibility, economic

performance, and safety.

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

blanket concepts.

In the first phase of the study, the following nine TMR blanket concepts

and seven tokamak blanket concepts were selected for detailed evaluation using

the methodologies developed as part of the study.

(Breeder/Coolant/Structure/Neutron Multiplier)

Li/Li/V U2O/tie/FS

Li/Li/FS* LiA102/He/FS/Be

LiPb/LiPb/V* LiA102/H20/FS/Be

Li/He/FS LiA102/NS/FS/Be

FLIBE/He/FS/Be

(FS: Ferritic Steel; NS: Nitrate Salt)

*Evaluated only for TMR configuration.

A detailed methodology was developed for evaluation of thesa sixteen

concepts in each of the four areas:
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• engineering

• economics

• safety

• R&D requirements.

An overall evaluation was obtained from an equal weighting of the first three

evaluations. T^" study concluded that the R&D should not be a primary

discriminat-c- £..-. - .v selection of the leading concepts.

The BGSS has met its primary objective of identifying a limited nutter of

blanket concepts which should provide the focus of the blanket R&D program.

These concepts include Li/Li/V, LiPb/LiPb/V (for TMR only), Li2O/He/FS and Li/

He/FS. The primary R&D issues for the Li/Li/V concept are the development of

an advanced structural alloy, resolution of MHD and corrosion problems, provi-

sion for an inert atmosphere (e.g., Nj) in the reactor building, and the de-

velopment of non-water cooled near-plasma components, particularly for the

tokamak. The main issues for the LiPb/LiPb/V concept are similar to the Li/Li/

V blanket with the addition of resolving the tritium recovery issue. Further-

more, resolution of MHD and corrosion problems will be more severe for LiPb/

UPb/V than for the Li/Li/V; on Che other hand, the LiPb blanket has reduced

concerns with respect to chemical reactivity with environment. The R&D issues

for U^O/He/FS concept include resolution of the tritium recovery/containment

issue, achieving adequate tritium breeding and resolving other solid breeder

issues such as swelling and fabrication roncerns. Major concerns for the LI/

He/FS concept are related to its rather poor economic performance. Improve-

ment of its economic performance wil^ be somewhat concept-dependent and will

be more of a systems engineering issue rather than a materials or blanket

technology R&D issue.
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BLANKET COMPARISON AND SELECTION STUDY

CHAPTER 3 - CONCEPT EVALUATION RESULTS



3. CONCEPT EVALUATION RESULTS

This chapter contains the results of the detailed evaluations of the top

rated blankets in the BCSS: seven blankets for tokamaks and nine blankets for

tandem mirrors. The four major areas of evaluation include:

o Engineering Feasibility (Section 3.1)

o Economics (Section 3.2)

o Safety and Environment (Section 3.3)

o Research and Development (Section 3.4)

The general perspective on the overall evaluation of blanket concepts is

summarized in Section 3.5.

3.1 Engineering Feasibility

The Engineering Feasibility ("engineering") evaluation of the sixteen

concepts ranked R=l was conducted for the nine TMR and seven tokamak concepts

as separate groups. The evaluation followed the methodology presented in Sec.

5 2. 'Results of the evaluation are presented and discussed in Sections 3.1.1

through 3.1.7 for each of the seven indices listed in Table 3.1-1. A

discussion of all engineering evaluation results is presented in Sec. 3.1.8,

together with some general conclusions drawn from those results.

Table 3.1-1. ENGINEERING EVALUATION INDICES

INDEX NAME WEIGHTING VALUE (Wi )

1. Tritium Breeding and Inventory 25
2. Engineering Complexity and Fabrication 25
3. Maintenance and Repair 15
4. Use of Resources 5a

5. Accommodation of Power Variations 10
6. Increased Capability 10

6.1 Increased Neutron Wall Loading 5
6.2 Higher Surface Heat Flux, 5

Higher Erosion Rate
7. Startup/Shutdown Requirements 10

aAssumes go/no-go material shortage does not exist.
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3.1.1 Tritium Breeding and Inventory (Ii; 25 points)

The scores for this index for all sixteen concepts are listed in Table

3.1-2, together with tritium breeding ratio (TBR) values calculated using 3-D

geometry, GQ (required doubling time gain), and estimated uncertainty values.

The dominant factor, other than TBR, is the uncertainty in the doubling

time gain, 5_. The score is only a weak function of the other values in the
G

equation over the ranges indicated. Because 6r for all concepts was fixed at

0.224 (see Sec. 6.8), TBR became the most important discriminator. The 3-D

TBR values were calculated for the reference designs. Thus, although higher

TBR values could likely be achieved in most cases to a greater or lesser

extent, the scores in some other area(s), principally economics, would

probably have suffered.

Clear trends are difficult to discern from these results. The salt-

cooled concepts with Be score well, and appear to have adequate breeding

margin for nearly all contingencies. The Ll/Li/V tokamak blanket also scores

well, but its TMR counterpart and the other two self-cooled liquid metal

blankets do not score as well. The I^O/He/FS and Li/He/FS concepts score

poorly for both reactor approaches; both are probably close to their maximum

achievable TBR values. The water-cooled LiAlC^ concept with Be scores

reasonably well for the TMR, but not for the tokamak where a thin inboard

blanket was used iii an effort to maximize the concept's economics score. A

similar trend is seen for the He-cooled Flibe blanket, which also ties for the

top rank in the TMR group. The He-cooled L1A1O2 TMR concept scored 1/3 of the

possible points, but the tokamak version scores no points because its 1.04 TBR

is below the minimum allowable for the index. (Note: This was principally

the result of the design group's choice to keep Be out of the inboard

blanket. In retrospect, Be should have been added, which would have given the

concept -5 to 6 points for 1-^ with little added penalty in other evaluation

areas.)

Based on these results and those of other neutronics analyses conducted

within the BCSS, the following grouping of concepts by tritium breeding

potential was constructed. Any potential improvement in TBR was assumed to be

achieved only by changes to "LI enrichment levels or moderate increases in

blanket thickness, but not by major configuration changes or the introduction
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TABLE 3.1-2. TRITIUM BREEDING AND INVENTORY INDEX, I.,

o Methodology - See Sec. 5.2.1
o GQ = Required Gain In Doubling Time

6 p = Uncertainty In Predicting Required GQ

6 = Uncertainty Associated With System Definition
6 = Uncertainty In Predicting IBR For Given System

o MaVimum Possible Score = 25 Pts

REACTOR

T

M

R

T
I

0

K

A

M

A

K

A

B

U

0

E

F

G

H

1

A
•

o

C
D

E

F

G

H

I

CONCEPT

LiAlC2/NS/FS/Be

Li/Li/FS

LiPb/LiPb/V

Li/Li/V

Li2O/He/FS

LiA102/He/FS/Be

Li/He/FS

FUBE/He/FS/Be

LiA102/H20/FS/Be

LiA102/NS/FS/Be

Li/Li/V

Li2O/Hs/FS

LiA102/He/FS/Be

Li/He/FS

FLIBE/He/FS/Be

LiA102/H20/FS/Be

3-D

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

FBR

.29

.14

.18

.19

.14

.16

.13

.29

.22

.24

_

.28

.11

.04

.12

.17

.16

(UGQ)

1.069

1.068

1.067

1.068

1.067

1.067

1.067

1.067

1.070

1.073

1.068

1.067

1.067

1.068

1.067

1.071

6
G
2

.05

.05

.05

.05

• 05

.05

.05

.05

.05

.05

.05

.05

.05

.05

.05

.05

n

6Z
_s

.0094

.0094

.0094

.0094

0094

.0094

.0094

.0094

.0094

.0094

_

.0094

.0094

.0094

.0094

.0094

.0094

.0009

.0035

.0024

.0041

.0029

.0009

.uil30

.0017

.0009

•0009

_

.0041

.0029

.0009

.0030

.0017

.0009

FIGURE
OF MERIT,

F

.811

.265

.417

.445

.270

.350

.234

.812

.557

.616

_

.734

.160

0

.193

.384

.333

SCORE

20.3

6.6

10.4

11.1

6.8

8.8

5.9

20.3

13.9

15.4

IB.4

4.0

0

4.8

9.6

8.3
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of different materials such as Be. Full coverage is assumed, and breeding

uncertainties and risks (Sec. 5.2.1) are not considered.

Estimated TBR Potential

High Q1.4) Medium (>1.2) Low

LiA102/NS/FS/Be Li/He/FS Li2O/He/FS

LiPb/LiPb/V LiA102/He/FS/Be

Flibe/He/FS/Be LiA102/H20/FS/Be

Li/Li/FS

Li/Li/V

3.1.2 Engineering Complexity and Fabrication (I?; 25 points)

Table 3.1-3 lists the total score for each concept in this category

together with the scores for the individual subindices (see Sec. 5.2.2).

The self-cooled liquid metal blankets score very well, and are at the top

of both groups. This result reflects the perceived relative simplicity in the

designs (minimum number of different materials and zones or components within

the blankets) and the resultant relative simplicity in fabrication.

The helium-cooled Flibe and Li concepts score relatively well, ~6O-7O% of

total possible, whereas the helium-cooled Li2Q and LiAK^/Be concepts score

rather poorly, near the bottom of the two groups. The principal differences

are (1) the relative simplicity in both breeder fabrication/installation for

the two liquid breeders, and (2) the much simpler method of tritium removal

for those two concepts—breeder recirculation as compared to a separate,

sealed helium purge gas system for the two solid breeders. In addition, the

He-cooled LiA102/Be concept requires a more complex scheme for Be fabrication

retention than does the Flibe design.

The salt-cooled and water-cooled designs are similar, but the salt-cooled

concept gains points because of its very low coolant pressure, and because it

has single wall coolant tubes as compared to the double walled tubes

considered necessary in the water-cooled concept for adequate reliability

against leaks.
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Table 3 .1 -3 . ENGINEERING COMPLEXITY AND FABRICATION INDEX,

Methodology: See Sec. 5 .2 .2

REACTOR

1

H

R

A

B

C

D

E

F

G

H

1

CONCEPT

LiA10 2 /NS/FS/Be

U/Li/FS

UPb/UPb/V

U/U/V

U20/He/FS

LiA102/He/F5/Be

Li/He/FS

FLIBE/He/FS/Be

LiAlO./H-O/FS/Bi

FIRST

HALL

(0+3)

2

3

3

3

2

2

2

2

; 2

NEUTRON

MULT.

(0+3)

1.5

3

3

3

3

1

3

2

1.5

BREEDER

FAB'N

(0+3)

1.5

3

3

3

0

0

2

2

1.5

CLNI

CONT.

FLOW

PATH

(0+3)

1.3

1.B

1.B

1.8

1.0

1.0

1.0

1.0

0

TRITIUM

REMOVAL

(0+3)

1

2

1

2

0

0

2

2

0

MANI-

FOLDS

(0+3)

2

3

3

3

2

2

2

2

2

INBD/

OUTBD

BLKT

(0+3)

3

3

3

3

3

3

3

3

3

MFG

OP'NS

(0+6)

2.5

5.0

A.5

4.5

2.5

2.5

3.0

2.5

1.5

SCORE8

(0 +25)

13.7

22.0

21.6

21.6

12.5

10.6

16.7

15.3

10.7

A LiA102/NS/FS/Be 1.5 1.5 1.3

1

0

K

A

H

A

K

B

C

D Li/Li/V

E Li,0/He/FS

F LiA102/He.'FS/Ce

G Li/He/FS

H FLIBE/He/FS/Be

1 LiA102/H20/FS/Be

-

-

2

2

2

2

2

2

-

-

3

3

1

3

2

1.5

-

-

3

0

0

2

2

1.5

-

-

1.0

1.0

1.0

1.0

1.0

0

2.5

4.0

2.5

2.5

3.0

2.5

1.5

13.7

19.4

12.5

10.7

16.7

15.3

10.7

SCORE = (SUBTOTAL SUM) x
25 [MAX. ALLOWABLE FOR I ]

27 [TOTAL POSSIBLE FOR SUB1NDICES]
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3.1.3 Maintenance and Repair (1^; 15 points)

The He-cooled solid breeder concepts score very well (Table 3.1-4) for

this index. This is the result of relatively simple sector replacement

operations, essentially no spill cleanup problems, and designs that are

tolerant of some leaks occurring inside each module. The He-cooled Flibe and

Li concepts do not score as well because the handling of the liquid breeders

entails more problems and complexity in maintenance operations.

The salt-cooled and ^O-cooled concepts score moderately well, in between

the SB/He and self-cooled liquid metal groups. The salt-cooled concept scores

below the similar ^O-cooled concept because of greater difficulties in

cleanup after a coolant spill. The water-cooled concept scored the maximum

number of points in the leak tolerance category, reflecting in this case the

perceived very high reliability against the occurrence of coolant leaks into

the breeder afforded by the double-walled coolant tubes—a feature for which

the blanket Is penalized in many other areas.

The self-cooled liquid metal blankets are near or at the bottom of the

tokamak and TMR groups for this index. Cleanup following a breeder/coolant

spill is more difficult, especially for LiPb. The TMR blanket configuration,

with multiple discrete tubes, scores poorly in leak tolerance compared to the

monolithic configuration adopted for the tokamak blanket.

3.1.4 Resource Requirements (IA; 5 points)

One of the major criticisms of Be as a potential neutron multiplier for

power reactor blankets has been the question of resource limitations. Work

was done during the study to determine the requirements for any potentially

resource-limited material—e.g., Be, Li—assuming 1000 GWe produced for 40

years by reactors using any of the top-rated (R=l) blankets.

Table 3.1-5 shows the results. The requirements for making up losses due

to burnup and remanufacturing, as a percent of U.S. or world resources, were

used to determine the score. The most marked distinction is between the He-

cooled LIAIO2 concept and the others using Be. The other concepts use up to a

factor of ~2.5 to 4 more Be over the 1000 GWe/40 yr span. Even so, the He-

cooled LiAK>2 concepts scores only one point more than the others, since these
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Table 3.1-4. MAINTENANCE AND REPAIR INDEX,

o Methodology: See Sec. 5.2.3.

REACTOR

T

M
R

T

0

K

A

H

A

K

A

B

C

0

E

F

G

H

1

A

B

C

0

E

F

G

H

1

CONCEPT

LiAlQ2/NS/FS/Be

Li/Li/FS

LiPb/LiPb/V

Li/Li/V

U 20/He/F5

LiA102/He/FS/Be

Li/He/FS

FLlBE/He/FS/Be

LiAi.02/H20/FS/Be

UA10z/NS/FS/Be

-

-

Ll/Ll/V

Li,0/He/FS

UiA102/He/FS/Be

Li/He/FS

FLlBE/He/FS/Be

LiA102/H20/FS/Be

INSPECTION

PROCEDURES

(0 > .2)

.1

.1

.1

.1

.1

.1

.1

.1

.1

.1

-

-

.1

.1

.1

.1

.1

.1

REPLACEMENT

OPERATIONS

(0* .3)

.2

.2

.2

.2

.3

.3

.2

.2

.2

.2

-

-

.2

.3

.3

.2

.2

.2

CLEANUP

OPERATIONS

(0+ ,2)

.05

.1

0

.1

.2

.2

.1

.05

.15

.05

-

-

.1

.2

.2

.1

.05

.15

LEAK

TOLERANCE

(0+ .3)

.3

.1

.1

.1

.3

.3

.3

.3

.3

.3

-

-

.3

.3

.3

.3

.3

.3

SCORE8

9.8

7.5

6.0

7.5

13.5

13.5

10.5

9.8

11.3

9.8

-

-

10.5

13.5

13.5

10.5

9.a

11.3

aSCORE = (SUM OF SUBIND1CF.S) X 15 (MAX. ALLOWABLE POINTS)
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Table 3 . 1 - 5 . RESOURCE REQUIREMENTS INDEX,

o Methodology; See Sec. 5 . 2 . 4 .

REACTOR CONCEPT

% OF REQUIREMENT

LOSSES ONLY (BURNUP LOSSES PLUS

+ REMANUFACTURING) INVENTORY0

INVENTORY,

MAT'L Tonnea/GWe U.S.3 WORLD6 SCORE8 U.S. WORLD

T

M

R

T

0

K

A

M

A

K

A

B

C

D

E

F

G

H

1

A

B

C

D

E

F

G

H

I

LiA102/NS/F5/Be

Li/Li/FS

LiPb/LiPb/V

L-/L1/V

Li2O/He/FS

LiAI02/He/FS/Be

Li/He/FS

FL1BE/He/F5/Be

LiAIO2/H2O/FS/Be

LiA102/NS/FS/Be

-

-

Li/Li/V

Li2O/He/FS

LiA102/He/FS/Be

Li/He/FS

FUBE/He/FS/Be

LiA102/H20/FS/Be

Be

—

--

—

—

Be

—

Be

Be

Be

--

—

—

—

Be

—

Be

Be

55.8

—

—

--

—

37. B

—

95.6

78.2

58.8

—

--

--

—

28.1

--

78.3

60.0

43

—

—

__

—

15

—

38

60

45

—

--

—

~

11.0

—

32

46

2.8

—

—

--

—

1

~

2.5

4

3

—

—

--

0.75

—

2.1

3

1.5

5.0

5.0

5.0

5.0

2.5

5.0

1.5

1.5

1.5

—

--

5.0

5.0

2.5

5.0

1.5

1.5.

119

—

—

—

—

67

—

170

167

126

—

—

—

—

50

—

139

128

7.

--

—

--

—

4.

—

11

11

8.

—

—

—

-

3.

- •

9.

8.

9

4

3

,3

,2

,5

aU.S. Bureau of Mines estimate = 73 KT.
bU.S. Bureau of Mines estimate = 1105 KT.
c40 yrs operation at 1000 GWe/yr.

Information only; not for scoring.
eScore = (Index) x (5 total allowable points)
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requirements are still only a few percent of world Be resources. Also shown

for information is the total of Be losses plus the initial blanket inventory.

Lithium usage was examined also. The results indicated that Li recycling

was required fox all concepts, but that resource requirements were very low

and would not affect the scores shown. All structural alloys use roughly the

same amounts of chromium (Cr), which for the 1000 GWe/40 yr criteria would use

up all U.S. resources but much less than 1% of world reserves. Thus, no

ranking seemed reasonable among the concepts for Cr. Based on the Li and Cr

results, all concepts not using Be were given a full score of 5 points for

this index.

3.1.5 Allowable Power Variation (Is; 10 points)

This index measures the capability built into the reference desigr ' ~

each concept to accommodate deliberate changes in reactor power level, assumed

to be done by changing the neutron wall load, P_w- The rationale for the

methodology is explained in Sec. 5.2.5.

The results presented in Table 3.1-6 indicate some clear distinctions

among concepts. The self-cooled liquid metal concepts score virtually all the

possible points. They can be operated with extremely low mass flowrates

without violating any limits. The vanadium self-cooled liquid metal concepts

can be operated at 120% or more of the reference P (5 MW/m2) before

the 750°C temperature limit or alloy stress limits would be violated. The

Li/Li/FS concept is already at the maximum allowable structural temperature

for the nominal case.

The He-cooled designs with solid breeders or Li can be operated down

to ~5% of the nominal Pnw by dumping steam at Pnw < 25%, while holding the 25%

value of coolant mass flowrate constant and sharply increasing inlet

temperature. The Flibe concept cannot operate below 25% because temperature

limits for the Flibe tubes would be exceeded when coolant inlet temperature

was increased. Upper limits on Pnw vary for the helium-cooled concepts. All

would exceed breeder or structure temperature limits at Pnw < 120% except for

the Li/He/FS TMR concept which can take up to 140% of the nominal Pnw before

first wall temperature exceeds the 550°C maximum allowable.
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Table 3.1-6. POWER VARIATION INDEX,

a Methodology: See Sec. 5.2.5.

REACTOR

T

M

R

A

B

C

D

E

F

G

H

I

CONCEPT

LiA10 2 /NS/FS/Be

Li/Li/FS

LiPb/LiPb/y

Li/Ll/V

Li2O/He/FS

LiA102/He/FS/Be

Li/He/FS

FLIBE/He/FS/Be

LiA102/H20/FS/Be

VARIATION RANGE

0

0

0

0

5

5

5

+ 120SS

+ 100S

+ 12055

+ 12055

+ 10655

+ 100S

+ 140S

25 -> 1003

~,S0-> 10055

SCORE

10

9

10

10

8.5

a

10

6

3

COMMENT

( rsrR }MAx = b 5 0 ° c a 1Q0Si P0WER

( ! D R ) M A ; . = BOO°C a 10655 POWER

( r S T R ) M f t x = 550°C a 10055 POWER

( F S T R \ A X
 = 5 5 0 ° c 9 i0Q!i P0WER

( 1 B R ) H A X > 1000°C a > 100K POWER;

< -55O°C 9 < 60S POWER

T

0

K

A

M

A

K

A LiAlO2/NS/FS/Be

B

C

0 Li/Li/V

E Li2O/He/FS

F LiA102/He/FS/Be

G Li/He/FS

H FLIBE/He/FS/Be

I LiA102/H20/FS/Be

120%

0 + 12O5S

5 + 10155

5 + 10055

5 •> 111S

25 ->• 10055

~60 •> 100S

10

10

B

8

9

6

3

P 0 W E R

SAME AS TMR

( T S T R ) M A X = 550°C 9 11 IS POWER

SAME AS TMR

SAME AS TMR

reference design. Only coolanL mass flowrate and inlet temperature are allowed to vary.
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The salt-cooled concepts can operate at up to 120% of nominal Pnw before

first wall temperature limits are violated, and can operate at very low Pnw

values without violating breeder temperature limits by raising coolant inlet

temperature such that breeder minimum allowable temperature (350°C) is never

violated.

The water-cooled concepts were not designed to operate at Pnw > 5 MW/m

without violating breeder maximum allowable temperature. As Pnw is reduced

below 100%, breeder minimum temperature can be maintained at

the 350°C allowable level by (1) reducing breeder bulk thermal conductivity,

by lowering helium purge gas pressure from 6 to 1 atm, and (2) increasing

coolant inlet temperature above the 280°C nominal design point. However, it

is estimated that below ~6Q% power, the breeder minimum temperature will fall

below 350°C, implying an excessive tritium Inventory buildup if the blanket is

operated in this mode for extended time periods. The tritium would eventually

be recovered over a period of time, once operation at Pnw >60% resumed.

3.1.6 Capability for Increases in Power Loading, Surface Heating and Particle

Flux (Ifi; 10 points)

This index is divided into two subindices worth a maximum of 5 points

each. The results are summarized in Table 3.1-7.

Power Loading Increase (Ifi.i) - The intent of this category is to measure

the ultimate capability of the concept to operate at higher Pnw values,

assuming that any necessary changes are made to the design. The relationships

of surface heat flux and particle flux to P were fixed, however, and design

guidelines violations were not permitted. It should be noted that the changes

necessary to accommodate the higher P values might make the concept

unatt-active from the economic or engineering feasibility standpoints.

The TMR self-cooled liquid metal concepts are limited by the steam

generator pinch point to ~50-60% Pnw increase, whereas the tokamak Li/Li/V

concept is limited to a 20% increase because of thermal stress limits in the

first wall resulting from the high surface heat flux. The Il̂ -cooled TMR

concepts can each be designed to accommodate Pnw > 10 MW/m
2 by adjusting solid

breeder plate or liquid breeder tube sizes. However, the tokamak versions are

limited to increases of ~35-50% by the first wall 550°C maximum structural

temperature limit. The salt-cooled and water-cooled L1A1O2 concepts, having
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Table 3.1-7. CAPABILITY FOR INCREASES IN POWER LOADING,

SURFACE HEATING AND PARTICLE FLUX, Ifi

o Methodology: See Sec. 5.2.6

w
1
1—i

REACTOR

T

M

R

y

0

K

A
M

A
K

A

B

C

D

E

F

G

H

I

A

•
•

C

D

E

F

G

H

I

CONCEPT

LiA102/NS/FS/Be

Li/Li/FS

LiPb/LiPb/V

Li/Li/V

Li2O/He/FS

LiA102/He/FS/Be

Li/He/FS

FLIBi./He/FS/Be

LiA102/H20/FS/Be

LiA102/NS/FS/3e

_

Li/Li/V

Li2O/He/FS

LiA102/He/FS/Be

Li/He/FS

FLIBE/He/FS/Be

LiA102/H20/FS/Be

MAXIMUM

Pnw

~a
7.5

7.5

8

>10

>1O

>10

>1O

~8

~8

_

6

7.0

7.5

6.7

7.0

~8

SCORE0

<l6.1>

3

2.5

2.5

3

5

5

5

5

3

3

_

1

2

2.5

1.7

2

3

COMMENTS

HITS TBR LIMIT

HITS PINCH POINT

HITS PINCH POINT

HITS PINCH POINT

ADJUST PLATE SIZE

ADJUST PLATE SIZE

ADJUST Li TUBE SIZE

ADJUST FLIBE TUBE SIZE

HITS TBR LIMIT

HITS FBR LIMIT

THERMAL STRESS LIMIT

< W M A X IS LIMITING
( W M A X IS

 L1MITING

( T F W ) M A X IS LIMITING

ADJUST TUBE SIZE

HITS TBR LIMIT

a

>

>

>

>

>

>

>

>

>

1

«

1

1

1

1

1

1

e

"cef

.10

.10

.10

.10

.10

.10

.10

.10

.10

.2

.2

.01

.00

.01

.01

.8

b<V-a
a Vf

>1

>1

>1

>1

>1

>1

>1

>1

>10

_

>10

0.5

1.0

0.5

0.5

>10

SCOREC

»6.2>

5

5

5

5

5

5

5

5

5

3

3

0

0

0.3

0.3

4.5

COMMENTS

FW HITS (r s r R) H A X

FW HITS (Tgjp)^

FW HITS (T S T R) K A X

FW HITS (T S T R) M A X

FW HITS (T 5 T R) M A X

FW HITS (T 5 T R) M A X

FW HITS (T5TR)MAX

aIn MW/m2

In millimeters

cFive points maximum possible score



rather similar breeding zones, are each estimated to reach the point at

p ~8 MW/m2 beyond which the minimum TBR value cannot be achieved because of

extremely close coolant tube spacing and resultant high coolant and structure

volume fractions.

Surface Heating and Particle Flux (Ift^) ~ T n i s index measures the

capabilities of the reference design to accommodate either higher-than-

predicted surface heat flux, q, at the nominal erosion thickness, te, or

higher particle flux at the nominal surface heat flux. Reference q and te

values are 1.0 MW/m2 and 2 mm for the tokaraak, and 0.05 MW/m2 and 0.2 mm for

the TMR. The erosion thickness allowance for tokamaks is assumed to be

orthogonally grooved for low stresses, and is therefore not subject to

structure temperature limits (Sec. 6.7).

All TMR concepts scored the maximum of 5 points. Any future increases in

surface heat loads or particle flux, above the low initial values in the

design guidelines, are expected to be small. These increases can easily be

accommodated by the TMR concepts' first walls.

Among the tokamak concepts, the He-cooled designs are particularly

limited in their capabilities for higher q or te» The q values are limited

since they are already designed to operate with first wall structure at or

near the maximum allowable temperature in order to maximize the helium coolant

temperature and thus thermal conversion efficiency. The t values are limited

because even the slight additional nuclear heating from increased t material

puts the temperature of the first wall structure over the 550°C temperature

limit.

For the Li/Li/V concept, the "operating window" for the reference design

disappears at q > 1.2 MW/m , but t£ can be 10 mm or more without violating

structural temperature limits. The salt-cooled concept's reference design

first wall exceeds the 550°C structural temperature limit at q > 1.2 MW/m2,

but can handle tg > 10 • at q = 1.0. The water-cooled LiAlO? concept does

the best of all the tokamak concepts, 7.5 points out of 10; its low coolant

temperatures compared to the salt result in a lower structural temperature for

the nominal q = 1.0 case, so that a greater q can be taken without exceeding

the temperature limit.
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3.1.7 Startup/Shutdown (SU/SD) Requirements (I 7 ; 10 points)

This Index is intended to measure both the rapidity in bringing a

reactor/blanket concept from "cold iron" conditions to operating readiness

( ( Iy^ , 6 points maximum), and the degree to which the SU/SD operations do not

force additional subsystems, e.g. trace heaters, to be added to the reactor

(Iy2» 4 points). Results are summarized in Table 3.1-8.

Table 3.1-B. STARTUP/SHUTDOWN (SU/SD) REQUIREMENTS,

a Methodology: See Sec. 3.2.7.

REACTOR

T

H

R

r
0

K

A

M

A

K

A

B

C

0

E

F

G

H

1

A

B

C

0

E

F

G

H

I

CONCEPT

LiAlQ2/N5/FS/Be

Li/Li/FS

UPb/liPb/V

Li/Li/V

U20/He/FS

LiA10z/He/FS/Be

Li/He/FS

FUBE/HeA"S/Be

LiA102/Hz0/F5/Be

l.iAlO^/NS/FS/Be

-

-

Li/Li/V

Li2O/He/FS

LiA102/He/FS/Be

Li/He/FS

FLIBE/He/FS/Be

LiA102/H20/FS/Be

aSU/SO UME

REQTS, l 7 i 1

3

3

3

3

3

3

3

3

3

i

-

-

3

3

i

3

3

3

SCORES
bSUBSYST£MS

NEEDED, 17 2

2

2

2

2

4

4

3

2

4

2

-

-

2

4

4

3

2

4

COMMENTS

SAME AS TOKAMAK

DRAIN/FILL; He CIRC.
11

tl

He CIRC.

He CIRC.

He CIRC. DRAIN/FILL

DRAIN/FILL

SALT L1QUEF.; DRAIN/FILL

DRAIN/FILL; He CIRC

He CIRC.

He CIRC.

He CIRC; DRAJN/FILL

DRAIN/FILL; He CIRC.

DRAIN/FILL

Cold start time required. Six points maximum.

Additional subsystems needed just for SU/SD requirements. Four paints maximum.
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SU/SD Time Required - From examination of SU/SD requirements for the

concepts, it appeared that the governing factor for all cases would be filling

and cleaning of the steam loop (time > 1 day). Blanket startup and fusion

power startup times together were roughly on the order of a day's time

regardless of concept. Thus, combined startup times would be in the 1 to 3

day range. Based on this, all concepts scored 3 of the 6 possible points.

Subsystems Required - The helium-cooled solid breeder concepts score best

here; blanket and coolant system warmup is accomplished using the existing He

circulators. The Li/He/FS concept scores slightly lower because of the need

for a relatively complex drain/storage/fill subsystem for the liquid Li. The

water-cooled LiAlC>2 concept also scores the maximum of 4 points. The

drain/storage/fill system is relatively simple with no heating system

required, and blanket and coolant system warmup is done using the main coolant

pumps to simultaneously circulate and heat the water. The salt coolant

requires liquefaction by adding water to permit cooling it from above

the ~220°C melting point down to room temperature; the water must be removed

before bringing the blanket up to operating temperature. This may involve

high coolant presures, but these occur only for a short time and not during

operation. The alternative to liquefaction is a drain/storage/fill subsystem

identical to that for the liquid metals. The Flibe and self-cooled liquid

metal breeder concepts all require a drain/storage/fill subsystem with heater

systems. Blankets are preheated by circulating helium, an added subsystem for

the self-cooled concepts. The Flibe's high melting temperature (363°C) is an

added complication since significant fusion power would probably have to be

established before the He coolant inlet temperature could be lowered from

the -370-380°C level to the 275°C operating level.

3.1.8 Summary and Conclusions

The scores for all engineering evaluation indices are presented in Table

3.1-9 together with the score totals for each TMR and tokamak concept. The

scores are also shown graphically in Fig. 3.1-1.

TMR Concepts - It is rather difficult to draw firm conclusions from the

outcome of this evaluation, since the scores for all but the water-cooled

concept fall within a relative narrow range. It seems fairly clear that the

water-cooled concept is Inferior to the other groups in this evaluation
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Table 7 > .1 -9 . ENGINEERING EVALUATION - SUMMARY OF SCORES

REACTOR

T

M

R

r
0

K

A

M

A

K

A

B

C

D

E

F

G

H

I

A

B

C

D

E

F

G

H

I

CONCEPT

LiA10 2 /NS/FS/Ba

Li/Li/FS

LiPb/LiPb/V

Li/Li/V

L.i2O/He/FS

LiA102/He/FS/Be

Li/He/FS

FLIBE/He/FS/Be

LiA102/H20/FS/Be

LiA102/NS/F5/Be

-

-

Li/Li/V

Li2O/He/FS

LiA102/H8/FS/Be

Li/He/FS

FLlBE/He/FS/3e

LiAlO2/H2O/FS/Be

<
V

*•?

20.3

6.6

10.4

11.1

6.8

8.8

5.9

20.3

13.9

15.4

-

-

18.4

4.0

0

4.8

9.6

8.3

13.7

22.0

21.6

21.6

12.5

10.6

16.7

15.3

10.7

13.7

-

-

19.4

12.5

10.7

16.7

15.3

10.7

tr

9.8

7.5

6.0

7.5

13.5

13.5

10.5

9.8

11.3

9.8

-

-

10.5

13.5

13.5

10.5

9.8

11.3

y

i

5

5

5

5

2

5

1

1

1

5

5

2

5

1

1

.5

.5

.5

.5

.5

-

-

.5

.5

.5

5

10

9

10

10

8.5

8

10

6

3

10

-

-

10

8

8

9

6

3

8

7»5

7.5

8

10

10

10

10

8

6

-

-

4

2

2.5

2.2

2.3

7.5

, f

"*>

5

5

5

5

7

7

6

5

7

5

-

-

5

7

7

6

5

7

^ *

68.3

62.6

65.5

68.2

63.3

60.4

64.1

67.9

55.4

61.4

-

72.3

52.0

44.2

54.2

49.5

49.3

• a
V

1.000

.917

.959

.999

.927

.884

.939

,994

.811

.849

-

-

1.000

.719

.611

.750

.685

.682
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area. The concept scores poorly in the complexity and power variation

indices, and is rot outstanding in any of the categories.

Ihe self-cooled liquid metal concepts score quite well individually and

as a group. They score very well in the complexity category, and do

relatively well in all other categories except maintenance.

The hell jn-cooled concepts as a class (Flibe eî cepted) do only slightly

less well than the self-cooled liquid metal concepts. The LiAH^ concept

scores below the other two He-cooled concepts, primarily due to lower scores

in the complexity and resources categories which result from the need to add

Be to the blanket. The Flibe blanket scores considerably higher than the

other He-cooled concepts primarily because of the higher breeding ratio for

its reference design; Dut it loses some points relative to the others in

maintenance—because of the Flibe's presence—and resources—because of the Be

neutron multiplier.

Tokamak Concepts - The distinctions among concept groups become more

evident for the tokamak versions, and the spread among scores is much wider

than for the TMR concepts.

The self-cooled liquid metal blanket (Li/Li/V) is clearly at the top of

this group. It scores well in the breeding, complexity, resources and power

variation categories, and scores reasonably well in the other three

categories.

The helium-cooled concepts do not score as well as their TMR

counterparts, and are well below the Li/Li/V concept. This reflects the

effects of the e. onomics-motivated need for thin inboard blankets, which in

turn affects TBR, and the relative difficulties in handling tokamak first wall

surface heating and particle fluxes with high-temperature helium coolant,

which affects the capability for increasing Pnw, q and te« The

HAJX^/He/FS/Be concept would likely have scored in the same range as the He-

cooled H2O and Li blankets if the decision had been made to incorporate Be

neutron multiplier into the inboard blanket. Thip. would have given it ~5-6

points for the breeding category. The Flibe concept does not score as well as

its TMR counterpart, because the reference design does not breed as well and

has much less capability for handling increases in q or te-
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The salt-cooled concept scores relatively well—second in this group—

primarily because of its good scores in the breeding, power variation, and

P /q/t increase categories relative to the He-cooled and I^O-cooled

concepts. The water-cooled concept is at the bottom of the group together

with the Flibe concept, if the LiAlC^/He/FS/Be concept is mentally

granted ~5-6 points for breeding. It fares poorly in the complexity,

resources, and power variation categories, and stands out only in the Pnw/q/te

increase category. Note that if the Flibe breeder were to be enriched beyond

the natural ^Li level to take greater advantage of the thermal neutrons

provided by the Be neutron multiplier, the Flibe concept's breeding score and

overall score would improve significantly.

General Conclusions - From the results discussed above, ./eral general

conclusions can be drawn. From the engineering standpoint:

(1) The overall differences among ranked blanket concepts are

considerably larger for tokamaks than for TMR's. These distinctions

are brought out by relatively more difficult problems for blankets

in tokamaks due to higher magnetic field strengths, higher surface

heating and particle flux, and the more complex geometry of the

fusion core.

(2) Self-cooled liquid metal concepts have a slight overall advantage

over helium-cooled concepts for TMR's, and (where they satisfy

design guidelines) have substantial advantages for tokamaks. The

helium-cooled concepts do less well in tokamaks primarily because of

the need for a thinner inboard blanket and the much higher surface

heat loads and erosion allowance requirements.

(3) The water-cooled solid breeder concept is clearly the least favored

for TMR's (where its relatively good cooling capabilities do not

give it an advantage), and is in the lowest group for tokamaks.

(4) The salt-cooled solid breeder concept does well for both reactor

types, which largely reflects the salt's perceived engineering

advantages relative to water coolant of very low presure, higher

temperature capability, and better neutronics.
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3.2 Economics Evaluation Results

The economic evaluation of the R™1 ranked blanket concepts considered not

only the direct cost consequences but also how well the blankets performed in

both tokamak and tandem mirror reactors. Due to the differing reactor and

plant design features of the two principal reactor types (tokamak and tandem

mirror), the blanket concepts were ranked and compared only within a partic-

ular reactor type. The final, single economic criterion is the Cost of Elec-

tricity (COE) with the blanket employed in either the tokamak or the tandem

mirror. Major factors contributing and influencing the COE are the direct

capital cost items, the annual cost items and the reactor and plant perfor-

mance. The choice of blanket design may also affect the plant availability,

but assessment of this influence was beyond the scope of this study and so,

availability was held constant for all blanket designs.

The following subsections discuss cost and performance attributes of each

blanket concept when employed in the two reactor types. The final economic

evaluations are developed and presented in terms of their relative COE

values. These values will be used in the overall ranking of the blanket

concepts. Since several of the major factors contributing to the final econo-

mic rankings were subject to a significant degree of uncertainty, sensitivity

studies were conducted to assess the impact of these uncertainties.

3.2.1 Discussion of Major Economic Factors

This subsection will discuss the major factors of each blanket which will

influence the plant economics and which represent the elements contributing to

the Cost of Electricity (COE). The next subsection (Section 3.2.2) will dis-

cuss the summation of these factors into the high level cost elements which

contribute directly to the COE (e.g., Total Capital Cost, Net Electric Power,

etc.). This Subsection 3.2.1 will highlight the underlying, causative eco-

nomic factors affecting the blanket concepts.

A word of caution should be mentioned. All evaluation groundrules,

economic and otherwise, were established early in this design process to allow

the design advocates and designers to improve the blanket concepts' final

scoring. Trial evaluation runs were conducted during the study to exercise

the evaluation procedures and to allow feedback to the designers on the indiv-

idual concepts' weak and strong points. However, as the study drew to a
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close, the design activity had to be halted and the final evaluation process

completed. As the final evaluation values began to emerge, the designers

would have liked to have had one more design cycle to more fully optimize

their respective designs, but no more time was available. So the individual

detriments presented herein on each design should be viewed with caution,

remembering that some of these were created in order to optimize on other

performance factors. Usually the detriments can be reduced to some degree

with additional design activity and/or R&D work.

Blanket and Shield - The significant influencing factors in this area are the

direct capital costs of the First Wall, Blanket Structure, Breeder, Multi-

plier, Reflector, Plenum, Coolant, and Shield. The methodology of these cost

estimates and associated unit costs are discussed in Sec. 5.3.1 and 5.3.2.

The volumes and masses were calculated from the blanket composition data and

the 1-D neutronics requirements for the particular reactor configuration. The

volume fractions and percent of theoretical density were input variables from

the designers. Table 3.2-1 lists all the volumes and masses of blanket compo-

nents and the primary coolant. These data are used for the Economic Evalua-

tions and the Safety and Environmental Effects, Section 3.3.

The nitrate salt designs (A) have the lowest volume and mass of the

structure and primary coolant in the blanket. The Flibe designs (H) have the

heaviest structure. Not all designs required a reflector, which was usually

composed of HT-9 except for a SiC reflector in the Flibe designs. The SiC is

much lighter in weight than the HT-9 designs.

The breeder was either lithium or a lithium compound. In the case of the

liquid lithium or lithium-lead, which functioned also as a coolant, the volume

and weight was counted as a coolant in this table. The solid breeders (A, E,

F and I) used the most volume and were the heaviest, while Flibe (H) was

designed with the least volume and weight.. The helium-cooled, lithium breeder

was intermediate between the solids and Flibe. The lead multiplier in the

lithium-lead is also listed as a coolant. A beryllium multiplier was used

with the LiAlC>2 and the Flibe designs. The beryllium theoretical density

ranged from 0.7 to 1.0, with fabrication forms including spherepac, rods, and

balls. All blankets required coolant volumes from 150 to 380 m^ regardless of

coolant composition. The only exception is the nitrate salt which required 50
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TABLE 3.2-1
BCSS VOLUMES AND MASSES

I

Concept

A - LiA102/NS/HT-9/Be

B - U/Li/HT-9/-

C - LiPb/LiPb/7/-

D - L i /L i /V/ -

E - u./>/He/HT-9/-

F - LiA102/He/Hl_9/Be

G - Li/Se/HT-9/-

H - Flibe/He/HT-9/Be

I - LiAlO2/H2O/HT-9/Be

A - LiA102/NS/HT-9/Be

D - L i /L i /V/ -

E - Li2O/He/HT-9/-

F - LiA102/He/HT-9/Be

t - U/He/Hf-9/-

il • Flibe/He/HT-9/Be

I - UA102/H20/HT-9/Be

Structure
(m3) (Mg)

36.5

59.2

71.5

59.2

79.9

64.6

103.1

149.5

110.4

48.0

59.8

102.9

88.2

106.6

126.7

112.0

292.9

474.7

427.8

353.9

641.1

518.1

827.0

1198.8

885.4

384.8

357.6

825.1

707.1

855.2

1016.0

897.9

Reflector
(tn3) (Mg)

255.5

309.9

255.5

143.7

194.7

227.7

127.2

167.5

2048.8

Z4B5.6

2048.8

1152.2

626.4

1826.4

1020.3

538.8

Breeder
Cm3) (Mg)

Tandem

224.2

See

See

Sae

306.9

188.3

475.9

41.2

188.9

Hirror

495.9

Coolant

Coolant

Coolant

493.5

391.7

"37.9

82.4

427.2

Tokomak

252.5

See

190.6

322.5

359.7

39.6

168.2

558.0

Coolant

518.5

399.3

179.9

79.2

380.5

Multiplier
(m3) (Mg)

59.4 76.9

See Coolant

32.6

68.4

58.3

79.4

35.0

86.0

73.0

48.2

126.6

93.9

102.9

51.9

159.0

117.5

Blanket
(tn3)

50.1

299.0

355.6

299.0

156.2

153.0

323.2

286.3

166.8

60.2

341.6

247.3

243.9

380.3

267.1

152.7

Coolant
(Mg)

92.7

149.5

3342.4

149.5

0.5

0.5

1.1

0.9

118.8

111.4

170.8

0.8

0.8

V3

0.9

108.8

Total
W)

436.3

699.7

1091.7

699.7

3622.8

3799.1

3915.0

4598.9

575.0

644.4

826.7

4956.9

4578.2

5217.9

5673.3

5O0.0

Coolant
(Mg)

714.6

349.8

10261.9

349.8

12.0

12.5

12.9

15.2

409.7

1192.5

413.4

16.4

15.1

17.2

18.7

556.2

Note: lhis table does not include limiter volumes or masses.
Volumes shown in Table are obtained from zone thicknesses
Masses are obtained by multiplying volumes, % theoretical

times material fractions
density, and theoretical density.



to 60 nr* of coolant volume. It is also the lightest coolant mass with the

exception of the helium coolant. The heaviest coolant is the lithium-lead

coolant. The total coolant mass, including the primary coolant in the blanket

headers, plenums, piping, tanks and heat exchangers or steam generators was

computed, for a BGSS activation calculation.

All blanket and shield costs are shown in Table 3.2-2. The first wall

costs range around $1M for tandem mirror (TM) and $2M for the tokamak (TOK).

The V-15Cr-5Ti first wall options C, LiPb/LiPb/V, and D, Li/Li/V, are higher

in cost than their Hl'-9 contemporaries. Also, the first wall option I,

HAKWHoO/HT-iJ/Be, which is water-cooled, has a higher cost due to a thicker

wall and a higher metal volume fraction. In the structure, again the vana-

dium-based options are the i :>re costly, being at least a factor of four times

higher than the HT-9 based structures. The lightest and cheapest HT-9 struc-

tures are the nitrate salt options (A) in the TM and TOK, reflecting their

smaller volumes shown in Table 3.2-1. The Flibe design had the heaviest HT-9

structure. The spread of the HT-9 structures is about a factor of 3 for the

TM designs and a factor of 2 for the TOK designs.

The breeder costs show more variation due to the diversity of the forms

(spherepac, clad sintered plates and liquids) and a range of enrichment

(natural to 90% enriched). The solid breeders used the most volume and were

the heaviest while Flibe had the least volume, mass, and cost. The breeder

costs range from $3M to $81M. The Be neutron multipliers, if required, have

costs which range from $20M to $70M, these being influenced both by the den-

sity and form (spherepac, rods, and balls). The Li, LiPb, and He-cooled Li

designs use HT-9 reflectors. The He-cooled Li used approximately one-half the

reflector mass (and cost) of the lithium or lithium-lead designs. The lighter

weight SiC reflector for the Flibe design is approximately the same cost as

the HT-9 in the He-cooled lithium design.

Not all designs required a separate plenum region. The nitrate salt

concept designated 20 percent of the outermost region of the blanket as a

plenum region and so was only a minor cost item. The lithium designs had no

plenum regions defined. The nitrate salt Is a relatively inexpensive

coolant. Water and helium are low enough in cost not to be included in the

analysis.
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The shielding requirements were determined by a 1-D neutronics analy-

sis* Composition and thicknesses were determined for each blanket concept.

Then using the reactor configuration, the volumes, weights and costs were

determined. The variation of the shielding immediately surrounding the blan-

ket ranged from $79M to $122M for the TM and $94M to $112M for the TOK.

The sum of these cost elements are totaled in the last column on Table

3.2-2. In summary, the cost drivers for the blankets were the breeder enrich-

ment, the beryllium multiplier, the vanadium structure, and the use of a

massive reflector. The lowest total cost TM design is $128M for the Li/HT-9

and the highest is the $244M l^O-cooled solid breeder. In the tokamak

designs, the helium-cooled, solid I^O was the cheapest at $159M, followed

closely by the helium-cooled, liquid lithium breeder at $166M. A Li/Li/HT-9

tokamak design might have been the cheapest blanket and shield but this design

was not proposed. The water-cooled design was again the highest cost blanket

and shield. Although the blanket and shield costs for the tokamak were some-

what higher as a grow, there was more variation in the tandem mirror costs.

Figure 3.2-1 graphically displays the various cost elements of the blanket

portion.

Power Conversion and Transport - The blanket of a fusion reactor nas only two

functions: power conversion and tritium production. This subsection will

discuss the power performance of the various blanket options and the system

implications inherent in the various design decisions. Sec. 5.3.2 discusses

the economic groundrules of this study, including the determination of the

reactor power flowe. Briefly, the fusion power for the tandem mirror is held

constant at a value to produce a neutron wall loading of 5 MW/u' on a first

wall surface identical to MARS. Variations in the thicknesses of the blanket

and shield will only influence the magnet costs. Table 3.2-3 presents the

tandem mirror power balance for the considered blanket options.

Each blanket has a blanket energy multiplication factor (EMF) determined

by the BCSS Neutronics Task, based on the particular material composition.

This value represents the useful energy recoverable from the blanket. Table

3.2-3 presents a complete listing of these data from the tandem mirror

designs. The highest blanket EMF was 1.549 for the Flibe design (H) and the

lowest was 1.228 for the Li2O design (E). On Table 3.2-3, blanket output
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TABLE 3 . 2 - 3
POWER BALANCE DATA

Tandem Mirror

Blanket Option
BDR/CLT/STR/MULTR

Fusion Power, MW

Neutron Power, MW

Neutron Wall Load, MW/m2

Energy Mu l t ip l i ca t ion Factor

Blanket Output, MW

Alpha Power, MW

Heating Power to Plasma, MW

Power to Direct Converter, MW

Elec t r i c Power from DC, MWe

Thermal Power from DC, MW

Halo Thermal Power, MW

Power to Low Temperature Turbine, MW

Pump Power Addit ion, MW

Total Thermal Power to Turbines, MW

Gross Thermal Eff ic iency

Gross Turbine Elect Power, MWe

Total Gross E lec t r i c Power, MWe

Pumping Power, MWe

Heating Powar, MWe

Other Auxi l iary Power, MWe

Net E lec t r i c Power, MWe

A
LiAlOy

NS/HT-9/

Be

3082.8

2465.0

5.0

1.316

3243.9

617.3

122.7

493.8

317.5

176.3

123.5

299.7

5.6

3549.2

.40b

1402.6

1720.1

6.2

193.0

180.0

1340.0

B

Li/Li/
HT-9/-

3082.8

2465.0

5.0

1.313

3236.5

617.3

122.7

493.8

317.5

176.3

123.5

299.7

18.0

3554.3

.405

1420.9

1738.4

20.3

193.0

180.0

1345.0

C

LiPb/
LiPb/V/-

3082.8

2465.0

5.0

1.294

3189.7

617.3

122.7

493.8

317.5

176.3

123.5

299.7

34.5

3524.0

.420

1457.0

1774.5

38.4

193.0

180.0

1363.0

D

Li/l 1/
v/-

3082.8

2465.0

5.0

1.254

3091.1

617.3

122.7

493.8

317.5

176.3

123.5

299.7

13.0

3403.8

.423

1415.8

1733.4

14.7

193.0

180.0

1345.0

E

Li20/He/
HT-9/-

3082.8

2465.0

5.0

1.228

3027.0

617.3

122.7

493.8

317.5

176.3

123.5

299.7

55.0

3381.8

.400

1335.6

1653.1

64.7

^93.0

180.0

1215.0

F

LiA10z/
He/HT-9/
Be

3082.8

2465.0

5.D

1.291

3182.3

617.3

122.7

493.8

317.5

176.3

123.5

299.7

74.7

3556.8

.400

1405.6

1723.2

87.9

193.0

180.0

1262.0

G

Li/He/
HT-9/-

30B2.8

2465.0

5.0

1.270

3130.6

617.3

122.7

493.8

317.5

176.3

123.5

299.7

73.5

3503.8

.400

1384.4

1702.0

86.5

193.0

180.0

1242.0

H

Flibe/
He/HT-9/
Be

3082.8

2465.0

5.0

1.549

3818.3

617.3

122.7

493.8

317.5

176.3

123.5

299.7

147.7

4265.7

.389

1645.6

1963.1

173.7

193.0

180.0

1416.0

I

LiA102/
H20/HT-9/
Be

3082.B

2465.0

5.0

1.386

3416.5

617.3

122.7

493.8

317.5

176.3

123.5

299.7

24.8

3741.0

.357

1331.3

1648.9

27.5

193.0

180.0

1248.0



power Is the product of the blanket EMF and the neutron power. The blanket

EMF caused a range of blanket output power from a high of 3818 MW for the

Fltbe design with a high percentage of beryllium to the lowest power output of

3027 MW for the Li^O design. Sixty-seven percent of the sum of the alpha

power and the heating p^wer Is converted to electricity by the direct conver-

tor. The remaining plasma power loss is collected by the halo scraper and is

combined with the direct convertor reject heat and is then sent to a moderate

temperature thermal energy conversion system. The electricity produced from

the direct convertoi and the moderate thermal conversion system will be added

to the primary thermal conversion sy. cem. Meanwhile, the blanket thermal

output is collected by the variety of primary coolants, each with its own set

of operating conditions. Tables 5.3-b, Primary Coolant Data and 5.3-20, BCSS

Thermal-Hydraulics Data, summarize those data. Since the pumps input pump

work into the system, their contributions aie additive to the overall turbine

thermal power as shown in Table 3.2-3. Again the Flibe design has the highest

power at 4266 MW and the I^O is the lowest at 3382 MW. Figure 3.2-2 also

illustrates these thermal power results. Flibe is clearly producing more

thermal power than any other design.

Within the limits of structural and coolant temperatures, the thermal

conversion efficiencies of each TM system are shown in Table 3.2-3. The

lithium coolants required an intermediate sodium coolant loop which lowered

their efficiencies somewhat. The Flibe design still remained on top with the

highest gross turbine electrical power. Conversely, the lower thermal effi-

ciency of the pressurized water coolant cuased it to displace the I^O as the

lowest electric production system. These electric powers are then added to

the other electrical sources to produce a total gross value. The next step

was to subtract off the power required to pump t̂ie primary coolant and the

intermediate coolant, if required, and to provide plasma heating and other

auxiliary power. The last line in Table 3.2-3 reflects the net electric power

values. Figure 3.2-3 graphically presents these data. The Flibe design ended

up with the highest net electric power (NEP) production, but the margin is

less than it was in the comparison of the thermal power. On the basis of the

TM NEP, Flibe is the leader, followed by the nitrate salt and the liquid

lithium and lithium-lead designs with the helium- and water-cooled designs

coming in with the least power.
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FUSION AND THERMAL POWER
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NET ELECTRIC POWER
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In the tokamak reactor design, the thickness of the blankets and shields

influence not only the costs of the magnets, but also determine the magrotic

field on axis and in turn, the plasma fusion power. See Sec. 5.3.2 for a more

complete discussion on this subject including the methodology and input design

parameters. Table 3.2-4 presents the tokamak power balance. The combined

thicknesses of the inner blanket and shield modify the radius of the peak

magnetic field, the field on the plasma axis, a d the fusion power. The 1^0-

cooled design (I) had the thinnest blanket and shield and thus had the most

fusion power. Fiibe again had the highest energy multiplication, but could

not displace the l^O-cooled design for the maximum thermal power (which

includes the alpha power contribution).

The heating and pump power addition contributed to the ove"Hll thermal

power sent to the turbines. As in the TM cases, lithium still requires an

intermediate sodium coolant loop. At the turbine input, Flibe and the 1̂ 0

designs are virturally identical in the total thermal power. The lithium-

cooled (D) concept is the lowest thermal power option. Figure 3.2-2 compares

the thermal power rankings for all the concepts.

When the thermal efficiency is considered, the lithium-cooled option

improves. The lowest gross electrical power was produced by the helium-

cooled, lithium breeder option. Since the Flibe design had better thermal

efficiency, it has the highest gross power production option. This advantage

for the Flibe is short-lived when the pumping power is subtracted for the

overall net electric power production. Figure 3.2-3 clearly shows the ILjO-

cooled design producing the most net electric power with the nitrate salt and

Flibe tied for second place. The helium-cooled, lithium-breeder produces the

least net electric power.

The costs for the heat transfer and transport (HTT) system are signifi-

cantly influenced by the thermal power levels handled and the primary and

intermediate coolants involved. Detailed assumptions and groundrules are

discussed in Sec. 5.3.2. Using those groundrules and the aforementioned power

data, the costs for the HTT system i*ere developed and are shown in Table

3.2-5. The higher piping cost for the lithium-lead blanket concept was caused

by the high density of the material whereas the higher Flibe cost was attrib-

utable to the larger power levels handled. Pumps were a high cost item except

for the nitrate salt and t̂ O design options. The HoO-cooled design was the
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TABLE 3 . 2 - 4
POWER BALANCE DATA

Tokamak

I

Blanket Option

BDR/CLT/STR/MULTR

Peak Field Radius, m

Field on Plasma Axis, T

Fusion Power, MW

Neutron Wall Load, MW/m2

Energy Multiplication Factor

Thermal Power, MW

Heating Power, Ave, MWe

Pump Power Addition, MW

Total Thermal Power to Turbines, MW

Gross Thermal Efficiency

Total Gross Electric Power, MWe

Pumping Power, MWe

Heating Power, MWe

Other Auxiliary Power, MWe

Net Electric Power, MWe

A
LiA102/

NS/HT-9/

Be

3.553

5.076

4331.3

4.4

1.323

5450.2

90.0

9.5

5549.7

.375

2081.1

10.5

150.0

72.1

1848.0

D

Li/Li/

v/-

3.410

4.871

3675.0

3.7

1.272

4474.5

90.0

32.0

4596.4

• 423

1944.3

35.6

150.0

59.8

1698.0

E

Li20/He/
HTR-9/-

3.530

5.043

4220.3

4.2

1.223

4972.9

90.0

206.9

5269.B

.392

2065.8

243.4

150.0

68.5

1603.0

F

LiA102/
He/HT-9/
Be

3.520

5.029

4172.6

4.2

1.2B0

5107.0

90.0

215.9

5413.0

.392

2121.9

254.0

150.0

70.4

1647.0
17

1

Li/He/
HT-9/-

3.420

4.8B6

3718.3

3.8

1.279

4548.0

90.0

211.B

4B49.B

.392

1901.1

249.1

150.0

63.0

1438.0

H
Flibe/
He/HT-9/
Be

3.510

5.014

4125.4

4.2

1.511

5811.4

90.0

272.1

6173.6

.389

2401.5

320.^

150.0

80.3

1851.0

I

LiA10z/
H20/HT-9/
Be

3.620

5. ,71

4667.4

4.7

1.372

6056.0

90.0

44.6

6190.6

.357

2210.0

49.5

150.0

80.5

1930.0



TABLE 3.2-5
HEAT TRANSFER AND TRANSPORT POWER AND COSTS

CODE

A

B

C

D

E

F

G

H

I

A

D

E

F

G

H

I

- L iA10 z /NS/HT-9 /Be

- Li/Li/HT-9/-

- LiPb/LiPb/V/-

- Li /Li /V/-

- Li2O/He/HT-9/-

- LiA102/He/HT-9/Be

- Li/He/HT-9/-

- Flibe/He/HT-9/Be

- UA102/H2°/HT-9/Be

- LiA102/NS/HT-9/Be

- Li/Li/V/-

- u2O/He/HT-9/-

- LiA102/He/HT-9/Be

- U/He/HT-9/-

- Flibe/He/HT-9/Be

- LiA102/H2D/Hr-9/Be

T PWR
(MW)

3549

3554

3542

3404

3382

3557

3504

4266

3741

5550

4596

5270

5413

4B50

6174

6191

FLUID

NS

L i

LiPb

L i

He

He

He

He

H20

NS

L i

He

He

He

He

H20

PIPING+
(M$)

4B

64

132

62

84

B7

87

101

51

52

59

90

91

83

102

58

PUMPS
<M$)

3

22

27

21

30

31

31

36

3

4

26

41

42

3B

47

4

DT/P
<M$)

CCHU
<M$)

Tandem M i r r o r

1

2

2

1

0

0

0

0

7

5

36

35

34

6

6

6

7

5

Tokamak

1

2

0

0

0

0

11

7

42

8

9

8

10

8

IHX/SG
(M$)

39

60

70

58

95

100

98

119

41

61

78

148

152

136

173

68

TS
(M$)

NA

NA

NA

NA

NA

NA

NA

NA

NA

8

11

31

32

29

35

7

TOTAL
(M$)

95

1B3

266

177

215

224

221

?.«

107

133

219

317

325

293

367

156

ICS
(M$)

0

130

0

125

0

0

0

0

0

0

162

0

0

0

0

0

LCS
(M$)

0

0

0

0

0

0

0

0

0

8

19

8

8

19

8

8

RHMS
(M$)

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

TOTAL
<M$>

96

314

267

302

216

226

222

264

108

141

400

326

334

313

376

165

T PWR = Thermal Power to the Turbines
PIPING+ = Piping, Manifolds, Elbows 4 Valves
DT/P = Dump Tanks or Pressurizers
CCMU = Coolant Cleanup 4 Makeup
IHX/SG = Intermediate Heat Exchanger or Steam Generator

TS = Thermal Storage
ICS - Intermediate Coolant Sys
(Steam Generator, Piping, Pumps, Etc)

LCS = Limiter Coolant Sys
RHMS = Residual Heat Removal Sys



only system that required an expensive pressurizer. the remainder of the

costs in this column were associated with dump tanks. The coolant cleanup and

makeup were most costly for the lithium and lithium-lead systems.

The next column illustrates either the cost of a steam generator or, in

the case of a lithium coolant, the cost of an intermediate heat exchanger.

The HoO and the nitrate salts cases have the lower cost steam generators.

Thermal storage is required only by the pulsed tokamak systems. These costs

are influenced by the power level and the coolant medium.

The values shown for the intermediate coolant system includes costs for

the steam generator, piping, pumps, and all other required hardware. The

limiter coolant system applied only to the tokamak systems and are either

water- or lithium-cooled structures. The structure is either HT-9 or

V-15Cr-5Ti specifically for the lithium-cooled blanket. The overall HTT

system costs are tabulated in Table 3.2-5 and shown graphically on Fig,

3.2-4. The figure illustrates clearly that there is a large range of costs

associated with the HTT system. The lithium and the Flibe designs are the

most expensive and the nitrate salt and water are the least expensive.

Major Reactor Plant Costs - The structures and site facilities costs are

constant except for modifications to the cost of the reactor building to

accommodate the requirements of the coolants. Specifically, the overpressure

requirements for the water coolant and a steel flooring for the liquid lith-

ium, lithium-lead, nitrate salt and the Flibe coolants or breeder. These data

are shown in Table 3.2-6.

The first wall, blanket and shield costs have already been discussed in

previous paragr;.phs. The magnets are determined by the thicknesses of the

blanket and shield. These magnet costs include all magnets including TM end

cells and tokamak pololdal field coils. The TM magnets have a higher degree

of cost variation than do the TOK magnets.

The limiter subsystem applies only to the tokamak designs. The only

differences are a lithium-coo jd limiter for the lithium-cooled and the lith-

ium-breeder blankets or a water-cooled option for all other concepts. The HTT

system costs have previously been discussed.

3-34
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The fuel handling and storage (FHS) system costs are discussed in Sec.

5.3,3. The costs are the highest for the Flibe-cooled designs because of the

high partial pressure of T2. The lithium-cooled blanket option has the lowest

FHS system costs. Figure 3.2-5 illustrates the Fuel System costs along with

other Major Reactor Plant Cost factors.

The Turbine Plane Equipment and the Electric Plant Equipment costs shown

in Table 3.2.1-6 are determined by the thermal power, electric power and the

recirculating power requirements. Flibe is the highest cost option in this

area but there is no overall general lowest cost option. Special Materials

are low cost except for large quantities of the lithium-lead coolant and

lithium for the coolant or breeder.

The next two columns in Table 3.2-6 compare the Direct Capital Costs and

the Total Capital Costs. Figure 3.2-6 is also a comparison of Total Capital

Costs. The lowest capital costs are the water-cooled TMR and the nitrate

salt-cooled tokamak. The Flibe blanket concept is the most costly in both

reactor types although by a lesser margin in the tandem mirror. The differ-

e ?es in the costs between the whole class of TM and TOK are representative of

many factors specific to this analysis including the power output scaling of

the plants. Again, it is important to stress that this study was structured

to compare blanket concepts when employed in the two reactor types and not to

compare the reactors themselves. The technical and economic bases and grot • d-

rules implicit in the reactor definition differ significantly and any croi &

comparisons between tokamaks and tandem mirrors will lead to erroneous conclu-

sions. The final column i.i Table 3.2-6 and Fig. 3.2-7 illustrate the normal-

ized Cost of Capacity in terms of dollars/kWe. The TM reactors are clustered

closer together around the $35OO/kWe whereas the tokamak designs show more

variation. The nitrate salt and H2O designs are the lower cost designs and

the helium-cooled, lithium-breeder is the highest cost option. The Flibe

design is much improved when compared on this basis.

3.2.2 Overall Economic Evaluation

This subsection combines the previously discussed economic factors

together in the economic evaluation parameter of Cost of Electricity. Table

3.2-7 lists these major factors. The Net Electrical Power and Total Capital

Cost of the reactor plants are presented for all the blanket concepts. The
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COST OF CAPACITY
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TABLE 3 . 2 - 7
OVERALL ECONOMIC EVALUATION

CODE

A

B

C

D

E

F

G

H

I

A
D

E

F

G

H

I

- LiA10z/NS/HT-9/Be

- Li/Li/HT-9/-

- LiPb/LiPb/V/-

- Li/Li/V/-

- Li2O/He/HT-9/-

- LiA102/He/HT-9/Be

- Li/He/HT-9/-

- Flibe/He/Hr-9/Be

- LiA102/H20/HT-9/Be

- LiA102/NS/HT-9/Be

- Li/Li/V/-

- Li2°/He/Hr-9/-

- LiA102/ne/HT-9/Be

- Li/He/HT-9/-

- Flibe/He/HT-9/Be

- LiA102/H20/HT-9/Be

NEP
(MW)

1340

1345

1363

1345

1215

1262

1242

1416

124B

1848

1698

1603

1647

143B

1851

1930

rcc
(MS)

4542

4790

5044

4937

4579

4749

4862

5120

4450

5059

5520

5509

5688

5407

6076

5242

CAP
(MS/Y)

6B1.3

718.5

756.6

740.5

686.9

712.3

729.3

768.0

667.6

758.8

828.0

826.4

853.2

811.1

911.5

786.3

O&H
(MS/Y)

65.7

69.3

73.0

71.4

66.3

68.7

70.3

74.1

64.4

31.9

31.9

31.9

31.9

31.9

31.9

31.9

SCR
(MS/Y)

FUEL
(MS/Y)

IOIAL
(MS/Y)

Tandem Mirror

16.7

1B.3

26.8

13.5

20.5

13.2

23.0

26.5

20.4

20.0

12.5

16.3

15.1

15.7

16.2

22.1

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

fokamak

0.5

0.5

0.5

0.5

0.5

0.5

0.5

764.2

806.6

856.8

825.9

774.1

794.7

823.1

869.0

752.8

811.2

872.9

875.2

900.7

859.3

960.1

840.8

cot
(Mills/
kWh)

B1

86

90

88

91

90

95

88

86

63

73

78

78

85

74

62

BCSS RANKING
Lowest COE/COE

1.00

0.94

0.90

0.92

0.B9

0.90

0.B5

0.92

0.94

0.98

0.B5

0.79

0.79

0.73

0.84

1.00

NEP = Net E lec t r i c Power
FCC = Total Capi ta l Cost
CAP = Capital Cost (Annual)

O&M = Operations 4 Maintenance
SCR = Scheduled Component Replacement



maximum net power output is usually th • nitrate salt-, Flibe-, or the H20-

cooled blanket options. To compare these blanket options on a consistent

basis, the annual cost for each were developed. Subsection 5.3.1 presents the

methodology for the development of the annual costs. The Total Capital Costs

are converted to an annual basis by application of a fixed charge rate. The

O&M costs for the TMR were determined using the relationship defined in the

MARS study, namely 2% of the Total Direct Costs escalated to the initial

operating year. The STARFIRE O&M costs were fixed at $31.9M. The Scheduled

Component Replacement Costs considered the life expectancy of the blanket.

Some blankets require more expensive parts and others require more costly

remote maintenance operations. The groundrules for replacement and refurbish-

ment rosts are discussed in Subsection 5.3.2. The Fuel Cost is assumed to

cost a fixed $Q.5M for all designs. The Total Annual Costs are presented in

Table 3.2-7. These Annual Costs are combined with the Net Electrical Power

production and other constants to arrive at the Cost of Electricity shown in

the table and in Fig. 3.2-8. The final column in Table 3.2-7 is a relative

ranking of the COE. The blanket concept with the lowest COE is rated 1.00 and

all other options within a reactor type are compared to that concept on a

relative basis. Figure 3.2-9 graphically presents these relative COE data as

the economic figure of merit.

The nitrate salt is rated best in the tandem mirror and second best in

the tokamak. The best blanket in the tokamak is the R^O-cooled option. Again

there is a narrow spread of economic evaluation data for the TMR. The tokamak

options showed a much larger spread of evaluation data. In general, the water

and the nitrate salt designs did best. The lithium and lithium-lead cooled

designs were in the middle range with the helium designs faring least well in

the economic area.

Again, it should be stressed that it is hard to evaluate the economics of

an evolving technology. We can hope that these data will fairly represent

trends and illustrate technical and economic strong and weak points about

these generic blanket concepts. There may be a degree of uncertainty about

the absolute values of the costs or performance, but it is reasonable to

assume that the relative rankings are a true representation of the blanket's

economic performance.
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3.2.3 Economic Sensitivity Studies

The previous baseline economic evaluations were predicated upon nominal,

most-likely design conditions, performance parameters, and cost estimates.

Most of these influences had a narrow band of uncertainty which, in turn, had

a minimal influence on the final economic evaluation outcome. However,

several parameters in the evaluation were assessed tc have an unresolvable

high degree of uncertainty at this point in time. To assess the impact of

these uncertainties, a set of sensitivity studies were conducted to evaluate

the consequences. Some of these studies were in the area of the unit cost of

materials and were applied on the complete spectrum of blanket concepts.

These studies were applied to the tandem mirror as baing representative of

both tokamaks and tandem mirrors, in regard to these effects.

Economic sensitivities were also conducted to assess the economic bene-

fits of enhancements in the blanket performance parameters. This would aid

future investigations as to the relative impact of stressing performance in

given areas. Areas investigated were:

- Blanket Energy Multiplication

- Blanket Lifetime

- Gross Thermal Efficiency

- Blanket/Shield Thickness

- Coolant Pumping Power

These parameters were assessed on a single blanket concept for both reactor

types. The LiA102/He/HT-9/Be concept was picked as the test concept for these

investigations. It was usually somewhere in the middle of the range on most

evaluation criteria. When the parameters are modified, the effect can be

measured on how the concept improved on the relative ranking system. The

effect may be interpolated or extrapolated to other values in a linear basis

except for the tokamak Blanket/Shield Thickness which is a higher-order

effect.

Material Unit Costs - In Section 5.3.2, Economic Groundrules, the base-

line material unit costs used in the evaluation were defined based upon the

most current information. The HT-9 structural and the shielding materials
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have some usage in other non-fusion applications and have a degree of histor-

ical basis to establish a reasonable cost estimate. The vanadium alloy, V-

15Cr-5Ti, is an exception having little fabrication experience. Also the

materials used in breeding and neutron multiplication have a limited data

base. That data base is limited because of small usage of the materials in

general and no usage of the materials in this particular fusion-related appli-

cation. So the baseline cost estimates for these materials are formulated on

the basis of an educated conjecture, considering similarity to other applica-

tions and/or other materials, likely learning-curve effects, projected new

sources and anticipated process or fabrication techniques. In most cases

considered in this materials sensitivity study, the more adverse assumptions

were investigated, considering the impacts if the more pessimistic conditions

prevailed. Usually this was assumed to be a projection of present market

prices with current fabrication techniques.

The V-15Cr-5Ti structure for the baseline was estimated at $150/kg for

the material and $100/kg for the fabrication, inspection, assembly, installa-

tion, and checkout. The material cost assumed a sizeable discount for large

quantity purchase over a time period for a maturing economy. This would

likely hold for this material if chosen to be used. However, the fabrication

and inspection may be more difficult than expected which could cause the

fabrication cost to significantly increase. Thus an upper limit of $2OO/kg

was assumed for fabrication plus the $150/kg for the material resulting in a

$35O/kg material unit cost. These assumptions are shown on Table 3.2-8. This

sensitivity of the vanadium material cost is evaluated on the blanket options

LiPb/LiPb/V and Li/Li/V, tandem mirror design. Table 3.2-8 illustrates that

this additional fabrication induces a cost penalty of $40M to $50M of direct

capital cost and an increase in the cost of electricity of 1.3 to 1.6

mills/kWh. This single change in a material cost produces a significant

effect on the system economics.

The costs for the lithium and lithium compounds used in the basecase

analysis are documented in Table 5.3-3. Lithium cases have a high degree of

uncertainty when applied to a commercial reactor a number of years distant.

Again sizeable discounts from present prices were assumed based upon the

mature market assumption, namely large purchases, development of cheaper

processing methods, and more pricing leverage. The assumed price of $40/kg is
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TABLE 3.2-8
COST SENSITIVITY TO MATERIAL COSTS

TANDEM MIRROR REACTOR

A

B

C

0

E

y

G

H

I

Opt ion

- LiAia2/NS/Hl-9/Be

- Li/l.i/Hr-9/-

- LiPb/UPb/V/-

- Li/U/V/-

- Li2O/He/HT-9/-

- LiA102/He/Hr-9/Be

- Li/He/HT-9/-

- Flibe/He/HT-9/Be

- LiAia2/H20/HI-9/Be

Hatl Cost Changed

LiA102>50K Enrichment
Be Spherepac

l . i , Natural

V-15Cr-5Ti

L i , Natural
V-15Cr-5Vi

Li20

LlAlQ2,6Cft Enrichment
Be Rods

L i , Natural

F l ibe , Natural
Be Balls

LiAlOji "" • Enrichment
Be Spherepac

MAN., ENRCHMF,

V-15Cr-5f i

FORM

Uthvum, Natural
L i20 , Natural

.iA102» * o s » S
LiA102t 60S
LiA10z , 90S, S
Fl ibe , Natural
LiPb, 3OS
Be, Spherepac
Be, Rods
Be, Balls

Delta
Direct Cost

(MS)

1S.fi
-26.2

12.0

50.3

12.0
41.6

18.6

14.7
51.7

16.6

2.0

B3.5

16.1
-32.0

Pac

Pac

Delta
Annual

(M$)

7.6

-9.8

5.1

15.3

4 . 8

12.7

10.4

6.2
2 .7

7.2

0 .9

28.2

5.5

-11.7

UNIT cosr
BASELINE

250

41)
40
76

100
190

37
6.25
440
440
440

Delta
COE

(Mills/kWh)

0.8

1.0

0.5

1.6

0.5
1.3

1.2

0.7
0.3

O.B

0.1
2.8

0.6

-1.3

, $/kg
POSSIBLE

350

72
72

108

132

222
4B

6.25
150

1000

moo

COE

82

80

86

91

88

89

92

91
90

95

88

90

87

B5

Sensitivity
Ranking*

0.99
1.01

0.94

0.89

0.92
0.91

O.SB

0.89
0.90

0.85

0.92
0.90

0.93
0.95

Baseline
Ranking

1.00

1.00

0.94

0.90

0.92

0.92

0.89

0.90
0.90

0.85

0.92
0.92

0.94
0.94

•Ranking derived from Baseline LoHest COE/COt" = 81/CQE



in line with the DOE recommended value' ' for standard unit costs. However,

lithium is being used in large quantities for battery applications and thus

considerably weakening the argument of quantity discounts. Therefore for a

sensitivity study, the cost of 99.8% pure lithium was assumed to cost the

current price of $72/kg. Since there was no fabrication cost for the liquid

lithium, this is also the installed price. All other lithium compounds, I^O,

LiAlOn, and Flibe, were scaled upward by the same delta cost of $32/kg for the

lithium component. Table 3.2-8 illustrates these costs increases. The base-

line cost of the enrichment was assumed to be correct. The change in the

lithium cost in the lithium-lead mixture did not change the cost of the mix-

ture enough to warrant a sensitivity run on this parameter. When evaluated in

the tandem mirror rector design, the postulated unit cost of lithium up to the

market value increased the direct costs only by $12M to $16M and the COE by a

half to three-quarters of a mill/kwh. The lithium oxide has slightly higher

capital cost increase but the annual cost had more effect. This was because

the liquid lithium needed only to be periodically purified and enriched

whereas the lithium oxide must be replaced. The direct cost and COE increases

associated with higher L1A1C2 unit costs are intermediate to the lithium/

lithium and the l^O cases. The Flibe had only a very modest $2M capital cost

increase and a $0.1 mill/kWh COE increase which indicated the market price of

lithium has very little influence on this coolant and breeder material.

The cost of beryllium is also highly uncertain. The source of raw mater-

ial is controlled by a single company and there is a limited demand for the

material. TRW has investigated the fabrication of beryllium for several

fusion applications. Their data indicates the raw material would cost in the

range of $350/kg with rods and balls being fabricated using powder metallurgy

methods for a cost of $440/kg (with minimal losses and inspection). See

Section 5.3.2 for more information. These data were used for the baseline

cost. The beryllium spherepac would also be assumed to cost only slightly

over the cost of the powder form, basically screening for proper sizing of the

granular mix. The problem with the baseline costs is the variability of the

base costs and the fabrication methods. Most current quotes on the raw and

scrap metal range from $400/kg to $500/kg in large quantities. The powder

metallurgy proces. is also thought not to be applicable to the manufacture of

1-cm diameter balls because of the buildup of material in the dies. Instead

the balls will have to be ground to a rough spherical shape at a higher cost,
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$3000/kg to $7000/kg. The rods may be able to be made by extruding a powder

metallurgy part but the cost is uncertain. Costs were quoted for a drawn rod

of a similar size (2-cm diameter) in the $2000/kg range. Thus it is hard to

predict exactly what the eventual cost (or design) may be. To estimate the

impact of the formed beryllium, the costs were assumed Co be $1000/kg for the

balls and rods. If the eventual costs are higher than these values, the

impact can be scaled from these values. When these unit costs were evaluated

in the TMR, the 2-cm diameter beryllium rods increased the capital cost $31.7M

but the annual cost raised only 0.3 mill/kWh because the beryllium can be

reprocessed at a cost considerably less than the original price. Although the

capital cost is considerable, it is not a real detriment for the Cost of

Electricity! The 1-cm diameter beryllium balls had an even higher capital

cost increase, $83M, because of the considerable usage of beryllium on the

Flibe design. Although the balls are also remanufactured at a reasonable

cost, the annual cost also contributed a significant amount toward the cost

increase. This resulted in a COE increase of 2.8 mills/kWh, which is the

highest COE sensitivity shown. The general results to be concluded is that if

reasonable amounts of beryllium are utilized in the design, sizeable unit

costs can be tolerated without adversely affecting the economics. If a high

usage of beryllium is contemplated, unit costs in excess of the anticipated

range will result in serious economic consequences.

The sensitivity to the cost of the beryllium spherepac presents another

interesting possibility. In the course of investigating the cost of beryl-

lium, a breakthrough was forecast for the extraction and initial processing of

beryllium. If the beryllium can be atomized and condensed as relatively pure

beryllium powder, the costs of raw material would drastically fall to perhaps

to the range of $60/kg. The cost of beryllium spherepac would fall to the

range of $150/kg. This reduces the direct capital costs to the neighborhood

of $30M with a COE reduction of a mill/kWh or more. If the arguments for the

difficulty of fabrication of the beryllium rods and balls still hold, this

material cost reduction may allow those forms to keep their cost near their

baseline values.

All of >:he above sensitivities were based OR unit costs still in the

realm of possibility and application of these values produced COE variations
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of a percent or two. However, the relative rankings did not change appreci-

ably, as shown in Figure 3.2-10. Even if all other concepts were evaluated

with baseline values and only a single material cost were increased, usually

no or only a minimal reordering of the concepts occurred. Thus it can be

concluded that the economic evaluation can be considered as reasonable, even

if the unit costs of some materials have a high degree of uncertainty.

Performance Parameters - One of the more important performance parameters

throughout the BGSS design process was the energy multiplication factor

(EMF). Just how important is it to optimize the materials from a neutronics

standpoint to achieve the maximum EMF? The Flibe designers chose to use a

high beryllium content to maximize the EMF among other factors, whereas other

designers deliberately chose to not have a multiplier. To assess this ques-

tion, Blanket Option F (LiAlO2/He/HT-9/Be), which uses a beryllium multiplier,

was used as a test case. The EMF was increased by 10%, up to 1.42. The

better part of this 10% increase was carried throughout the thermal, gross

electrical and net electrical power for both the tandem mirror and tokamak.

The actual values can be seen in Table 3.2-9. The attendant cost increase,

mainly in the heat transport system, is in the range of 2 to 3%. The COE was

reduced 6 to 7 percent, which is a significant improvement to the COE and the

BCSS rankings. If this could be accomplished, it would be a beneficial design

change on both the tandem mirror and the tokamak designs*

The blanket lifetime was a design parameter which should be greater than

some minimum value but no maximum value or goal was established. Again Option

F was used to evaluate the benefit of doubling the blanket life from 4-5 years

to the range of 8-10 years. The effect as shown in Table 3.2-10 is to reduce

the Scheduled Component Replacement Costs. This effect is not linear as blan-

ket costs are not the only costs in this category. The COE was reduced by

approximately 0.5 mill/kWh for both the tandem mirror and tokamak. The

engineering effort to double the lifetime would likely be very costly but this

effect is not considered in this sensitivity study. Thus if this cost effect

were included, the net benefit of additional life beyond the current post-

ulated values may be negative, or at least, be of marginal benefit. On the

other hand, a longer lifetime may achieve a higher reliability value which

will increase the system availability and lower the COE. Also shown in this

trade study is the effect of a possible reduction of the helium-cooled tandem
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TABLE 3.2-9. COST SENSITIVITY TO ENERGY MULTIPLICATION FACTOR

Option "F" - LiA102/He/HT-9/Be

Increased EMF by 10%

Fusion Power, MW

Energy Multiplication Factor

Blanket Thermal Output, MW

Total Thermal Power, MW

Gross Electric Power, MW

Net Electric Power, MW

Total Direct Cost, M$

Annual Cost, M$

COE, Mills/kWh

BCSS Ranking

Tandem Mirror

(baseline)

3083

1.291

3182

3557

1723

1262

2564

795

90

0.9

(new)

3083

1.42

3500

3882

1853

13C3

2607

808

83

0.97

Tokamak

(baseline)

4173

1.28

5107

5413

2122

1647

3071

901

78

0.79

(new)

4173

1.408

5534

5857

2296

1795

3144

921

73

0.85

TABLE 3.2-10. COST SENSITIVITY TO BLANKET LIFETIME

Option "F": Doubled Blanket Life

Blanket Life, y

Annual Sch Repl Costs,

Annual Cost, M$

COE, Mills/kWh

BCSS Ranking

M$

Tandem Mirror

(baseline)

4.4

13.2

795

89.8

0.902

(new)

8.8

9.7

791

89.5

0.905 0

(new)

2.0

21.6

803

9- 8

.892

Tokamak

(baseline)

4.2

15.1

901

78.0

0.794 0

(new)

8.A

10.9

897

77.7

.798

NOTE: The above data do not include the influence of blanket life upon the

availability of the plant.

3-52



mirror blanket lifetime to approximately two years. The effect is an increase

in COE of 1 mill/kWh or approximately a 1% change. There are two other

effects which could not be assessed at this time. If the life is .shortened,

either the availability may be reduced and/or the maintenance equipment must

be increased. Either of these factors would tend to increase the COE.

The gross thermal efficiency has a high visibility in the BCSS because of

the available choices of primary coolants. What is the potential benefit if

additional thermal efficiency can be obtained from a particular coolant? The

helium coolant had some promise of increasing the efficiency. A one percent

increase in gross thermal efficiency was postulated which resulted in a 2 1/2

to 3X increase in Net Electrical Power with a minimal increase in cost. This

same percentage is translated into a 2 1/2 to 3% decrease in COE. These

effects are shown in Table 3.2-11. Thus if the efficiency can be increased by

raising the coolant temperatures or using more reheats in the turbine at

reasonable cost, this would be an area worthy of consideration.

In the candem mirror design, the thickness of the blanket and shield

under the coils determine the size and the cost of the central cell coils. If

the thickness of the blanket and shield were decreased by 10 cm out of 120 cm

or more, the cost of the central cell magnets are reduced from $195H to $178M,

a reduction of 8.7%. See Table 3.2-12 for more details. The radiation

protection for the magnet must remain constant. This thickness reduction

translates into a 1% change in capital cost, annual cost and COE. This would

rank as a moderately beneficial change but would not be classed as a high

priority item for a tandem mirror.

A change in the inner blanket and shield thickness on a tokamak has a

much more pronounced effect. The peak field radius would be modified, which

also would change the fusion power to the fourth power. A 10 cm thickness

decrease produces a 11% increase in fusion power and a 13% increase in net

power, see Table 3.2-12. However, magnet costs decreased only slightly. The

overall Total Direct Costs increased because of the additional power

handled. The tokamak COE decreased by approximately 7 percent due to a 10 cm

thinner blanket and shield. This design change has a very powerful leverage

on the COE. This reduction on the thickness should be investigated as a
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TABLE 3.2-11. COST SENSITIVITY TO GROSS THERMAL EFFICIENCY

Option "F": Increased gross thermal efficiency by 1 percentage point

Fusion Power, MW

Total Thermal Power, MW

Gross Thermal Efficiency

Gross Electric Power, MW

Net Electric Power, MW

Total Direct Cost, M$

Annual Cost, M$

COE, Mills/kWh

BSCC Ranking

Tandem Mirror

(baseline)

3083

3557

0.4

1723

1262

2564

795

90

0.9

(new)

3083

3557

0.41

1755

1294

2567

796

88

0.92

Tokamak

(baseline)

4173

5107

0.392

2122

1647

3071

901

78

0.79

(new)

4173

5107

0.402

2176

1701

3076

902

76

0.82

TABLE 3.2-12. COST SENSITIVITY TO BLANKET AND/OR SHIELD THICKNESS

Option "F": Reduced Shield Under Coil (Tandem Mirror) or Inner Shield

(Tokamak) Thickness by 10 cm

Tandem Mirror

(baseline) (new)

Tokamak

(baseline) (new)

Peak Field Radius, m

Field on Axis, T

Fusion Power, MW

Total Thermal Power, M/

Net Electric Power, MW

CC or TF Magnet Cost, M$

Cost of Coil or Inner Shield

Cost of Heat Transport, M$

Total Direct Cost, M$

Annual Cost, M$

COE, Mills/kWh

BCSS Ranking

3083

3557

1262

195

28

225

2564

795

90

0.9

3083

3557

1262

178 (-8.7%)

23

225

2537

787 (-1.1%)

89 I
0.91

3.52

5.029

4173

5413

1647

248

13

334

3071

901

78

0.79

3.62

5.171

4667

6043

1857 (+13%)

244 (-J..6Z)

11

369

3167

929 (+3%)

71

0.87
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priority item. Figure 3.2-11 extends the thickness variation over a larger

range, further illustrating the importance of a thinner blanket and shield on

the inner leg of a tukamak reactor.

Another facet of the choice of the primary coolant was the pumping power

required. There was much discussion over the lithium and lithium-lead MHD

effects and the helium pumping power. The Option F -ith helium coolant was

again used as the test case to evaluate the sensitivity to pumping power.

Table 3.2-13 illustrates an increase in pumping power of 40% on both the

tandem mirror and tokamak. Although 85% of the helium pumping power is recov-

ered as useful theraal energy, only approximately 40% of that thermal energy

is converted back into electrical energy. In this case, the net electrical

power was decreased by 2% on the tandem mirror and 4% on the tokamak, with a

similar percentage point change in the COE. This change also has a high

leverage, but It is doubtful if the pumping power can be reduced much from the

present levels. However, all efforts should be concentrated to keep the

pumping power from increasing above current levels. For example, if the

minimum operating temperature of HT-9 caused an increase in the helium inlet

temperature, the pumping power would rise significantly.
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COE SENSITIVITY TO BKT/SHLD THICKNESS

UJ
Oo

100

90 -

80 -

70 -

- 2 0
Change in Thickness, cm

TABLE 3 .2-13 . COST SENSITIVITY TO PUMPING POWER

Option "F"s Increased pumping power by 40%

20

Figure 3.2-11

Pumping Power MW

Pump Power Addition, MW

Gross Electric Power, MW

Net Electric Power, MW

Total Direct Cost, M$

Annual Cost, M$

COE, Mills/kWh

BCSS Ranking

Tandem Mirror

(baseline)

87.9

74.7

1723

1262

2564

795

90

0.9

(new)

124.3

105.6

1736

1238

2578

799

92

0.88

Tokamak

(baseline)

254

215.9

2122

1647

3071

901

73

0.79

(new)

356.3

302.9

2156

1578

3120

914

8"*

0.75
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Fusion's societal acceptance and its ultimate potential as an energy

source will depend, in part, on how successful the public and plant workers

are protected from potential harm. Just as the choice of blanket should

decrease costs and enhance fusion's economic attractiveness, so should the

choice of blanket decrease the potential risk to the public and enhance

fusion's safety and environmental attractiveness. The Safety Evaluation is

therefore intended to measure the relative safety and environmental

attractiveness of the final group of blanket options.

A complete probabilistic risk assessment of the entire fuel and

facility cycle would produce an integrated value of total risk to the

public, a single figure-of-merit including all significant risks in

proportion to their contribution to the total. However, such an analysis

is beyond current resources and knowledge. Instead, eleven individual

safety indices were defined to compare blanket attractiveness in specific

areas. Then, each index was weighted to reflect an estimate of their

importance to total risk. Thus, the Safety Evaluation is intended to

approximate, to the extent possible, a relative risk assessment comparison

by focusing on various specific areas of possible differences among

blankets.

Readers are referred to Section 5.4 for a full description of the

methodology, technical basis for comnarison, and results. The following

subsections are brief summaries of the results, summaries of some

sensitivity cases, discussion of the results, and overall safety

conclusions.

3.3.1 Methodology and Results

Each blanket concept received a score for ejtch index, I., between
1'

0.0 and 1.0. Individual indices are mixtures of quantitative and/or

qualitative information. The quantitative information was used in the form

of certain figures-of-merit. The range of the various figures-of-merit
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among designs for a given issue varied from a factor of 3, e.g., blanket

lifetime, to a factor of 7 orders of magnitude, e.g., radiation field

around coolant piping.

In a sense, the entire evaluation was conducted twice, once for mirror

versions of blankets and once for Tokamak versions of blankets. No cross

comparison between mirror blankets and Tokamak blankets was desired or

attempted.

Each index also has a weighting value, W., indicating its judged

relative importance. The sum of weighting values equals 100. An overall

Safety Figure-of-Merit (SFM) is defined as the weighted sura of index scores:

11
SFM = Yl I- w-x 1

Overall, 76% of the total SFM is based on quantified figures-of-merit; 24%

is based on engineering judgement.

The eleven indices are listed in Table 3.3-1. They fall into four

genera?, areas: accident source term characterization, accident fault

tolerance, effluent control, and maintenance and waste management. A

balance (60-40%) was established betv.en accident issues and nonaccident

issues, which is a compromise between the general public perception that

accidents should be weighted high and the actual low weighting for

accidents that result from total fuel/facility cycle risk studies for other

energy technologies. The 60% accident weighting was divided equally

between accident source term characterization (30%, indices 1-3) and

accident fault tolerance (30%, Indices 4-8). The 40% nonaccident weighting

was divided equally between effluent control (20%, Index 9) and maintenance

and wasttt management (20%, Indices 10-11). These four areas will now be

briefly discussed. The resulting weighted scores for the reference

blankets in these four areas are listed in Tables 3.3-2 and 3^3-3.
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TABLE 3.3-1. SAFETY EVALUATION INDICES

Index

1
2
3

4
5
6
7
8

10
U

Index Name

Structure Source Term Characterization
Breeder/Multiplier Source Term Characterization
Coolant Source Term Characterization

Fault Tolerance to Breeder-Coolant Mixing
Fault Tolerance to Cooling Transients
Fault Tolerance to External Forces
Fault Tolerance to Near-Blanket Systems Interactions
Fault Tolerance of the Reactor Building
to Blanket Transients

Normal ' ^ioactive Effluents

Occupational Exposure
Waste Management

Weighting
Value

10
10
10

6
6
6
6
6

20

10
10

TABLE 3.3-2. SAFETY EVALUATION RESULTS FOR MIRROR BLANKETS

Blanket

Li/Li/V

Li/Li/HT-9

LiPb/LiPb/V

Li/He/HT-9

FLIBE/He/
HT-9/Be

Li2O/He/
HT-9

LiA102/He/
HT-9/Be

LiA102/NS/
HT-9/Be

LiA102/
H2O/HT-9/Be

Accident
Source Term

Characterization.
Indices
1-3

11.9

7.5

21.8

16.6

16.4

21.0

18.4

4.8

8.1

Accident
Fault

Tolerance-
Indices
4-8

19.5

21.4

23.5

22.6

24.7

23.9

24.0

24.0

19.9

Effluent
Control.
Index
9

17.0

17.0

10.0

10.0

0.0

7.4

3.8

0.0

2.2

Maintenance
and Waste
Management.

Indices
10-11

14.6

7.9

9.4

11.3

9.5

11.5

12.3

6.9

8.3

Total

63.0

53.8

64.7

60.5

50.6

63.8

58.5

35.7

38.5
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TABLE 3.3-3. SAFETY EVALUATION RESULTS FOR TOKAMAK BLANKETS

Blanket

Li/Li/V

Li/He/HT-9

FLIBE/He/
HT-9/Be

Li2O/He/
HT-9

LiA102/He/
HT-9/Be

LiA102/NS/
HT-9/Be

LiA102/
H2O/HT-9/Be

.Accident
Source Term

Characterization.
Indices
1-3

11.9

16.4

16.4

20.9

17.8

4.0

8.9

3.3.1.1 Accident Source Term

Accident
Fault

Tolerance.
Indices
4-8

17.5

19.7

21.8

20-9

21.0

21.0

16.9

Effluent
Control.
Index
9

15.2

8.0

0.0

6.2

3.6

0.0

1.2

Characterization

Maintenance
and Waste

Management.
Indices
10-11

15.1

11.2

10.1

11.8

11.7

5.8

8.7

Total

59.7

55.3

48.3

59.8

54.1

30.8

35.7

This first category (indices 1-3) relates to Lhc component of accident

risk from the radioactive and chemical toxicity source term common to

accident initiators. The three indices measure the source term for the

structure, breeder/multiplier, and coolant, respectively. In each case,

the index is divided equally between the hazard from activation products

and the hazard from tritium inventory. The activation hazard measurement

starts with the activation inventory (see Section 6.12) translated into

Biological Hazard Potential (BHP) for breeder and coolant materials or

Public Health Effects (PHE) for structural materials. The PHE is an actual
3

calculation of public health effects from an accidental release of one m

of first wall; had sufficient data been available, they would have been

used for breeder and coolant materials also. Both the BHP and PHE were

adjusted by the relative volatility of the elements involved. One effect
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22
is to penalize liquid lithium because the prime activation species, Na

and Na2^, would be highly volatile in the event of lithium combustion.

The chemical toxicity of beryllium was added into the breeder BHP

calculation for those blankets including beryllium. However, the

impurities in LiAlQ- produce sufficient activation so that beryllium

toxicity had only about a 30% impact on LiA10o/Be BHP. The tritium

hazard was measured by the vulnerable tritium inventory. The entire

tritium inventory was considered vulnerable, except for LiAlOj, where

only 10% was considered vulnerable.

The various resulting figures-of-merit generally varied by 3 or

4 orders of magnitude among designs. A logarithmic utility function was

used for each one to compress the range of values to that portion of the

Q.O-tQ-1.0 index score allotted for that particular figure-of-merit.

Therefore, a 1% change in SFM translates into more than a 1% change in

total risk. The total accident source term characterization score, with a

possible range of 0 to 30, is listed in Tables 3.3-2 and 3.3-3 for the

reference blankets. Details may be found in Section 5.4.2.

3.3.1.2 Accident Fault Tolerance

The response of each blanket design to specific accident initiators

(and their likelihood), such as loss of power, loss of coolant, and coolant

tube failures, constitute the fault tolerance Indices 4 to 8. The five

indices measure the success of a blanket with regard to passive resistance

to cooling tube breaks, cooling transients, external events, and

near-blanket component failures, and in minimizing the impact on the

containment function of the reactor building. Scores were determined by

comparing the anticipated blanket response to each transient with a priorly

established design guideline. Thus, design teams had a target.

Limitations of resource and knowledge prevented most responses from being

directly determined by transient calculations. Unlike the other indices,

the 30% of the SFM associated with fault tolerance was based primarily on

engineering judgment. Thus, together the five fault tolerance indices

attempt to measure the inherent or passive safety of each design with

respect to specific fault conditions.
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Two key design decisions were made that dramatically improve the

safety attractiveness of lithium and vanadium blankets. First,

water-cooled limiters appeared unacceptable from a safety point of view

with lithium or vanadium blankets. Therefore, lithium or helium-cooled

limiters were assumed for those cases. It was not possible for the BCSS to

perform sufficient analysis to firmly establish the feasibility of these

limiter concepts, although sufficient analysis was done to establish the

possiblity of using non-water-cooled limiters. Second, nitrogen building

atmospheres were used for lithium blankets to substantially reduce fire

concerns. Air and carbon dioxide can produce substantial lithium fires.

The lithium-nitrogen reaction appears sufficiently benign so as to present

only a minor risk when nitrogen atmospheres are used. Nitrogen building

atmospheres were used for vanadium blankets to substantially reduce

oxidation concerns. Air apparently can produce rapid vanadium oxidation in
-4

temperatures above 650QC and partial pressures over about 10

atmospheres. It is emphasized that tue favorable safety ranking of

blankets with lithium or vanadium, and to a lescer extent 17Li83Pb,

requires these two design decisions and assumptions.

These two design decisions substantially reduce potential chemical

reaction problems. In addition, a steel liner is used to prevent concrete

reactions. In the final evaluation, lithium was still penalized because

water was still available for combustion in shields, resistive choke coils,

direct converters, and halo scrapers, and because the steel liner over

concrete could fail. Vanadium was also penalized because of the fear of

water-induced oxidation of the metal.

The resulting total fault tolerance scores are listed in Tables 3.3-2

and 3.3-3. One result is that the overall fault tolerance score was not a

major discriminator among the blankets. Although significant differences

occurred for specific fault tolerance issues, overall they tended to

balance out. Further details are found in Subsection 5.4.3.
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3,3.1.3 Effluent Control

With the exception of the Nitrate Salt designs, the effluent control

problem of blankets appears to be dominated by tritium, and was judged on

that basis* The potassium in Nitrate Salt leads to production of copious
on

amounts of Ar (269 yr), sufficient to require about 99% capture
efficiency for Che noble gas that is generated. For both tritium and
39
Ar, the basis for judgment is the currently proposed U.S. EPA standard

of 10 mrem/yr maximum exposure for an individual in the public.

The index score for tritium-dominated designs was determined by the

following utility function:

I =1.0 R < 1.0 Ci/day

=0.5 log (10C/R) 1.0 < R < 100 Ci/day

=0.0 R > 100 Ci/day

where

Iq = effluent score, Index 9

R = tritium release rate to the steam generator in

Ci/day.

39
The Nitrate Salt concepts were scored 0.0 because of the Ar problem.

Of all parts of the safety evaluation, the tritium control area is the

most uncertain. The tritium release calculations (see Section 6.6) are

based on the following:

o Substantial tritium enters the coolant via the first wall

o All tritium leaving the solid breeders is in the highly permeable

elemental form, partially because hydrogen is added to the purge

stream

o Hydrogen is added to the solid breeder purge or 17Li83Pb

counter-flow separator streams to facilitate tritium leaving the

breeder surface
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o Hydrogen mixed with tritium reduces tritium permeation by a

dilution effect

o Permeation through oxidized HT-9 is a factor of 100 lower than

classically predicted for clean metal, i.e., an "oxide barriar

factor" of 100 is used

o Tritium is not oxidized as it passes through oxidized metal walls

o Tritium oxidation kinetics in helium streams are sufficiently

slow so that oxidation of tritium does not occur (a) between

solid breeder surface and tube walls or (b) between coolant tube

walls and steam generator.

Reality is unknown. However, mounting evidence points in the general

direction of this picture. Some of these conditions make tritium control

more difficult; some make it easier.

It is emphasized that several of the above statements are different

from past design studies, especially the addition of hydrogen to helium

purge streams and the release of tritium from solid breeders in the

permeable elemental form. The above assuptions are based on more recent

experimental results not available to past studies. The net effect is to

make tritium control for the solid breeders much more difficult than

heretofore believed, reducing the safety attractiveness of those concepts.

Future results could prove tritium control for most concepts to be either

more or less favorable. Current tritium control calculations are uncertain

by at least an order of magnitude.

The results are listed in Tables 3.3-2 and 3.3-3. Further details are

found in Subsection 5.4.4.

3.3.1.4 Maintenance and Waste Management

Maintenance/Occupational Exposure, Index 10, was judged by three

quantified figures-of-merit. First, the exposure from cooling system/steam
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generator maintenance was measured by the Remote Maintenance Rating (RMR)

of the coolant alone, evaluated one day after shutdown. The RMR is the

contact dose rate in mR/h for an infinite slab of material. Second, the

blanket maintenance exposure was judged by the number of blanket changeouts

over the reactor lifetime. Third, the tritium exposure was measured by the

total blanket tritium inventory.

Wast« Management, Index 11, was also judged by three quantified

figures-of-merit. First, the ability for blanket materials to meet

near-surface burial requirements was measured by the Waste Disposal Rating

(WDR) averaged over the blanket. The WDR is the ratio of activity divided

by near-surface burial isotope concentration limits» per 10CFR61. Second,

the exposure during waste handling and processing was measured by the RMR

averaged over the blanket evaluated at 10 years after shutdown. Third, the

difficulty and risk of handling and transporting waste material was

measured by the total waste volume, integrated over the reactor lifetime.

The results are listed in Tables 3.3-2 and 3.3-3. A key finding was

that LiAlO and 17Li83Pb do not meet near-surface burial requirements

whereas Li, Li 0, and FLIBE do. This did not particularly hurt the

various LiAlO /HT-9 or 17Li83Pb/HT-9 concepts because HT-9 did not meet

the near-surface requirements either. The 17Li83Pb/V15Cr5Ti design is

penalized because V15Cr5Ti meets near-surface burial whereas 17Li83Pb does

not. If future work continues on ternary solid breeders, a silicon-based

ceramic would probably be better than LiAlO from the long-term

activation standpoint. In the limit of very low impurities in a

silicon-based ceramic, its SFM score would approach that of Li^O. A

zirconium-based ceramic would be much less favorable. Further details are

explained in Subsection 5.4.5.

3.3.1.5 Overall Safety Fjgure-of-Merit

Tables 3.3-2 and 3.3-3 also list the total SFM for the reference

blankets. These are graphically displayed in Figures 3.3-1 and 3.3-2.

Overall, the most attractive blankets are LiPb/LiPb/V (TMR only),

Li2O/He/HT-9, Li/Li/V, and Li/He/HT-9. The range of mirror SFM scores is
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Figure 3.3-1. Safety Evaluation Results for Mirror Blankets
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64 to 36. The range of tokamak SFM scores is 60 to 31. The rank ordering

among mirror concepts was the same as among tokamak concepts. In

interpreting the numerical results, it is emphasized that a 1% change in

the SFM score would translate into much more than a 1% change in total

safety risk because of the use of logarithmic utility functions. Also,

there is not a go/no-go cut-off score for safety attractiveness in this

evaluation. Higher scores indicate blankets with a higher probability of

public acceptance and licensing approval and a lower probability of needing

costly and complicated special safety systems. The following sections

include discussion of the sensitivity of the results and a brief discussion

for each blanket concept.

3.3.2 Sensitivity Cases

Several sensitivity cases were examined. Only a few are mentioned

here; all can be found in Section 5.4. The following cases are discussed

here: "low-activation" steels, a more risk-based SFM, optimistic effluent

control, pessimistic effluent control, optimistic chemical reaction

control, and pessimistic chemical reaction control. In addition, two

hypothetical cases were briefly examined, the impact of changing the

reference 5 MW/m~ neutron wall loading and other physics concepts.

3.3.2.1 "Low-Activation" Steelo

The influence of two proposed "low activation" steels was examined.

Modified HT-9 and Tenelon were found to basically meet the goal of

near-surface waste disposal, whereas the reference steels, HT-9 and PCA, do

not. Basically, the proposed "low-activation" steels solve the waste

disposal problem by eliminating elements that give rise to long-term

(>10-yr) isotopes and replacing them with elements, tungsten and

manganese, that give rise to shorter-term isotopes. However, in other

activation-relevant areas—accident source term, afterheat, maintenance of

structure, and maintenance of cooling systems—the use of these "low

activation" steels was found to have either an insignificant impact or a

negative one. On balance, the proposed "low-activation" steels are not

necessarily a net safety improvement.
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It appears that Modified HT-9 is a net improvement over HT-9 even

though the tungsten in Modified HT-9, gives rise to several tantalum,

tungsten, and rhenium isotopes. It appears that Tenelon is not a net

improvement over PCA because the high manganese content gives rise to high

amounts of Mn and Mn. V15Cr5Ti is better from the activation

standpoint. A very low activation material like SiC would be even better.

In terms of SFM points, Che use of Modified HT-9 versus reference HT-9

could range from lowering the SFM score of a concept by 2.3 to raising the

score by 5,5. For Tenelon versus PCA, the impact could range from lowering

the SFM by 5.8 points to raising it by 1.4. In both cases, the range is

caused by the variation of the impact of the substitution among concepts

and by the uncertainty of the impact for a given activation area. The

beneficial impact is masked in most designs by use of breeder or coolant

materials, 17Li83Pb, LiAlO , Nitrate Salt, that already do not meet

near-surface burial requirements. Thus, the beneficial aspect of the

"low-activation1* steels is much lower for concepts using a higher

activation coolant or breeder. The main drawback of the proposed

"low-activation" steels appears to be an increase in afterheat levels,

making passive tolerance to cooling transients more difficult, especially

for Tenelon. The afterheat drawback was not directly quantified because

resource limitations prevented cooling transient calculations for "low

activation" steel blankets.

Whereas it is agreed that hands-on maintenance of BCSS blanket

structures appears unlikely, limited hands-on maintenance of tritium purge

and coolant systems, e.g., the steam generator, may be possible. Use of

helium appears to be the best way to achieve these worthwhile goals. Also,

one safety advantage of lithium coolant is the use of an intermediate loop

so that the steam generator does not have an activated fluid, though the

lithium-to-sodium heat exchanger would have activated corrosion products

and impurities.

For the reference-composition structural materials and activation

areas studied, impurities were generally not found to be important. The

main exception was that niobium content causes waste management problems.
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Impurities in several breeder materials are definitely important,

especially sodium and potassium in all lithium-bearing materials except

FLIBE. Economical reduction of impurities in lithium and Li2O is a

worthwhile goal. The reference level of lithium-related impurities,

specifically sodium and potassium, may be too high for those breeder

materials that use isotopically enriched lithium. If so, 17Li83Pb and

LiAlO would still be of higher-activation than Li and LiJ),

3.3.2.2 Risk-Based Safety Figure-of-Merit

The reference SFM divides the 60% weighting for accidents into source

term characterization and fault tolerance, ultimately added together. An

alternate SFM was defined whereby the total source term characterization

score was multiplied by the total fault tolerance score. This would be a

closer approximation of risk. With one exception, the use of the alternate

SFM did not change the rank ordering of designs. The one exception was

reversal of Li/Li/HT-9 (6th in the reference case) with FLIBE/He/HT-9/Be

(7th) among the 9 TMR concepts.

3.3.2.3 Optimistic Effluent Control

The tritium effluent calculation could be too conservative. A

limiting sensitivity case was defined where all blankets got the maximum

score, 20 points for effluent control. The resulting change in rankings is

listed in Table 3.3-4. The actual numerical SFMs for this and other

sensitivity cases can be found in Subsection 5.4.6. As seen in the table,

the liquid metal cases go down, whereas some of the solid or FLIBE breeder

cases go up. The reason is simply that the reference liquid metal breeder

cases have the best tritium control for the base case and are therefore

•helped least by the optimistic case. The reference top blankets of

LiPb/LiPb/V, Li O/He/HT-9, Li/Li/V, and Li/He/HT-9 would become

Li2O/He/HT-9, LiPb/LiPb/V, and LiA102/He/HT-9. Thus the Li/Li/V and

Li/He/HT-9 designs would fall out of the top group. In other words, the

high ranking of lithium-breeder concepts in the reference case is a

consequence of poor tritium control for most of the other blankets.
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TABLE 3.3-4, SENSITIVITY CASES FOR REFERENCE MIRROR BLANKETS FOR
SAFETY RANKINGSa

Blanket

H/Li/V

Li/Li/HT-9

LiPb/LiPb/V

Li/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9/Be

UA102/He/RT-9

LiA102/NS/HT-9/Be

LiA102/H20/HT-9/Be

Base
Case

6

7

(D
5

9

8

Optimistic
Optimistic Pessimistic Chemical
Effluent
Control

6

7

(D
5

(D
9

8

Effluent
Control

Reaction
Control

6

7

5

9

8

Pessimistic
Chemical
Reaction
Control

CD
5

4

a. Ranking for Tokamak cases are the same after deleting the Li/Li/HT-9
and LiPb/LiPb/V cases. Circled numbers refer to top group of blankets.

3.3.2.4 Pessimistic Effluent Control

The tritium effluent assumptions and base case results could be too

optimistic. A limiting sensitivity case was defined where the lithium

self-cooled blankets received full credit for tritium control because only

they are fairly immune to the various tritium control uncertainties. The

Li/He/HT-9 design was given a score of 0.0 for tritium control, but it

still might be capable of adequate tritium control. Because Li/He/HT-9

uses a lithium breeder that operates with very low tritium pressure, the

only effluent problem for Li/He/HT-9 is tritium getting into the coolant

via the first wall. The remaining helium-cooled concepts and water-cooled

concepts might become unacceptable as more tritium entered the coolant from

either the first wall or breeder zone. The LiPb-cooled blankets already

depend on flowing all the coolant through a counter-flow tritium separator;
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further unfavorable data for th« LiPb case might make it unacceptable or

require an intermediate loop (an important economic penalty) for adequate

tritium control. The Nitrate Salt may have favorable tritium control but
39has other severe problems, e.g.,, Ar. A Nitrate Salt intermediate loop,

potentially used for tritium control for other blankets, would not have the
39
Ar problem.

In the pessimistic effluent case, the top blankets of LiPb/LiPb/V,

Li-O/He/HT-9, Li/Li/V, and Li/He/HT-9 would be replaced by Li/Li/V,

Li/Li/HT-9, and Li/He/HT-9, with mosC other blankets perhaps becoming

unacceptable. Note that the optimistic tritium control case favors

LiPb/LiPb/V and Li O/He/HT-9 among the reference top group, whereas the

pessimistic tritium case favors Li/Li/V and Li/He/HT-9.

3.3.2.5 Optimistic Chemical Reaction Control

Chemical reaction control could be even better than the reference

case, which allows water in shields, choke coils, direct convertors, and

halo scrapers but assumes adequate isolation between water and reactive

metals. If the water were replaced, then the remaining lithium and

vanadium fault tolerance penalties for water chemical reactions (Index 7)

would be removed. In this case, the reference four top blankets would

probably not change, but the Li/Li/V and LiPb/LiPb/V cases would rise to

the top of the list.

Actually, the full impact of the optimistic chemical reaction control

case is even higher, since the high volatility assigned to alkali elements

in liquid lithium because of the possibility of combustion would be

lowered. In this instance, Li/Li/HT-9 might displace Li O/He/HT-9 in the

top group of blankets.

3.3.2.6 Pessimistic Chemical Reaction Control

As discussed above, the favorable ranking of lithium and vanadium

concepts depends on the various design decisions and assumptions that

largely eliminate chemical reaction concerns. Some of these assumptions
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could be too optimistic. For example, nonwater-cooled limite^s ma}' not be

credible. Nonair building atmospheres or adequate passive fire prevention

techniques may prove too expensive. In these cases, the concepts bearing

lithium or vanadium may prove to be unacceptable. If so, the reference top

blankets, LiPb/LiPb/V, Li2O/He/HT-9, Li/Li/V, and Li/He/HT-9 would be

replaced by Li O/He/HT-9, LiAlO /He/HT-9/Be, and FLIBE/He/HT-9/Be.

2
3.3.2.7 Impact of Deviation from 5 MW/m Neutron Wall Loading

The exact value of the wall-loading value will change design details.

In general, the relative ranking and attractiveness of concepts in the
2

Safety Evaluation would not change if the 5 MW/m value were lowered or

raised. However, two specific issues might change, which might provide an

impact or the overall Safety Evaluation. The first issue is the relative

ability of concepts to survive cooling transients. Afterheat levels will

vary up or down with the wall loading. An increased wall loading will harm

the liquid breeder concepts since some may no longer be able to passively

deal with cooling transients. (It is already assumed that solid breeder

issues have troubles in this regard.) A decreased wall loading would

probably have little effect since it is not likely that the afterheat level

could fall sufficiently to allow solid breeder concepts to passively handle

these transients. The second issue is whether a change in neutron wall

loading makes it harder or easier to use non-water-cooling for near-plasma

components, e.g., limiter. Assuming that the surface heat flux would scale

roughly as the neutron wall loading, it seems likely that increased wall

loading would make it more difficult to replace water cooling, hence

significantly lowering the safety attractiveness of lithium and/or vanadium

concepts. Similarly, reduced wall loading seems likely to improve chances

of replacing water cooling, hence raising the attractiveness of reactive

metal blankets.

2
In summary, raising the 5 MW/m value would tend to decrease the

safety attractiveness of liquid-metal and/or vanadium blankets because of

increased difficulty in passively handling cooling transients and in

replacing water cooling in near-plasma components. Decreasing the
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2
5 MW/m value would tend to increase the safety attractiveness of lithium

and/or vanadium blankets because of increased ability to replace water

cooling.

3.3.2.8 Other Physics Confinement Concepts

The Safety Evaluation found near-identical relative rankings among

concepts independent of whether the physics concept was TMR or tokamak.

Although the rank ordering would have to be examined for other physics

concepts on a case-by-case basis, it does not appear that the safety rank

ordering would necessarily change. The most likely issues that could lead

to changes are (a) differences in the chemical reaction risk of water and

(b) presence of significant amounts of copper. If a given physics concept

had special requirements for water-cooled components, it could severely

harm the vanadium and/or lithium concepts. On the other hand, if a given

physics concept had no requirements for water-cooled components, the

blankets with reactive metals would be helped. If significant amounts of

copper were present, the Li/Li/V concept relative ranking would decrease.

This is because copper grossly fails 10CFR61 and its presence would mean no

blanket, even Li/Li/V, would score well in the Waste Management Index. If

a physics concept required copper coils imbedded in the blanket, for

example, one could forget about fusion meeting the near-surface burial goal.

3.3.3 Discussion of Results by Blanket

The following discussion is intended to give a brief description of

why each of the reference blankets ranks where it does. The order is best

to worst, recognizing that only the "top" final group of blanket concepts

were evaluated.

The Li2O/He/HT-9 blanket generally does very well in all areas. The

largest uncertainty is tritium control: if tritium control becomes

significantly easier, this blanket becomes the unquestioned best choice; if

tritium control is significantly less favorable, the blanket is far less

attractive and may become unacceptable if tritium control gets two orders

of magnitude worse.
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The LiPb/LiPb/V blanket (TMR only) scores about the same as

Li2O/He/HT-9. This blanket also does well across the board, generally a

little better than Li O/He/HT-9 in tritium control and worse in

occupational exposure and waste management. The latter is caused by the

high activity of 17Li83Pb. This blanket has two key uncertainty areas:

how well will the tritium control scheme work, and how well will LiPb and V

be protected from water and air? Highly unfavorable outcomes in either

area might make the blanket unacceptable. There is no obvious area of

significant siafety improvement.

The Li/Li/V design scores about the same as LiPb/LiPb/V. The lithium

advantages in less radioactivity and better tritium control are offset by

chemical reaction concerns and higher tritium inventory in lithium. This

is the only blanket with all materials passing the 10CFR61 near-surface

burial goal. This blanket could be significantly hurt, to the point of

being unacceptable, if air and water reactions were not controlled to the

extent assumed in this study. On the other hand, if air and water reaction

risk is further lowered (e.g., allowing neither water or air in the reactor

building), the blanket would be even more attractive and would be the best

overall choice.

Next comes the Li/He/HT-9 blanket. The use of HT-9 (higher

radioactivity) and helium (worse tritium control) outweighs its advantages

over Li/Li/V in the area of helium's low radioactivity. Tritium control is

the major uncertainty, which could raise or lower the attractiveness of

this blanket. However, the overall safety attractiveness is significantly

less than the cases of Li O/He/HT-9 and LiPb/LiPb/V.

The fifth blanket is LiA102/He/HT-9/Be. All of the higher ranked

blankets have significantly lower activation: Li,0/He/HT-9 is lower

because of Li2O versus LiA10_/Be; LiPb/LiPb/V is lower because of V

versus HT-9; Li/Li/V is lower because of Li versus LiA102/Be and V versus

HT-9; and Li/He/HT-9 is lower because of Li versus LiAlO /Be. All of the

higher blankets also do better in the area of tritium control. The

LiAK>2/He/HT-9/Be blanket is as close to the others as it is because of

the lack of chemical reaction concerns. The blanket would be significantly
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more attractive if tritium control were 1 to 2 orders of magnitude better,

but not better than Li2O/He/HT-9 because of

toxicity difference between Li,0 and LiA10_/Be.

but not better than Li O/He/HT-9 because of the activation and chemical

The sixth blanket, Li/Li/HT-9 (TMR only), is very similar to Li/Li/V,

except for higher activation from HT-9. The V to HT-9 activation

difference is the largest for this pair of blankets, because lithium is

fairly low activation (does not mask the structure's activation), and

because there is no difference in tritium control. The latter is

predicated on using steel for the Li/Li/V loop for the nonblanket parts.

Overall, the activation disadvantage for HT-9 is sufficient to drop

Li/Li/HT-9 into the middle of the pack. Better chemical reaction control

would help this blanket, as for Li/Li/V, and raise its attractiveness, but

never to more than Li/Li/V.

The seventh blanket, FLIBE/He/HT-9/Be, does very poorly in tritium

control and is heavily penalized as a result. The chemical toxicity of

beryllium is a distinct disadvantage, because otherwise FLIBE would compare

favorably with Li,0 in terms of BHP. The blanket would be helped if

tritium control were improved by two orders of magnitude or if it were

found that beryllium toxicity is not as bad as assumed here (see

Subsection 5.4.»2.3). However, it does not appear that this blanket could

be more attractive than Li2O/He/HT-9 or LiAlO /He/HT-9/Be.

The eighth blanket is LiA10o/H,,0/HT-9/Be. The blanket does poorly

in all four major safety areas. Its biggest problems are tritiated control

and pressure. The pressure is inherently high enough so that tritium water

may leak from the primary to steam side. The high pressure makes entrained

activation products and tritium very mobile. The two-phase high-pressure

nature allows for significant pressurization of whatever chamber the water

would leak into. The blanket does avoid chemical reaction problems. This

blanket scores at the bottom for all sensitivity cases studied.

The ninth blanket is LiA102/NS/HT-9/Be. This blanket does poorly in

all safety areas except fault tolerance, where the low operating pressure
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is an advantage. This advantage is based on. the questionable assumption

that salt decomposition is not a problem during transients. If that

assumption is not made, the blanket appears potentially unacceptable. The

very high activity and high tritium inventory in the sal t outweigh its low
39pressure advantages. Rather than tritium, Ar would be a major effluent

control problem. The blanket scores at the bottom for ail the sensitivity

cases studied. T4;e major way to improve Nitrate Salt would be replacement

of its sodium and potassium with something else, a form of elemental

tailoring. A low-activation nitrate salt with good thermal stability would

rank much better in the safety evaluation.

PCA versions of several of the HT-9 blankets were also given a Safety

Evaluation. In all cases, the PCA version scored significantly lower than

the HT-9 version, i.e., 7-8 SFM. The difference is caused by the higher

radioactivity in PCA.

3.3.4 Conclusions

Given the reference assumptions that

(a) some tritium control ideas will work,

(b) air chemical reaction problems are largely solved by use of

nitrogen cover gas, and

(c) water chemical reaction problems are largely solved by

elimination of water-cooled limiters and adequate separation of

water and reactive metals (Li,V),

then the top blankets are:

LiPb/LiPb/V

Li2O/He/HT-9
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Li/Li/V

Li/He/HT-9.

These top choices are a mixture of blankets that are especially attractive

in terms of tritium control, i.e. elemental lithium-bearing, and those most

attractive in terms of chemical reaction control, i.e. Li_0/He/HT-9.

This is most easily seen by looking at two alternative sets of

assumptions for sensitivity cases. First, if one believes that

(a) adequate tritium control is economically credible for all designs,

(b) cooling and pressure transient* can be passively protected

against, and

(c) chemical reaction problems (Li, 17Li83Pb, NS, V, Be-powder) are

not solvable,

then the preferences are (in order):

Li-O/He/HT-9 (appears on reference top list)

LiA102/He/HT-9/Be

FLIBE/He/HT-9/Be;

and the blankets with either lithium or vanadium may not be acceptable. In

other words, if passive control of lithium or vanadium reactions is not

sufficient to effectively eliminate these accident concerns, then He/solid

breeders/HT-9 concepts are the most attractive.

Second, if one believes that

(a) nonair, noncarbon dioxide building atmospheres or protection

schemes are economically credible and solve air-metal chemical

reaction problems,

3-78



(b) nonwater-cooled components are technically credible and are used

to reduce water-metal chemical problems, and

(c) tritium control is extremely difficult,

then the preferences are (in order):

Li/Li/V (appears on reference top list)

Li/Li/HT-9

Li/He/HT-9 (appears on refere e top list),

and most other designs may not be acceptable. In other words, if tritium

control of 17Li83Pb and solid breeder designs is not adequate to meet

social safety standards, then elemental lithium-bearing designs are the

most attractive.

Therefore, it is seen that the top blanket preferences depend on some

optimism in tritium control and chemical rsaction control. Pessimism in

both areas produces an empty set of acceptable blanket choices. That is,

the combination of tritium/effluent control and chemical reaction control

concerns is a fusion feasibility issue. None of the blankets studied

avoids both major problem areas. The Nitrate Salt blanket appears to avoid
39tritium control and lithium chemical reaction problems but has Ar

effluent and potential chemical decomposition problems. Given the current

understanding and analysis of the impact o/f various uncertain issues, the

most attractive blankets from the safety standpoint are

o Li2O/He/HT-9 (best if tritium control better 'ind chemical

control worse than the reference ease)

o Li/He/HT-9 (similar to Li2O/He/HT-9 except for more

difficult chemical control and easier tritium

control—more of a compromise)
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o Li/Li/V (best if chemical control better and tritium

control worse than the reference case)

o LiPb/LiPb/V (similar to Li/Li/V except for more difficult

tritium control, easier chemical control, and

higher activation—more of a compromise).

Two of these are helium-cooled HT-9. Two are liquid-metal self-cooled

Vl5Cr5Ti. The preferred breeder for helium-cooled HT-9 is Li 0 if

tritium effluent control is favorable; a lithium-breeder would be the

backup. The preferred liquid-metal for the liquid-metal-cooled V15Cr5Ti

concept is litftium if air and water chemical reactions are adequately

controlled; 17Li83Pb would be the backup. The Safety Evaluation results

show that water and Nitrate Salt coolant and PCA structure score poorly

relative to the other concepts studied. Finally, it should be mentioned

that some blankets that could be extremely attractive from the sa.aty

standpoint, e.g. helium-cooled, Li 0 or Li,SiO breeder, SiC, were

not examined in the BCSS.
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3.4 Research and Development Concept Evaluation Results

The evaluation methodology for research and development (R&D) aspects of

the BCSS blanket options is presented in Sec. 5.5. In summary, the method-

ology provides for an overall fi-ure of merit (RDFM) which is given by

RDFM
30 1
RDR RDI

where RDR is a parameter that assesses the 'risk" in carrying out the R&D for

a particular blanket option and RDI is a parameter that assesses the R&D

"investment" cost or resource requirements for that option* (The factor 30

provides for an approximately equal weighting hetween the two terms.)

3.4.1 R&D Investment Evaluation Results

The R&D investment parameter (RDI) is a score made up of a sum of three

numbers dealing with schedule (X.), operating cost (X2) and facility needs

(X,) (see Sec. 5.5.1} such that

X,
RDI = 1

Table 5.5-1 is reproduced here as Table 3.4-1 for convenience to the reader.

Table 3.4-1. RDI CATEGORIES

Time Scale

< 10 years

10 years -»•
20 years

> 20 years

Score X^

(1)

(2)

(3)

Average
Annual

Operating
Cost

< $5M

$5-20M

> $20M

Score X,

(1)

(2)

(3)

Required
Facilities

No New Facilities
> $10M

New Facilities
$10-$50M •

New Facilities
> $50M

Score Xg

(1)

(2)

(3)
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The results of the RDI evaluation are shown in Table 3.4-2. No significant

difference was identified between tokamak and tandem mirror reactors.

In general schedule considerations (X,) were dominated by the time to

obtain data on neutron irradiation effects on structural materials. Noting

that the guideline for this evaluation was to obtain sufficient information to

he able to select a blanket for a fusion demonstration reactor, it was the

BGSS Project judgment that the blankets using ferritic steels could be

developed to that point in less than 10 years, thus Xj = 1. This assumed that

the blanket would use an existing ferritic steel alloy such as HT-9. The

development of a more advanced ferritic steel (e.g., a low activation

improvement) would require more time. Vanadium alloy blankets would require

10 to 20 years, thus Xi = 2. No blanket option was judged to take longer than

20 years, given adequate funding.

All blankets were judged to require annual operating R&D costs of >$5M.

The blanket concepts employing Li and Li20 without neutron multipliers were

judged to be in the range of $5M to $20M per year, thus X2 = 2. LiPb was

judged to require more resources than Li. Similarly, ternary ceramics (TC)

blankets with Be neutron multipliers would require more resources than Li2O.

Thus, these blankets were rated X, = 3. Vanadium alloy blankets were judged

to require annual expenses similar to ferritic steel blankets but to require a

longer time as indicated on the X, scores.

TABLE 3.4-2. RDI EVALUATION RESULTS

Concept

Li/Li/V

Li/Li/FS

LiPb/LiPb/V

Li/He/FS

Li2O/Ha/FS

TC/Ke/FS/Be

TC/H2O/FS/Be

TC/NS/FS/Be

FLIBE/He/FS/Be

Xl
Time Scale

2

1

2

1

1

1

1

1

1

X2
Annual Cost

2

2

3

2

2

3

3

3

3

x3

New Facilities

2

2

3

2

2

3

3

3

2

RDI

R&D Investment

2.0

1.7

2.7

1.7

1.7

2.3

2.3

2.3

2.0

Note: See Table 3.4-1 for definitioti of categories for Xp X2, and
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The facility scores (X3) are similar to the scores for X2« The BCSS dtd

not consider facility cost related to integrated testing in some type of

fusion-based test reactora, except to note that integrated testing of blankets

will be needed. It was further assumed that a 14 MeV neutron source like the

Fusion Materials Irradiation Test (FMIT) Facility would not be available and

that maximum use would be made of fission reactor and ion irradiation

techniques. While it is clear that the absence of a facility like FMIT would

add risk to the R&D program, it appears that it would still be possible to

develop the various blanket concepts to the point where a decision could be

made on their selection for a demonstration reactor.

The overall investment score (RDI) indicates that the ferrltic steel

blankets using lithium as a coolant or static lithium with helium for a

coolant, and Li^O with helium as the coolant, have the lowest R&D resource

requirement. The blanket with the largest resource requirement is the self-

cooled IiPb concept with vanadium alloy as the structure. The blankets

employing ternary ceramics with a Be neutron multiplier hava somewhat less

resource requirements titan LiPb.

3.4.2 R&D Risk Evaluation Results

The R&D Risk parameter (RDR - see Sec. 5.5.2) is a summation of key

issues for each blanket option where each key issue is rated by the product

(Gi x Pj) of the consequence (C*) of the issue and the probability (P^) that

the issue will arise for that blanket option. The consequence is rated 1, 2

or 3 (low to severe impact) and the probability is also rated 1, 2 or 3 (low

to likely). Thus, the ratings can range from 1 x 1 to 3 x 3. In practice

only ratings of 1 x 2 or 2 x 1 or larger are retained.

The first step in this process by the BCSS was to develop an independent

list of key issues for each blanket option. The spirit of this exercise was

to develop a list of issues which had or could have a reasonably important

impact on the blanket. There was an attempt to focus only on key issues. A

total of 29 issues were identified for all top blanket concepts developed

during the first year of the BCSS. The issues were then combined into a

single table (see Table 3.4-3) and each issue was given the C. x P. rating for

each blanket concept to which it applies.

a
This question i s being addressed in detail by the FINESSE Project during
FY1984-1985.
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TABLE 3.4-3. BLANKET CONCEPT KEY ISSUES RATING
IR - C x P, TOK

TMR]

Key Issue Ll/Li/V Ll/U/FS UPb/UPb/V Li/He/FS LijO/He/FS
LiA10,/HeUA10,/H,0/ UAI02/NS/FLIBE/ He

FS/Be FS/Be FS/Be FS/Be

3x2
3x2

3x2
3x2

3x2
3x2

2x1
2x1

3x2
3x2

3x2
3x2

2rl
2x1

3x2
3x2

3x2
3x2

2x1
2x1

3x2
3x2

3x2
3x2

2x1
2x1

3x1
3x1

3x2
3x2

2x2
2x2

3x2
3x2

1. Unsatisfactory veld/fabrlcatlon 3x2
of structural materials 3x2 3x2 3x2

2. Excessive embrittlement of — —
structure by hydrogen 2x1

3. Unacceptable radiation-induced 3x1
embrittlemant of structure 3x1 3sl 3x1
Including DBTT concerns

4. V-blanket require!) non-V 2x1 — —
balance of plant (BOP) 2x1 2x1

I
<X 5. Risk from reactivity of struc- 3x1 —

ture with environment (inability 3x1 . 3x1
to use inert atmosphere)

6. Risk from reactivity of 3x1 — — 2x1
coolant and breeder with environ- 3x1 3x1 2x1 2x1
uent (inability to use Inert
ataoaphere)

7. Corrosion sorse than expected 2x2 — — 2x2 1x2 2x2 2x1
(includes non-V BOP in V designs) 2x2 2x2 2x2 2x2 1x2 2x2 2x1

6. HHO effects substantially worse 3x2 — — 2x1
2x1 2x1 2x1

9. Insulators not developed for 3x1 — — 2x1
liquid metal blanket 2x1 2x1 2x1

10. Inability to develop non-water 3x2 — — 2x2
cooled near plasma components 3x1 3x1 2x1 2x1

11. Difficult to meet seismic —
requirements 2x2



TABLE 3.4-3. BLANKET CONCEPT KEY ISSUES RATING (cont.)
[R - C x P, TOK

TMR]

Key Issue
UA10-/ife UA102/H2O/ UA1O-/KS/ FUBE/He

LI/Li/V Li/Li/FS UPb/LlPb/V Li/He/FS U2O/He/FS FS7Be FS/Be FS/Be FS/Be

00
Ln

12. Inadequate trltlim breeding

13. Inability to accommodate breeder
swelling

14. Temperature range for trltiun
release much less than predicted

15. Unacceptable temperature predict-
ability of breeder (e.g., breeder-
to-structure gaps are created)

16. Unacceptable power variation
capability

17. Fabrication/refabricatlon of
solid breeder

18. Trltiun recovery/leakage/control
worse than predicted

19. loss of Be integrity is a
major problea

20. Inability to reprocess Be ln
efficient Banner

21. T-release from Be to primary
coolant

22. Excessive chemical reactivity
of Be with salt

23. Salt stability/decomposition
worse than predicted

2x1
2x1 2x1

3x2

2x1
2x1

3x1
3x1

3x2
3x2

3x2
3x2

3x2
3x2

3x1
3x1

2x1
2x1

2x2
2x2

3x2
3x2

3x1
2x1

2x1
2x1

2x2
2x2

3x1
3x1

2x1
2x1

2x1
2x1

3x2
3x2

1x3
1x3

2x1
2x1

2x2
2x2

3x1
2x1

2x1
2x1

2x2
2x2

3x2
3x2

2x2
2x2

2x2
2x2

3x2
3x2

2x2
2x2

2x1

2x1
2x1

2x2
2x2

3x1
3x1

2x1
2x1

2x2
2x2

3x2
3x2

2x2
2x2

3x2
3x2

3x2
3x2

3x1

3x3
3x3

1x2
1x2

2x1
2x1

2x2
2x2



TABLE 3.4-3. BLANKET CONCEPT KEY 'SSUES RATING (cont.)
[R - C X P, TOK

TMR]

UA10,/He UA10 z /H 20/ UA10-/NS/ FLIBE/He
Key Issue Ll/Ll/V Li/Ll/FS LIPb/UPb/V Ll/He/FS LdjO/He/FS FS/Be FS7Be FS/Be FS/Be

24. Inadequate performance of grooved 2x2 — — 3x2 3x2 3x2 2x2 2x2 3x2
first wall (tokamaks only)

25. Excessive coolant leakage to 2x1 — — 2x2 2x2 2x2 2x2 2x2
plasna 2x1 2x1 2x1 2x2 2x2 2x2 2x2 2x2

26. Difficult coolant/breeder — — 2x2
f cleanup after spill 2x2 2x2
00
* 27. Coolant containment reliability — — 3xi

of double tubed wall lesa than 3x!
predicted

28. Excessive activation products, — — 2x3
difficult to control 2x2 2x3

29. Electromagnetic effects worse 3x1 — — 2x1 2x1 2x1 2x1 2x1 2x1
than assumed 2x1 2x1

TOTALS Tokamak 47

KBR TMR 34 32 48

43

29

61

53

57

48

60

53

66

58

54

43



In general, the issues are grouped in Table 3.4-3 into items dealing with

structural materials (1 to 5), liquid metals (6 to 11), solid breeders (13 to

17) and neutron multipliers (19 to 22). Several key issues (tritium breeding

- 12, tritium recovery/leakage/control - 18, tokamak first wall - 24, coolant

leakage - 25, electromagnetic effects - 29) apply to almost all blanket

concepts.

There are some important differences between tokamaks and tandem mirrors;

thus an entry is made in Table 3.4-3 for both concepts (the upper entry is for

tokamaks). The overall score (RDR) for each blanket concept is then a sum

down the column of all the G. x P. values separately for blanket options for

tokamaks and tandem mirrors. The results are shown at the bottom of Table

3.4-3.

The following is a brief summary of the rationale for the ratings for the

various issues. (Chapter 4 contains a more detailed dicussion of each key

issue.)

1. Unsatisfactory Weld/Fabrication of the Structural Materials

This issue could be of very serious consequence (C^ = 3) for both

ferritic steel and vanadium alloy blankets. The probability was judged to be

moderate, or about "50/50," so that P. = 2. Obviously the issue is different

for ferritic steel (mainly the need for complex post-weld heat treatments) and

vanadium alloys (need for welding in an inert atmosphere).

2. Excessive Embrittlement of Structure by Hydrogen

Embrittlement of ferritic steel by hydrogen was judged to be of moderate

consequence (Ĉ  = 2) but low probability (P^ = 1) because the hydrogen partial

pressures in most of the blankets would result in hydrogen concentrations in

the ferritic steel below the threshold values for erabrittlement (tens of

ppm). The FLIBE blanket has a significantly higher hydrogen partial pressure

and was thus rated P. = 2. Vanadium was not rated because its threshold is an

order of magnitude higher than that of ferritic steel.

3. Unacceptable Radiation-Induced Embrittlement of Structure Including

DBTT Concerns

Radiation embrittlement would be of high consequence (Cj = 3) for all

blankets. It was judged to be of moderate probability (P. = 2) for ferritic
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steels and somewhat lower probability (P^ = 1) for vanadium because of the

expected better radiation resistance of vanadium. The nitrate salt (NS)

blanket was given a probability rating of 1 because it operates at a higher

coolant inlet temperature and thus provides more margin with respect to DBTT

problems.

4. V-Blanket Requires Non-V Balance of Plant (BOP)

The vanadium alloy blanket designs employ a ferritic steel for the piping

of the heat transport system outside of the reactor, mainly for economic

reasons. This could lead to problems of impurity transport between the

Eerritic pipes and vanadium blanket ducts. This was judged to be of moderate

consequence and low probability.

5. and 6. Risk from Reactivity of Structure and Coolant/Breeder with

Environment

These two issues were judged to be a concern for self-cooled Li and LL-Pb

designs with vanadium structures. The consequence is high (C^ = 3) but the

probability is low (Pt = 1) because of the use of inert atmospheres in the

reactor building. It is also an issue for static lithium designs but with

only a moderate consequence.

7. Corrosion Worse than Expected (Includes Non-V BOP in V Designs)

The consequence of corrosion worse than assumed in the BCSS was rated

•.-'derate (C^ = 2) for almost all designs and would most likely result in a

reduction in allowed structure/coolant interface temperatures and thus a lower

thermal efficiency. The probability was generally rated as moderate (P^ = 2);

except for the FLIBE design which was rated low (P.̂  = 1). (Data with

austenitic steel indicate very little corrosion with FLIBE; however, no data

exists with ferritic steels.)

8. MHD Effects Substantially Worse

MHD effects more severe than anticipated in the BCSS would have a severe

impact (Cj = 3) on the self-cooled lithium design for tokamaks; probability is

judged to be moderate (P^ = 2). The self-cooled designs for tandem mirrors

would have lower consequences (C. = 2) and probabilities (P. = 1) because of

the lower magnetic fields and first wall heat fluxes. The "static" lithium
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design for the tokamak would also have a lower probability and consequence

than does the self-cooled tokaraak cnse.

9. Insulators Not Developed for Liquid Metal Blankets

Insulators were assumed to be used in the inlet and outlet regions of

these designs, but not in the blankets therasp?" ? - Consequences would be

moderate (Q, = 2) except for the self-cooled tokamak which would be hxgh ((L =

3). The probability ot aot being able to use such Insulators was judged to be

low (Pj = 1).

if. Inability to Develop Non-Water Cooled Near Plasma Components

If non-water cooled near-plasma components cannot be developed for self-

cooled lithium designs, the consequence would be high (C, = 3). The

consequence for UPb and "static" lithium blankets (which have an extra

containment boundary compared to self-cooled designs) is rated C. = 2. The

probability of not being able to develop non-water coolants is related to the

severity of the heat extraction issue; being rated P. = 2 for tokamaks (e.g.,

limiters and divertor plates) and ?^ - 1 for mirrors (e.g., choke coils,

direct-convertor plates).

11. Difficult to Meet Seismic Requirements

This is an issue only for the LiPb blanket. It is judged to be of

moderate consequence and probability.

12. Inadequate Tritium Breeding

The tritium breeding issue is most severe (C^ = 3) for the lithium oxide

design and for the tokamak versions of the ternary ceramic (TC) and FLIBE

designs which use beryllium neutron multipliers with water and helium

coolants. These designs have very little margin for increasing the tritium

breeding ratio (TBR). On the other hand, the consequence is judged to be

moderate (^ = 2) for all liquid metal blanket designs and for the TC tandem

mirror designs. The probability is judged to be low (P± = 1) for all designs

except the lithium oxide design which is judged to be moderate (P. = 2). The

reason for this is that small increases in the structural volume fraction in

the Li20 design would likely reduce the TBR to less than 1. The TBR used in

Section 3.2 for the LLA102/He/Be/FS tokamak design is low because the design
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team opted not to place beryllium in the inside blanket. This could be

corrected by adding beryllium in this region. The nitrate salt and FLIBE

designs are not rated for the tandem mirror because of their relatively large

TBR's.

13. Inability to Accommodate Breeder Swelling

Swelling of the solid breeder is judged to be a serious consequence (C^ =

3) in the lithium oxide design and is rated a moderate probability (P^ = 2 ) .

The ternary ceramics are expected to be more resistant to swelling and are

therefore rated at a lower consequence and probability.

14. Temperature Range for Tritium Release Much Less Than Presently Predicted

If the temperature range acceptable for solid breeder operation is

reduced (e.g., by radiation effects) this would be a serious consequence (C., =

3) for the lithium oxide design. The consequence is judged to be moderate (C^

= 2) for the ternary ceramics because of a wider predicted temperature window.

All solid breeder designs are rate.d with a probability of P̂  = 2.

15. Unacceptable Temperature Predictability of Breeder (e.g., Breeder-

to-Structure Gaps are Created)

Difficulty in obtaining the temperature distribution in a solid breeder

(e.g., due to changes in the heat transfer between the breeder and coolant)

would have a serious consequence on all solid breeder designs (C^ = 3). This

is judged to be a low probability (P. = 1) except for the water-cooled design

which is rated P̂  = 2 because of the lower coolant inlet temperature.

16. Unacceptable Power Variation Capability

Solid breeder designs are in general less able to operate at lower than

rated nominal power, especially €or the water-cooled designs. The consequence

is rated as moderate (Cj = 2) and the probability is rated low (P^ =1) except

for the water-cooled design.

17. Fabrication/Refabrication of Solid Breeder

Difficulties in fabrication and refabrication (which will require remote

reprocessing techniques) of the solid breeders are judged to have moderate

consequence (^ = 2). The probability of having difficulty in fabrication and

3-90



refabrication is judged moderate for lithium oxide and for the sphere-pac form

of lithium aluminate (Pĵ  = 2); the probability is rated low (?± = 1) for the

sintered-product form of lithium oxide in the helium cooled design.

18. Tritium Recovery/Leakage/Control Worse Than Predicted

The consequences of a more severe problem regarding tritium

recovery/leakage/control is rated severe ((L = 3) on all blanket concepts

except liquid lithium. This is due primarily to the relatively low tritium

partial pressure in liquid lithium compared to either lithium lead or the

solid breeders. The probability of this being an issue is generally moderate

(Cj = 2) except for the FLIBE concept which has a significantly higher tritium

partial pressure and is rated P^ = 3.

19. Loss of Be Integrity is a Major Problem

For the designs using either beryllium rods or large balls, loss of

beryllium integrity is judged to be moderate to high probability but of a

relatively low consequence. This is because the beryllium is not a structural

material and — in the case of rods — probably could be easily canned.

20. Inability to Reprocess Be in an Efficient Manner

Difficulty in the efficient reprocessing of beryllium is judged to have a

moderate consequence (C^ = 2). The probability is rated moderate for the

water-cooled and nitrate salt designs because the Be is mixed in with the

LiAlC^ sphere-pac material. On the other hand, the probability is rated low

for helium-cooled designs because the Be is separate from the LiAlOn or FLIBE

as either rods or balls.

21. Tritium Release from Be to Primary Coolant

Tritium release from beryllium is a problem only for those designs in

which beryllium is in direct contact with the primary helium coolant. It is

judged to be of moderate consequence and moderate probability.
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22. and 23. Excessive Chemical Reactivity Between Be and the Molten Salt and

Molten Salt Decomposition

These issues obviously apply only to the nitrate salt design. Both

issues are of potentially severe impact (C^ = 3) and are judged to be of

moderate probability (P.̂  = 2).

24. Inadequate Performance of Grooved First Wall (Tokamaks Only)

This issue applies only to tokamaks because of the higher first wall

surface heat flux compared to tandem mirrors. The issue rating depends

primarily on the coolant; the consequence is condsidered severe for helium

designs (C^ = 3) and moderate for the other coolants (C^ = 2) due to lower

margins in the helium designs with respect to allowable first wall stresses

and temperature gradients. The probability is judged to be moderate (PJ = 2)

for all concepts.

25. Excessive Coolant Leakage to Plasma

The problem of first wall/blanket coolant leakage into the plasma chamber

through small cracks is judged to be of moderate consequence (C^ = 2) for all

concepts. The probability is judged to be moderate (P, = 2) for helium and

water cooled concepts. The self-cooled liquid metals were judged to be of low

probability (P* = 1) because of lower predicted leak rates for given small

crack sizes. The nitrate salt cooled design was also rated a low probability

due to its relatively low pressure.

26. Difficult Cleanup of Coolant or Breeder after Spill

Problems related to coolant or breeder cleanup were judged to be a key

Issue only for the LiPb and FLIBE salt designs; each was given a moderate

consequence and probability rating. It was judged that lithium and nitrate

salt spills could be cleaned up using water dissolution techniques.

27. Coolant Containment Reliability of Double Walled Tube Less Than Predicted

The reliability of coolant containment is a special issue for high pres-

sure water cooled designs due to the very large number of small tubes in the

blanket. The consequence is high but the probability is low because of

reasonable confidence that double walled tubes would solve the problem.
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28. Excessive Activation Products, Difficult to Control

Activation product release, primarily due to gaseous radioactivity mixed

with tritium spills acd leakage, is a key issue only for LiPb and nitrate salt

(NS) designs. The consequence is judged ro be moderate but with a high

probability for the NS design.

29. Electromagnetic Effects Worse than Assumed

Electromagnetic effects (EM) due to disruptions or rapid plasma loss are

important in all tokamak designs and in tandem mirrors with liquid lithium

(LiPb is not a major concern due to its higher resistivity compared to Li).

The probabilities are rated low in all cases because of the expectation that

the time scales for disruption/plasma losses will be long enough (- 100 msec)

compared to the blanket characteristic EM time scale. The consequence is

moderate in solid breeder blankets and in tandem mirrors with liquid lithium;

the consequence could be high in tokatnaks with self-cooled liquid lithium

blankets.

Summary

The LL/He/FS blanket represents the minimum R&D risk (lowest total of Z C

x P) for both tokamaks and tandem mirrors. The Li/Li/FS and Li/Li/V designs

are the next lowest risk designs for mirrors while Li/Li/V is the second

lowest risk design for tokamaks. The highest risk designs are the TC concepts

with Be multipliers, particularly with a. nitrate salt coolant, for both tandem

mirrors and tokamaks.

3.4.3 Composite R&D Evaluation Results

The composite score for tokaraaks is shown in Table 3.4-4 and for tandem

mirrors in Table 3.4-5. The relative ranking of the blanket concepts is also

indicated in each table. It is clear that the risk factor [£ (C x P)]"1 is

more important in determining the overall R&D evaluation than the investment

factor (RDI).

The Li/He/FS ranks number one for both tokamaks and tandem mirrors, i.e.,

this blanket has the best overall combination of minimum R&D resource

requirements and minimum risk. The Li/Li/FS and Li/Li/V designs rank two and

three for tandem mirrors while the Li/Li/V and Li,0/He/FS ranks two and three

for tokamaks. All the ternary ceramic designs rank low with the nitrate salt
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ranking last in both tokamaks and tandem mirrors. The liPb/V design for

mirrors also ranks very low. Basically liquid lithium does well because the

designs are somewhat simpler compared to solid breeder designs and the data

base for lithium is much better compared to LiPb or solid ceramics. Solid

breeder designs with ternary ceramics have added risks due to the need for £e.

TABLE 3.4-4 R&D EVALUATION FOR TOKAMAKS

Blanket Concept

Li/Li/V

Li/He/FS

Li2O/He/FS

rC/He/FS/Be

TC/H2O/FS/Be

TC/NS/FS/Be

FLIBE/He/FS/Be

30
RDFM = V* "c "x "p'"

47

43

61

57

60

66

54

1
RDI

RDI<2>

2.0

1.7

1.7

2.3

2.3

2.3

2.0

RDFM

1.1*

1.29

1.08

0.97

0.93

0.89

1.06

Rank

2

1

3

5

6

7

4

From Table 3.4-2

3-94



TABLE 3.4-5 R&D EVALUATION FOR MIRRORS

Blanket Concept

Li/Li/V

Li/Li/PS

LiPb/LiPb/V

U/He/FS

U2O/He/FS

TC/He/FS/Be

TC/H2O/FS/Be

TC/NS/FS/Be

FLIBE/He/FS/Be

^ ' From Table 3.4-3

' 2 ' From Table 3 .4-2

RDFM =

Y C x n

i

34

32

48

29

53

48

53

58

43

30 1

T C x P R D II C . x P i

? CD R D I (? . )

2.0

1.7

2.7

1.7

1.7

2.3

2.3

2.3

2.0

RDFM

1.38

1.52

1.00

1.62

1.16

1.06

1.00

0.95

i.20

Rank

3

2

8

1

5

6

7

9

4
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3.5 Overall Evaluation

The previous sections present the results of the engineering feasibility,

economic, safety, and R&D evaluations. Tables 3.5-1 and 3.5-2 summarize the

relative ratings of the tokamak and tandem mirror blankets, respectively, in

each of the four categories. The rating of the top blanket concept in each

category has been normalized to unity.

A list of the overall top rated blankets is not readily apparent from the

individual evaluations (Tables 3.5-1 and 3.5-2). In general, each concept

rates high in one or two categories and low in the other categories. For

example, the water-cooled lithium aluminate blanket for the tokamak rates

highest in economics but near the bottom in both engineering feasibility and

safety. Only the lithium breeder/coolant concept with the vanadium alloy

structure rates high in all evaluations for both reactor configurations.

However, because performance cannot be guaranteed for any of the blankets, it

is important to identify three or four options that should provide the focus

for blanket R&D.

Several methods have been considered for utilizing the information in

Tables 3.5-1 and 3.5-2 to identify the other top rated blanket concepts that

should provide a focus for the R&D effort.

• Numerical averaging of the normalized ratings in the four areas.

This method implies that the relative importance of each category is

similar and that the rating in each category provides an appropriate

comparative evaluation.

• Numerical averaging of the normalized ratings for engineering feasi-

bility, economics, and safety. This method implies that the attrac-

tiveness of each concept is defined primarily by these three evalua-

tions and that unless resolution of some key issue is prohibitive,

the R&D should not be a discriminator.

• Numerical averaging of the individual evaluations with either the

three factor or four factor approaches above, but with nonuniform

weighting factors. Two specific weighting factors proposed and con
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TABLE 3 . 5 - 1 .
TOKAMAK BLANKET RANKING

SEPTEMBER 10, 1984

Li/Li/V 1.000

Li/Li/FS

UPb/LiPb/V

Li/He/FS .750

Li2O/He/FS

LiA102/He/FS/Be

LiA102/H20/FS/Be

LiA102/NS/FS/Be

FLIBE/He/FS/Be

Engineering

.85

.73

.719

.611

.682

.849

.658

Economics

.998

.925

.79

.79

1.00

.98

.84

Safety

.886

1.000

1.000

.904

.597

.515

.807

R&D

.840

.754

.723

.692

.824

TABLE 3.5-2.
TMR BLANKET RANKING
SEPTEMBER 10, 1984

Li/Li/V .999

Li/Li/FS .917

LiPb/LiPb/V

Li/He/FS .939

Li2O/He/FS

LiA10,/He/FS/Be

LiA102/H20/FS/Be

LiAlO2/NS/FS/Be

FLIBE/He/FS/Be

Engineering

.92

.94

.959

.85

.927

.884

.811

1.000

.994

Economics

.974

.832

.90

.936

.89

.90

.94

1.00

.92

Safety

.852

.944

1.000

1.000

.987

.905

.595

.552

.782

R&D

.617

.716

.654

.617

.586

.741
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sidered were 30-30-30-10 and 25-50-25-0 for the engineering

feasibility, economic, safety, and R&D evaluations, respectively.

• A more qualitative comparison of the evaluation results including

either the three factor or four factor approach discussed above. In

this case the high rated blankets in each category were given a point

and the bottom rated concepts were given a negative point. This

approach penalized those concepts that rate very low in any category.

The final results of all of these methods are quite similar. The

comparative results obtained by the various methods are summarized in Tables

3.5-3 and 3.5-4. The three-factor approach that provides equal weighting to

the engineering feasibility, economic, and safety evaluations is generally

favored. The results obtained by this method of comparison with some

additional judgemental considerations have been used to identify the four

leading blanket concepts that should provide the focus for the R&D effort

(Table 3.5-5).

Clearly the Li/Li/V concept is the top rated blanket in this study. In

the three factor approach used as a basis, the Li/Li/V concept rates far

superior to all other concepts in the tokamak case and it rates marginally

superior to other concepts for the TMR. The key issues associated with this

concept relate to MHD and corrosion problems, the use of a nonreactive reactor

room environment (nitrogen), and the feasibility of a non-water-cooled limit-

er/divertor.

The Ia^O/He/FS is the top rated solid breeder concept, ranking consider-

ably below the H/Li/V concept for the tokamak and relatively close to the

Li/Li/V concept for the TMR. In general, the key feasibility issues associ-

ated with the Li-O/He/FS concept are fundamentally different from those for

the liquid metal systems. Major concerns relate primarily to tritium recov-

ery/containment, solid breeder integrity (swelling), and tritium breeding cap-

ability. This concept avoids the MHD and corrosion problems associated with

liquid metal systems.

The LiPb/LIPb/V blanket, which was evaluated in detail only for the TMR,

rates only marginally below the Li/Li/V concept. This concept consistently

ranks high by all methods considered except when R&D Is given a high weighting
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TABLE 3.5-3. COMPARISON OF OVERALL TOKAMAK EVALUATIONS OBTAINED BY VARIOUS METHODS: RATING (RANK)

VO

Li/Li/V

Li2O/He/FS

Li/He/Fs

UA102/NS/FS/Be

FLIBE/He/FS/Be

UA102/He/FS/Be

LiA102/H20/FS/Be

(Eng.
THREE FACTOR APPROACH

Feasibility, Economics,
Numerical

33-33-33-0 "
(Reference)

1.000

.878

.842

.831

.809

.806

.805

(1)

(2)

(3)

(4)

(5)

(6)

(7)

,. Average
25-50-25-0

1.000

.892

.848

.898

.850

.837

.886

(0

(3)

(6)

(2)

(5)

(7)

(4)

t

Safety)

Qualitative

2.

1.

-0.

0.

0

-0.

-0.

5

0

5

5

5

5

(1)

(2)

(5)a

(3)

(4)

(5)a

(5)a

(Eng.
FOUR FACTOR APPROACH

Feasibility Economics, Safety,
Numerical Average

25-25-25-25

1.000

.897

.91.2

.813

.838

.819

.804

(1)

(3)

(2)

(6)

(4)

(5)

(7)

30-30-30-10

1.000

.894

.873

,818

.822

.821

.802

(1)

(2)

(3)

(6)

(4)

(5)

(7)

R&D)

Qualitatative

3.0

1.0

0.5

-0.5

0

-1.0

-1.5

(1)

(2)

(3)

(5)

(4)

(6)

(7)

aMore than one concept received same score.



TABLE 3.5-4. COMPARISON OF OVERALL TANDEM MIRROR EVALUATIONS OBTAINED BY VARIOUS METHODS: RATING (RANK)

CO
i
o
o

Li/Li/V

LiPb/LLPb/V

Li2O/He/FS

Li/He/FS

LlA102/He/FS/Be

FLIBE/He/FS/Be

Li/Li/FS

LlA102/NS/FS/Be

LlA102/H20/FS/Be

(Eng.
THREE FACTOR APPROACH

Feasibility, Economics, Safety)
Numerical

33-33-33-0
(Reference)

1.000

.982

.970

.943

.927

.924

.922

.863

.793

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Average
25-50-25-0

1.000

.986

.969

.938

.941

.948

.952

.932

.862

(1)

(2)

(3)

(7)

(6)

(5)

(4)

(8)

(9)

Qualitative

2.5

1.5

1.5

0.5

0.5

1.5

1.0

1.0

-0.5

(1)

(2)a

(2)a

(7)a

(7)a

(2)a

(5)a

(5)a

(9)

(Eng.
FOUR FACTOR APPROACH

Feasibility Economics, Safety,
Numerical

25-25-25-25

1.000

.928

.940

.995

.893

.918

.970

.838

.791

(1)

(5)

(4)

(2)

(7)

(6)

(3)

(8)

(9)

Average
30-30-30-10

1.000

.966

.958

.965

.916

.929

.946

.824

.806

(1)

(2)

(4)

(3)

(7)

(6)

(5)

(8)

(9)

R&D)

Qualitatative

3.0

0.5

2.5

1.5

0

1.5

2.0

0

-1.5

(1)

(6)

(2)

(4)a

(7)a

(4)a

(3)

(7)a

(9)

aMore than one concept received same score.



TABLE 3.5-5. R&D IMPLICATIONS FOR LEADING BLANKET CONCEPTS

o

Concept

Li/Li/V

LiPb/LiPb/V

Li2O/He/FS

Li/He/FS

Comments

Top Concept in both
Tokamak and TMR

High Rating in TMR Only

High Rating in Both
Tokamak and TMR

High Rating in Tokamak
Good Rating in TMR

R&D/Feasibllity Implications

• Development of advanced structural alloy
• Resolution of MHD and corrosion problems
• Nitrogen environment provides adequate safety
• Development of non-water-cooled limiter/divertor

• Development of advanced structural alloy
• Resolution of MHD and corrosion problems

(more severe than for LL/Li/V)
+ Reduced concern for reactivity wiirh environment
• Resolution of tritium recovery/containment issue

• Resolve tritium recovery/containment issues
• Resolve tritium breeding capability
• Resolve solid breeder issues (swelling)
+ Concept avoids MHD issues

• Improve economic performance
• Resolve structural material issues
+ reduced MHD problem compared to self-cooled

concepts
+ reduced tritium recovery/containment compared to

solid breeder
+ avoids solid breeder issues (e.g., swelling)



factor. Although these two liquid metal systems are quite similar with

respect to key issues, important differences relate to the lower chemical

reactivity with the environment and the more difficult tritium containment for

LiPb.

The Li/He/FS system is included in the list of concepts partially for

judgemental reasons and partially on the basis of the combined quantitative

evaluation. This concept ranks third for the tokamak and fourth for the TMR,

although it rates only marginally better than several other concepts. The

primary justification for including this system relates to the fact that the

key feasibility issues are fundamentally different from either the self-cooled

liquid metal concepts and the solid breeder concepts. The Li/He/FS concept

avoids the tritium containment/recovery and breeder stability problems associ-

ated with the solid breeder concepts and is less susceptible to the MHD pro-

blems associated with the self-cooled liquid metal metal concepts. The pri-

mary problem associated with this concept relates to poor economic perfor-

mance. For this reason, R&D issues specific to this concept should receive

high priority only if the feasibility issues or performance characteristics of

the other three concepts become less favorable.

The following important observations can be made:

• Each of these four concepts has a unique set of key issue.'. There-

fore, serious negative results associated with the key feasibility

issues will mostly likely apply to no more than two concepts, leaving

two potentially viable options. Table 3.5-5 provides a summary of

the R&D implications associated with each concept.

• The evaluation indicates a relative high importance factor for design

simplicity. None of the four concepts require a neutron multiplier.

• Emphasis is placed on those concepts that appear to provide superior

performance. In general, improvements to the lower rated blankets

are ILkely to be applicable to at least one of these higher ranked

concepts.
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Other concepts rated R=l and R=1B should be considered backup op-

tions. The priority of R&D for these systems will depend on results

obtained for the four top rated concepts.
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CHAPTER 4 - R&D ASSESSMENT
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4. R&D ASSESSMENT

Introduction

An assessment was carried out of the key R&D issues of the leading

blanket concepts evaluated in the BOSS. The approach was to identify the key

Issues which would affect the feasibility and basic performance for each of

the seven tokamak and nine tandem mirror blankets. A total of 29 issues were

identified; these were combined into a single table (Table 3.4-3) which

indicates the severity of the issue (in terms of a consequence times

probability rating) as well as how the issue applies to the different blanket

options.

This chapter contains a more detailed description of each issue (see

Sections 4.1 to 4.29) in a common format as follows:

— description of issue,

required data,

status of data base,

required resources.

No attempt was made to estimate the required total resources to completely

resolve all the issues for the various blanket options. Rather the discussion

of "required resources" focuses on the resources required to judge the

feasibility of resolving the issue. Furthermore, the discussion of resources

focuses on approximately the next five years. No attempt was made to formally

rank the R&D issues in terras of their relative priority. However, a sense of

the relative priority of the issues can be gleaned by examining Table 3,4-3.

For example, the C x P rating indicates the severity of the issue for a

particular blanker, concept (vertical columns) while the number of entries

horizontally across the table indicates how many blanket concepts are affected

by a particular issue.

Based on th?. approach outlined above, the following general observations

can be made:

• The most important structural material R&D issues are welding/

fabrication and radiation induced embrittlement concerns for both

ferritic steels and vanadium alloys. Chemical reactivity of

vanadium is also an important issue.
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Major issues for liquid metal blankets include MHD effects and

corrosion concerns. MHD research should include the testing of

insulators, particularly for tokaraak applications. Lithium (and to

some extent LiPb) chemical reactivity is a key issue. Development

of non-water cooled near-plasma components will be necessary,

particularly for tokamak blankets that contain lithium.

Tritium recovery/control is a major issue for all breeders except

those using liquid lithium as a breeder and coolant. The form of

the released tritium (T,/HT or T2O/HTO) and the chemical form of

tritium in various fluid streams are important issues for tritium

control for solid breeders.

Tritium breeding is a key issue because of uncertainties in reactor

configuration, nuclear data and tritium system performance. It is a

particularly critical issue for blankets with a U^O breeder and no

neutron multiplier. In general, adequate tritium breeding is of

greater concern for tokamaks than for tandem mirrors. Tritium

breeding is of the least concern for LiPb blankets and for blankets

that have a sufficiently high ratio of beryllium to structure.

The key issues for solid breeders (in addition to those discussed

above) include the temperature limits for tritium release, heat

transfer control between the lithium ceramic and coolant, difficulty

of handling power variations and the radiation induced swelling of

the ceramic (particularly I^O). Initial fabrication of sphere-pac

breeder and beryllium and refabrication of all forms by remote

handling techniques are also areas of concern. The BCSS has

emphasized Li?0 atld LIAIO,.

The most important con>_ rn related to first wall issues is the

verification of the capability of a stress relief structure

(orthogonally grooved first wall) for tokamaks to handle

simultaneously heat and particle fluxes.
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• Additional items include the. thermal and radiation stability of

molten salts; Be reprocessing efficiency; Be chemical interaction

with molten salts; activation of LiPb and molten salts; and

electromagnetic effects in tokamaks such as large pressures and

torques due to plasma disruptions.

4.1 Welding/Fabrication of Structural Alloys

4.1.1 Issue

The serious consequences of leaks or failures in the weld regions of the

blanket structure require that reliable welds be achieved. The complex

geometries also result in special fabrication issues for the structural

materials. Special, but different, weld procedures are required for ferritic

steels (HT-9/9Cr-lMo) and vanadium base alloys. Pre- and post-weld heat

treatments are necessary to provide satisfactory weld performance for the

ferritic steels. Although there is considerable experience with welding

ferritic steels, the complex configuration of fusion blankets may make

controlled heat treatments difficult. Compositional and microstructural

constraints dictated by radiation damage considerations may further exacerbate

the problem. Welding/ fabrication experience with vanadium alloys is very

limited. Inert or vacuum environments are required for welding vanadium base

alloys. Further work is required to demonstrate that highly reliable welds

can be routinely attained with both materials for the complex geometries of a

fusion reactor blanket. A special capability is required to provide high

purity heats of selected vanadium alloys and ferritic steels for experimental

programs.

4.1.2 Required Data

Further effort is required for ferritic steels to assure that satisfac-

tory weld reliability is attainable for alloy compositions, thermal-mechanical

treatments, and mlcrostructures that provide adequate radiation damage resis-

tance and mechanical properties. Weld procedures that are compatible with

weld joint and blanket geometry must be verified. Specifically, any limits on

heat treatment imposed by the unique blanket geometries must be identified.

The primary focus of this effort is not whether ferritic steels can be welded
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but to demonstrate that acceptable weld performance can be routinely attained

for the appropriate alloy microstructures and the complex geometries antici-

pated. Because of the known sensitivity of composition and heat treatment to

the weld characteristics of ferritic steels considerable effort will be

required to demonstrate satisfactory weld performance of the low activation

versions of the ferritic steels.

Further effort is required po establish which vanadium alloys can be

readily welded and to develop optimum weld procedures for ".hese alloys. Any

alloy that: cannot be readily welded should be eliminated from other parts of

the development program. Investigations should determine the required purity

of the weld environment (for Argon and vacuum), limits on weld geometr> (0.5

mm to 2 cm thickness), and weld parameters for TIG and EB methods, The

microstructures, extent of contamination, and weld properties (DBTT) for alloy

compositions of interest (V-Cr-Ti alloys) should be evaluated. Any special

treatments, e.g., pre- or post-weld heat treatment's, required for

satisfactory welds should be identified for candidate alloy systems. This

effort should include an assessment of the feasibility of applying the

specified weld procedures to the proposed blanket geometries.

4.1.3 Status of Data Base

The experience with welding ferritic steels is fairly extensive. The

ferritic steels are known to be susceptible to cracking unless weld procedures

are carefully controlled. Pre- and post-weld heat treatments have proven

effective in reducing this susceptibility for cracking. The optimum post-weld

heat treatments are generally dependent on the composition, the thermal-

mechanical treatment of the alloy and the geometry of the weld (thickness,

etc.). The microstructures that are more weldable are not the most radiation

damage resistant. Current experience indicates that the duplex micro-

structures are more weldable while the pure martensitic raicrostructure pro-

vides better high temperature strength and better radiation damage resis-

tance. The Alloy Development for Irradiation Performance (ADIP) program has

developed recommended welding procedures for fusion applications of HT-9

ferritic steels. The Ferritic Steel Task of the Alloy Development for

Irradiation Performance (ADIP) program has developed recommended welding
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procedures for fusion application of HT-9 ferritic steel. No data have been

reported for the low activation versions of the ferritic steels.

The welding characteristics of vanadium have, in general, been evaluated

only in limited exploratory Investigations. Vanadium is known to be very

reactive with oxygen and air at elevated temperatures. Therefore, all welding

must be conducted under vacuum or inert environments. The limited data

indicate that certain alloys are readily welded under controlled conditions

while other alloys exhibit significant grain growth. Satisfactory wald

microstructures with adequate ductility have been obtained in some alloys

under limited test conditions. However, further effort is required to

establish which alloys can be reliably welded and to develop optimum weld

procedures for these alloys.

4.1.4 Required Resources

The required resources for this effort are about 4 my-y for 4 - 5

years. Half of the effort would be for ferritic steels and half for vanadiuji

alloys. The ferritic steel support would provide a modest effort (~ 1/4) on

welding of existing alloys (HT-9 and 9Cr-lMo) with the remainder focused on

the preparation of low activation alloys in the early phases and weld

characterization in the later stages. The effort on vanadium alloys would be

split between alloy preparation and welding.

4.2 Embrittlement of Structural Materials by Hydrogen

4.2.1 Issue

Many structural alloys exhibit a large reduction in ductility when the

hydrogen concentration exceeds a certain level. Both ferritic steels and

vanadium alloys are known to be susceptible to this hydrogen embrittlement

under certain conditions. Tht extent of embrittlement depends on a number of

factors including temperature, hydrogen pressure/concentration, and alloy

microstructura, e.g., weld or heat affected zones. Hydrogen or tritium

partial pressures will vary greatly depending on the blanket system.

Energetic deuterium and tritium ions from the plasma will also be injected

into the first wall. The projected hydrogen isotope (H, D, or T)

concentrations in some blanket concepts may be sufficient tc compromise the
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integrity of the structure. Therefore, the conditions for excessive hydrogen

embrittlement must be more precisely defined for the candidate alloys.

4.2.2 Required Data

The dependence of temperature and hydrogen concentration on the ductility

of ferritic steel weldments must be more precisely determined. Particular

attention should be given to effects of weld method, post weld heat treatment,

compositional variations, and temperature history. Later stages of this

effort should evaluate potential syngeristic effects of hydrogen and radiation

induced defects. The tests should concentrate on the lower temperature range

of interest (25-300"C).

Scoping tests should be conducted on vanadium alloy weldments to evaluate

the potential for enhanced embrittlement. This effort should focus on

compositional effects relating to higher titanium concentrations and the lower

operating range of interest (< 400°C).

4.2.3 Status of Data Base

The conditions for hydrogen embrittlement of base-metal ferritic steels

and vanadium alloys are reasonably well known. The major uncertainties relate

primarily to weld regions, which are known to be more susceptible to

embrittleraent, and to possible synergistic effects that result from radiation

induced defects. Enhanced cracking of weld regions containing only a few

weight parts per million hydrogen has been observed in ferritic steels. The

hydrogen concentrations in "anadium will be much higher than in ferritic

steels at the same partial pressure; however, vanadium alloys are less

susceptible to embrittlement because of their very' high hydrogen solubility.

Hydrogen concentrations of - 10 wppm (> 100 Pa) are required to embrittle

vanadium. Insufficient data exist on vanadium alloy weldments to establish

the importance of this problem.

4.2.4 Required Resources

Only a modest effort is required to resolve these issues. A 1 ray-y

effort integrated into other phases of the alloy development program should

provide an adequate data base.
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U.3 Radiation-Inducad Embrlttlement of the Structural Alloys

4.3.1 Issue

The mechanical properties of structural materials are, in most cases,

significantly affected by neutron radiation. A major concern Is the loss of

ductility or fracture toughness of the ferritic steel or vanadium alloy to the

extent that the mechanical integrity of the structure would be compromised

under projected operating conditions. The potential embrittlement problems

include: (1) increases in the ductile-to-brittle transition temperature

(DBTT), (2) radiation hardening, and (3) embrittlement caused by helium

generation/segregation. The extent of embrittlement or loss of fracture

toughness is dependent on temperature, alloy composition, microstructure, and

neutron fluence. The severity of this problem is currently perceived to be

more serious for the ferritic steel than for the vanadium alloy. However, the

data base for vanadium is more limited.

4.3.2 Required Data

Further effort is required to determine what factors contribute to loss

of ductility/fracture toughness of ferritic steels and vanadium alloys.

Specific data is required to determine the compositional =nid microstructural

variations (including weld regions) that are more resistant to the embrittling

phenomena. The factors affecting the increase in the DBTT should be given

high priority since these tests can be done at nominal fluences (< 20 dps).

The temperature range of interest is 25-300°C. The impact of helium must also

be evaluated.

The temperatures at which helium embrittlement become severe need to be

determined since, in many cases, this will set the maximum operating

ceraperature. These tests should focus on temperatures of 0.4-0.6 T and

should include weldments. Higher damage levels (> 100 dpa) are required for

these tests. The residual ductility or fracture toughness at Intermediate

operating temperatures (0.q-0.5 Tm) must be more accurately determined since

this may affect the design constraints and performance characteristics of the

alloys, particularly during possible thermal transient conditions. These

tests should focus on irradiations with He/dpa ratios of 5-10 and damage

levels > 50 dpa. Compositions and microstructures that provide higher

ductility/fracture toughness need to be identified.
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4.3.3 Status of Data Base

Sufficient data have been generated from fission reactor irradiations to

clearly show that severe embrittlement and loss of fracture toughness occurs

in most structural alloys under certain conditions. Significant increases

(above room temperature) in the DBTT have been observed in several neutron

irradiated ferritic steels. The extent of this increase, which is dependent

on microstructure and composition, normally saturates at relatively low

fluences (< 10-30 dpa). The performance of weld metal and weld heat-

affected zones generally differs from the base metal. The extent of the

reduction of fracture toughness is less-well defined but is generally observed

over the projected operating temperature range. Although the presence of

helium generated by the high energy neutrons is expected to exacerbate these

two effects, only limited data exist. The phenomenon of helium embrittlement

is generally observed at higher temperatures (typically > 0.5 Tffi) where helium

segregation occurs more readily. This effect is dependent on the helium

concentration and is, therefore, flueace dependent.

Although the data for vanadium alloys are more limited, available results

indicate that the problem for selected vanadium alloys may be less critical

than for the ferritic steels. Earlier tests indicated significant residual

ductility after irradiation. In more recent tests where large: effects have

been observed, it is not clear whether the embrittlement is caused by

radiation or chemical effects, viz., sulfur, since the material used was less

pure. In Lather case, additional effort is required to better define the

extent and conditions under which radiation induced embrittlement occurs.

4.3.4 Required Resources

A major effort will be required to resolve these issues. Since a high

flux, high volume 14 MeV neutron source does not exist, various test methods

will have to be used to obtain the desired data. In addition to a manpower

level of at least 5 my-y for over 5 years, substantial facility or neutron

costs will be required.

4;5 Risk from Reactivity of Structure with Environment (Inability to

Use Inert Atmosphere)

and
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4.6 Bisk from Reactivity of Coolant and Breeder with Environment (InabiLity

to Use Inert Atmosphere)

4.5.1 Issue

Vanadium and lithium, and to a lesser degree l7Li-83Pb, are reactive to

water, air, and concrete. If serious consequences can be anticipated from a

particular materials combination, even under accident conditions, then design

modifications to avoid those combinations of the materials may be necessary.

At present, data on these reactions are insufficient '-• model realistic

accidents.

4.5.2 Required Data

Data on thermal and pressure transients for these reactive materials are

required for realistic operating conditions. The temperature excursions,

pressure buildup, and material phase changes for possible accident scenarios

will have to be determined and the impact on components, the reactor vessel

and reactor building have to be evaluated. The effects of radiation release

and poison gas release to the public, if any, have to be determined.

Moderate to large scale reactivity experiments are required to simulate

the possible accident conditions. Important scale parameters which will

affect reactions are: surface to volume ratios, initial temperature, mode and

rate of heat transport away from the reaction, quantity of air or water

available and moisture content of air, and degree of agitation. The import-

ance of the parameters can be seen from test results with lithium mass-to-area

ratios of 50 kg/m and 215 kg/m , which resulted in temperature increase rates

of 100°C/min and 10°C/min, respectively.

If an accident consequence is serious and not acceptable, one must

determine if design modifications can be made to alleviate the problem.

Because the limiter/divertor, which is a major source of high temperature and

high pressure water, is a major concern, studies and experiments to verify the

applicability of either gas or liquid metal cooled limiters/divertors are

needed.

In the BCSS it was assumed that N2-Li, N2~LiPb and N2~V reactions pose

little risk and thus a nitrogen cover gas was specified for all liquid lithium

and vanadium designs. Further experiments are needed to verify this.
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4.5.3 Status of Data Base

Temperature excursions, pressure buildup, and hydrogen release rates have

been studied between lithium and 17Li-83Pb with air, water, concrete, etc.

under the direction of the Fusion Safety Program. The experiments are on a

small to moderate scale. The interaction of 17H-83Pb and air/water has also

been studied by ANL and Ispra. Reaction kinetics studies between N2~Li and

H2O-17Li-83Pb have been initiated at MIT and U. of Wis., respectively. Air

interaction with V alloys has been performed at EG&G.

4.5.4 Required Resources

Moderate to large scale accidents have to be studied under realistic con-

ditions and these results used to determine the response of the rest of the

reactor to determine the overall consequences of the accident. Alternative

design concepts have to be developed and verified.

It is estimated that 3 years will be needed with 3 ra-y/y to carry out the

experiments and analysis to study the lithium and lithiun-lead accident

situations, 3 more years V7ich 2 m-y/y will be needed to determine the conse-

quence of the accident to the rest of the reactor. It is not possible to de-

termine the efforts required to formulate and verify the applicability of an

alternative design. Similar resources would be needed to study the vanadium

chemical reaction issues.

4.7 Liquid Metal Corrosi on

4.7.1 Issue

Liquid metal corrosion is an important consideration in large heat trans-

port systems. The two major compatibility concerns arising from the use of

liquid metals are: (1) corrosion/mass transfer and (2) degradation of the

mechanical properties of the containment. The projected corrosion rates of

candidate structural materials for LI and LiPb are orders of magnitude higher

than for sodium at the same temperature. The corrosion rates depend on alloy

composition, velocity, temperature, temperature variation, impurity level and

velocity profile (which may be dominated by MHD effects). In most cases the

wall thinning is not the limiting process. The problems associated with cor-*

rosion product transport and deposition will most likely limit the allowable
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corrosion rates. Corrosion/mass transfer limits provide the most restrictive

operating temperature constraints for several concepts. Non-metallic element

and dissimilar metal (ferritic steel ex-reactor) are the primary concerns for

vanadium alloys systems. Low temperature liquid metal erabrittlement is a

concern for LiPb/FS systems.

4.7.2 Required Data

The corrosion rates and deposition mechanisms must be more accurately

determined for variables of temperature, temperature gradient, velocity,

impurity levels and magnetic interaction parameters for systems of interest.

The priorities among these groups are to investigate temperature, temperature

gradient, and impurity effects and then to investigate the effects of velocity

and magnetic fields. Investigations on the ferritic steel with lithium and

LiPb should include tests (> 2000 h) to 600°C with emphasis on velocity (0.1 -

5 m/s) and deposition kinetics. The effort should include investigations of

low temperature (235 - 300°C) liquid metal embrittlement of ferritic steels in

LiPb. For the vanadium-alloy in lithium and LiPb, the more important problem

is the transport of impurities and its effect on the mechanical properties of

the structural material. Vanadium alloy tests at temperatures of 400 - 750°C

are needed. These tests should include bimetallic systems to provide data

relevant to the use of ferritic steels outside the blanket. In all cases

control and monitoring of impurity elements in the liquid metal is

important. Nitrogen in lithium should be controlled at levels below 100

ppm. Eventually dynamic corrosion tests in a magnetic field (> 1 T) will be

required to evaluate velocity profile effects. As more data become available

for guidance, corrosion inhibition and corrosion product removal will be

investigated.

4.7.3 Status of Data Base

Only a limited data base exists for corrosion of candidate structural

alloys in lithium. Much of these data have heen obtained in capsule tests and

thermal convection loops. In most cases impurity element concentrations have

not been well characterized and the effects of velocity have not been ade-

quately determined. The temperature dependence for corrosion of austenitic

and ferritic steels has been determined over a limited range. Data indicate
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that nitrogen in lithium affects both the corrosion rate and the fatigue pro-

perties of iron-based alloys. There is some experimental evidence that the

addition of aluminum in lithium will inhibit corrosion, possibly due to the

reduction of the nitrogen activity. Deposition and corrosion product cleanup

has received very little study. The effects of magnetic fields on corrosion

have been evaluated analytically, but have not been investigated

experimentally.

Preliminary results on the corrosion of austenitic and ferriric steels in

LiPb have recently been reported. These results indicate that corrosion rates

are much greater (by au order of magnitude) in LiPb compared to lithium. The.

temperature dependence has been evaluated over only a limited range and the

effects of impurities have not been established. Also, no results have been

reported on velocity effects, inhibition, deposition, corrosion product clean-

up, and magnetic field effects. The potential for liquid metal embrittlement

of ferritic steels in LiPb has not been adequately addressed.

Limited data indicate that vanadium is highly resistant to attack by

lithium; however, the effects of impurity element transfer have not been esta-

blished. Experiments have not been performed to evaluate the effects of bi-

metallic, e.g., vanadium-ferritic steel, systems.

4.7.4 Required Resources

There are a limited number of corrosion loops available in the U.S.

These facilities have been designed primarily for investigating effects of

temperature and impurities on the corrosive attack of austenitic and ferritic

steels in Li or LiPb. However, these facilities have not been designed to

study corrosion product deposition mechanisms, corrosion product trapping, or

the effects of magnetic fields.

Additional facilities will be required to study the corrosion of iron-

based alloys by either lithium or 17Li-83Pb at temperatures to 600°C. Empha-

sis will be placed on facilities for investigation of the influence of

velocity (0.1 - 5 m/s), temperature gradients (At = 50 - 200°C), and liquid

metal chemistry. Both corrosion and deposition kinetics will be evaluated.

Similar facilities with the added capability for evaluating the effects of a

magnetic field on the corrosion/mass transport processes wi.11 also be requir-

ed. Additional capability will be required to evaluate environmental effects
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on the mechanical properties of structural alloys, e.g., liquid metal

embrittlement of ferritic steels in LiPb. It is estimated that 5 years is

required to study thics phase with an average manpower of 6 m-y/y.

Another type of facility will be required to study Che effects of

impurities on the corrosion and mechanical properties of vanadium in either Li

or l7Li-83Pb. This facility will include a vanadium test section with ferri-

tic steel in the balance of the loop. It is estimated that 5 years is re-

quired for this effort with a manpower of 4 m-y/y.

4.8 MHD Effects Substantially Worse

and

4.9 Insulators Not Developed for Liquid Metal Blanket

4.8.1 Issue

The effects of high magnetic fields on heat, mass, and momentum transfer

in conducting fluids are not clear at this time. The theory for fully devel-

oped flow in circular and rectangular straight ducts is fairly well understood

and, although experimental confirmation of the theory has been limited to

Hartmann numbers of M < 500, the theory is expected to apply to the reactor

region of M ^ 10 . Expansion of the theory and development of calculational

techniques to treat bends and field gradients and the complex configurations

in fusion reactcvs is far from straightforward. If, as our understanding

improves, presently conceived designs appear infeasible, then solutions such

as electrically Insulated walls may be necessary.

4.8.2 Required Data

The uncertainties of MHD are centered around 3-D effects that result from

the variations of B, V, cross-sectional area, wall (electrical) conductance

and interactions with adjoining channels. All of these variations will proba-

bly be present in fusion reactors. Anticipated 3-D effects include increased

pressure drop and modified velocity profiles. The latter may cause severe

problems in both heat transfer (first wall cooling) and mass transfer (corro-

sion). Thus, the primary focus for initial investigations should be experi-

mental data and calculational techniques that can be used to describe and

predict local velocities in typical "3-D configurations".
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The most important parameters in MHD are the Hartnann number, M, and the

interaction number, N. In order to be extrapolated to reactor conditions,
3 4experiments should be designed with M and N between 10 and 10 . Initially,

the flow configuration can be simple in order to understand the problem and to

check computer models. However, realistic configurations should be used later

in the experimental program. It will also be necessary to eventually examine

transient effects of time varying magnetic fields.

Development of insulated walls may also be desirable or necessary. Some

insulators (e.g., Y2O3) may have potential as coatings in direct contact with

liquid metal. Parallel development of fabrication methods for sandwich-type

walls would also be prudent.

4.8.3 Status of Data Base

As can be seen in Fig. 4-1, the few available data are located around

both M and N - 100. A liquid metal MHD loop is being constructed at ANL which

will be operated with M and N - 103 to 10*. This is expected to provide a

sufficient data base for MHD pressure drop to be extrapolated to reactor

conditions and to provide information on flow redistribution in strong fields

(2.5 T).

No experimental facility is available to study the effects of MHD on heat

and mass transfer. The differing requirements for test times (10's of hours

for heat transfer tests versus 1000's of hours for corrosion tests) suggest

that preliminary tests should be conducted in separate facilities.

Very limited investigations at ANL of oxidation of yttrium in lithium

indicate that oxide layers form but the data are as yet inconclusive regarding

the chemistry of the oxide and the insulating protection along discontinuities

such as edges.

4.8.4 Required Resources

Upon completion of the Argonne facility, the preliminary rcmnd of liquid

metal MHD pressure drop experiments on simple configurations can be completed

in about 3 years. Follow-on tests for manifolding effects, etc., would

require an additional 2 years. The annual cost of operation for the

experimental program and sufficient parallel analysis to design experiments
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and reduce data is 3.5 ra-y/y for technical staff, plus $250K/y for equipment

and services.

No facility is available for studying the effects of LMMHli on heat and

mass transfer. Preliminary heat transfer tests could be combined with LMMHD

tests and done in the regime of M above 1000 and N of 200-400, where flow will

be laminar (turbulence suppressed) and reasonable flow velocities (-0.1 m/s)

are available. This effort could be added to the ANL facility by extending

the schedule for preliminary tests by one year and providing approximately

$200K for additional equipment.

The compatibility of insulators in contact with liquid metals can be

investigated using the existing lithium loop at ANL. The phenomenon of self

healing of cracks should be included plus parallel mechanical testing. This

first phase can be accomplished with about one man year of effort and $50K for

equipment and services. Larger scale testing of a coated duct would require a

different facility and preferably would be done in the presence of a magnetic

field to assess the effect of any leakage currents on compatibility; however,

a suitable facility does not exist. Scoping studies on fabrication and

mechanical testing of insulated ducts with sandwich-type construction

(structure/insulator/metal-skin) could be accomplished with a two year program

at 1.5 m-y/y and $75K/y for materials and services.

4.10 Risk from Presence of Water in Near Blanket Components

4.10.1 Issue

Several fusion components, such as limiters, divertors, beam dumps, choke

coils, and halo scrapers, experience severe heat loads which require a high

level of heat removal. Water is considered to be the most efficient coolant

for these components, but there are serious safety concerns about the use of

high-pressure, high-temperature water in a reactor which also contains highly

reactive materials like liquid metals and vanadium. Therefore, helium and

liquid metals are being considered as alternate coolants for high heat load

components. There are uncertainties, however, concerning the ability of the

alternate coolants to adequately remove the heat.
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4.10.2 Required Data

Information is needed in two areas. First, the safety issues related to

the use of water in systems where highly reactive materials are present should

be examined in detail. Second, the heat loading limits for alternate coolants

need to be evaluated in order to determine if writer can be eliminated com-

pletely from the reactor. The work should include a design effort to optimize

the heat removal for alternate coolants, a modeling effort to address thermal

hydraulics issues and the consequences of coolant failures, and an experi-

mental effort to obtain data on the heat loading limits and failure rates.

4.10.3 Status of the Data Base

Preliminary designs have been developed for liquid lithium-cooled

limiters and helium-cooled limiters, both of which appear viable, although

this work to date is insufficient to establish firmly that water-cooled compo-

nents can be eliminated from a reactor that uses liquid metals.

Failure rate information for fusion in-reactor components is non-

existent. Extensive data are available on failure rates of water-cooled sys-

tems in non-fusion applications.

4.ir>.4 Required Resources

Development of non-water-cooled component designs would require a period

of perhaps three years at expenditures of approximately $500 K per year for

each separate coolant/component combination. Studies to examine the safety

issues will also be required at about 3 my-y for 3 years. These designs would

then need verification testing in a simulation facility. This would perhaps

require an additional five years at approximately $1 M per year, with a

capital cost of the order of $1 M to provide the test facility.

Resources required for development of the data base for the probability

and consequences of in-vessel water component failure could be quite large.

In the absence of a fusion test reactor, simulation testing and modeling would

be used to develop the deta base. The modeling effort would make use of

previous experiments and modeling of water cooled systems. The modeling work

would cost - $500 K over 2-3 y. A simulation test facility to test the

consequences of failures would need to be built.
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4.11 Difficult to Meet Seismic Requirements

A.11.1 Issue

The self-cooled tandem mirror reactor (TMR) blanket with LLPb as the

breeder and cc jlant may develop high seismic stresses in the front tubes and

the beam zones because of the large mass of the coolant. The dynamic stress

analysis of the thin-walled toroidal shell structures containing a flowing

fluid of high density is complicated by the potential for fluid-structure

interactions.

4.11.2 Required Data

The seismic analysis has to be carried out in two steps. First, the

frequency-amplitude spectra at the supports for the blanket structure have to

be determined from a global structural dynamics analysis of the blanket

together with the building, foundation, etc. for the given input loading

spectra at the bottom of the foundation. The stiffness, mass and damping of

the blanket required to carry out this part of the analysis imy be estimated

from an approximate analysis of the blanket. The second step in the analysis

will involve a detailed frequency response analysis of the blanket. During

this phase of the analysis the importance of fluid-structure interaction has

to be determined. If such an interaction is found to be. unimportant, the

analysis can be completed assuming that the fluid moves as a rigid body with

the structure. If, however, the fluid-structure interaction is found to be

important, some code development work will be needed because such an analysis

is currently beyond the stale of the art. Mso, some experimental work will

have to be conducted in order to determine the effect of this interaction on

the damping of the blanket.

4.11.3 Status of Data Base

A very conservative equivalent static analysis of the LiPb blanket,

carried out in the BCSS program, failed to meet the allowable primary stress

criterion by a significant margin, indicating that a detailed dynamic analysis

would be needed to ensure Its ability to withstand a Zone II earthquake

loading.
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4.11.4 Required Resources

The first step of the analytical work can be completed within 6-12 months

using any of a number of available finite element programs such as ANSYS,

NASTRAN or ABAQUS. If fluid-structure interaction is unimportant, the second

step of the analysis can be completed in a similar period of time. On the

other hand, if fluid-structure interaction is found to be important, then the

development of necessary codes to carry out the analysis will take 1-2

years. A parallel experimental program to determine the damping of the

blanket will require full-scale dynamic testing of a toroidal tube of

representative geometry filled with a heavy liquid of comparable mass.

Testing should be completed within 1-2 years.

4.12 Adequacy of Tritium Breeding

4.12.1 Issue

Attaining fuel self-sufficiency in fusion devices operated on the DT

cycle requires that the achievable tritium breeting ratio (T ) in the blanket

be equal to or greater than the required breeding ratio (Tr). At present the

uncertainties associated with estimating both T and T are too large to
EL L

assure satisfying the fuel self-sufficiency requirement.

The uncertainties associated with Tr are related to many of the plasma

and reactor pa^amecers (e.g., tritium fraction burnup in the plasma, tritium

inventories and extraction efficiencies in the blanket, plasma exhaust

processing system and other reactor components). Estimating T suffers from
a.

uncertainties associated with system definition and with accuracy of

prediction. The system definition uncertainties relate to: a) technology

choices (e.g., limiter or divertor, neutral beam vs. RF) that impact parasitic

neutron absorption and the fraction volume coverage of the breeding blanket,

and b) the degree and accuracy of details of present blanket and reactor

designs. The prediction uncertainties are those associated with the

neutronics geometrical modeling, basic nuclear data, data processing, and

calculational methods.
i

4.12.2 Required Data

Items needed for the required breeding such as the plasma fractional

burnup, tritium inventories in reactor components and characteristics of the

tritium processing system are fairly independent of the blanket (except for
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tritium inventory and extraction for the blanket). Such data should be

generated by the present R&D programs on plasma physics and plasma support

systems (e.g., impurity control and exhaust) and on tritium extraction,

processing and handling (e.g., TSTA). Items related to the achievable

breeding ratio (tritium production) require the following efforts, a) It will

be necessary to reduce uncertainties associated with predicting the tritium

production in a sp cified system. This requires improvement in basic nuclear

data, neutronics calculational methods, and most importantly direct

verification through integral neutronics experiments., Integral experiments

with a 14 MeV neutron source are presently considered to be the most effective

approach. Neutronics experiments should include blanket assemblies with

sufficient details of breeding materials structure, coolant, neutron

multiplier, and geometrical characteristics. These experiments should proceed

from the simple "clean" type to the more prototypical assemblies. b) It is

also necessary to reduce uncertainties associated with system definition.

This requires interactive R&D programs to determine those choices of reactor

components that provide satisfactory functional performance consistent with

attaining the goal of fuel self-sufficiency. For example, selection of

neutral beams or RF for plasma heating and/or current drive is an issue that

involves not only the plasma performance and reactor attractiveness but can

substantially impact the magnitude of the achievable breeding ratio. The

choice between limiter and divertor for impurity control can have significant

impact on TBR, as will the choice of coolant for limiters. Further impurity

control system design work is needed.

4.12.3 Status of the Data Base

At present, the uncertainties in estimating the required and achievable

breeding ratio are ** 25% and - 15%, respectively. The margin in the

achievable breeding ratio is not sufficient to cover all sources of

uncertainties. There are a number of activities presently underway in the

U.S. and the world fusion programs that should reduce many of these

uncertainties. However, the present effort on breeder neutronics experiments

will need to be enhanced to provide important data on a timely basis.

4.12.4 Resources Required

The tritium breeding experiments can utilize existing facilities in the

U.S. and Japan (FNS). Expenditure levels of two to three million dollars per
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year for several years are necessary to support the cost of materials for the

experimental blanket assemblies, instrumentation development and the support

for experimentalists and analysts. Efforts in other areas (e.g. , plasma

fractional burnup, tritium processing efficiency) can be covered under

existing programs provided that adjustments in the priorities of such

activities are possible.

4.13 Inability to Accommodate Breeder Swelling

4.13.1 Issue

Increases in solid breeder volume due to thermal expansion anu

irradiation-induced swelling are concerns in blanket design because of the

resultant effects on breeder-struct'ire thermal performance, on breeder-

structure mechanical interaction, and on coolant and purge flow channels. The

major consequences of excessive volumetric increases are increased tempera-

tures if coolant flow channels are narrowed, decreased lifetime due to reduced

structural integrity, and increased tritium inventory and leakage if purge

channels are narrowed. Designs that attempt to compensate for excessive

swelling add complexity and are penalized in the area of reduced tritium

breeding ratio. The problem is of particular concern in the LijO plate

design. U-20 has a higher thermal expansion coefficient than the structural

materials of interest, and it has been observed to sw.ell significantly in the

FUBR and TULIP experiments in the temperature range of 600 - 900°C due to

helium bubbles.

4.13.2 Required Data

Information is needed on the swelling rate of breeder ceramics as a

function of microstructure (e.g., grain size), temperature (300° - 900°C),

burnup (0 - 10%), and fast neutron fluence (0 - 20 MW-yr/m ). In addition,

the creep and hot pressing rates, as well as the breeder elastic properties,

should be known in order to assess the impact of the swelling. For materials

with high creep and hot pressing rates, some of the swelling can be accom-

modated by the fabricated porosity and plenum spaces (for the plate design).

4.13.3 Status of the Data Base

The FUBR-1A data Indicate that the retained helium and the volume

increases in fine-grain-size LiA102 pellets are very small. Li2° swelling
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data inferred from the capsule plenum-volume decrease in TULIP, direct pellet

diameter measurements in the 100 full power days (FPD) FUBR-1A, and neutron

radiography in the 200 and 300 FPD FUBR-1A experiments indicate unconstrained

volumetric expansion rates of -* 0.8% AV/VQ per at.% of Li-6 burnup at 500°C

and -*3% AV/V per at.% of Li-6 burnup at 700° - 900°C. These data need to be

confirmed or refined based on PIE microstructural measurements. The diametral

measurements include pellet cracking and pellet clad mechanical interaction

which tend to distort the results. Also, data and/or model calculations for

higher burnups and fast neutron fluences are required as swelling may not vary

linearly with burnup.

Information from properties tests is forthcoming on Li20 uniaxial creep,

elastic properties, and hot pressing. Also, the planned FUBR-1B experiment

will provide additional data on Li20 swelling under more representative

temperature-gradient conditions. Further modeling and analysis of the FUBR-1A

and FUBR-1B data could be used to determine constrained swelling rates and to

estimate the swelling behavior at higher burnups.

4.13.4 Resources Required

Assuming continuation of the solid breeder materials properties tests and

the FUBR-1B experiment, no additional resources (with regard to experiments)

a-3 required to resolve this issue. Given the input from these studies,

modeling efforts funded at a level of $200K for one year would be sufficient

to both calculate the swelling rates at high burnup and fast fluence and to

assess the degree of breeder-cladding structural interaction. Also, any in-

reactor tests designed to generate high fluence tritium release data for Li20

in a purge environment would also provide swelling data at a minimal extra

cost.

4.14 Temperature Range for Tritium Release Much Less Than Predicted

4.14.1 Issue

The upper and lower temperature limits define the window within which a

solid breeder blanket will be designed and operated to achieve its primary

functions (i.e., tritium generation and recovery, heat generation and removal,

etc.) while providing adequate blanket lifetime. The currently-recommended

temperature windows are 350 - 1000°C for LlA102 and 410 - 800°C for Li2O. If

the temperature windows are less than these values, then the potential impact
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is a reduction of breeder-structure fraction and breeding ratio. The primary

concern with LiAlO- is the low temperature limit of 350°C. Uncertainties in

the diffusion coefficient (- ± 100%) and the burnup and fast neutron fluence

effects on bulk diffusion could result in unacceptable tritium inventories and

long times to reach tritium self-sufficiency. For Li^Oi t h e l o w te">Perature

limit is based on avoiding the formation of an LiOT separate phase which could

lead to high tritium inventories. The high temperature limit of 800°C is

based on parameters that indirectly affect tritium release and blanket

lifetime (e.g., grain growth, sintering, HOT mass transfer and redeposition,

helium swelling, etc.). For example, LiOT mass transport and redeposition

could result in unacceptable lithium loss from the system and unacceptable

tritium inventories due to plugging of the purge channels.

4.14.2 Required Data

Fast fluence data at low temperatures (300-500°C) are required for both

LiAlO™ and Li~0 in a purge flow environment to resolve the uncertainties in

tritium inventory calculations. These experiments should be done in a TRIO-

type, purge flow environment with careful control and monitoring of hydrogen

and oxygen partial pressures in the system. It would also be preferable to

perform these experiments in a fast reactor for a long enough period of time

to assess the impact of fast fluence and burnup effects. For lA^O, out-of-

reactor tests should also be performed to study the steady-state and transient

solubility of hydrogen isotopes in U^O for various ranges of hydrogen,

oxygen, and water vapor partial pressures in the helium purge.

High temperature thermal, sintering, vaporization, and mass transfer

studies are required for both sintered and sphere-pac solid breeders to

provide the baseline information necessary for defining the upper temperature

limit. Neutrons are required to assess radiation effects on grain growth and

sintering.

4.14.3 Status of Data Base

A number of post-irradiation annealing experiments have been conducted on

polycrystalline pellets and powders of LiA102> Inadequate characterization of

microstructure, poor control of moisture levels and impurities, and incon-

sistent methods for data correlation have resulted in considerable scatter in

trying to determine a bulk diffusion coefficient from these experiments. The

TRI0-1 test has provided considerable information on tritium release from
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Irradiated LIAIC^ as a function of temperature and purge stream chemistry.

The limitations in the data base are that the run-times for the low tempera-

ture tests were too short to establish equilibrium inventories and release

rates and that the fast fluence and burnup levels were too low (equivalent to

- 2 months in a STARFIRE type reactor) to allow their effects to be

assessed. In addition to unresolved issues for tritium inventory at low

temperatures (e.g., 3OQ-5OO°C), high burnup and fast fluence effects, the

influence of moisture and oxygen partial pressure In the purge stream needs

further study. This is particularly apparent when one compares TRIO runs with

and without isotopic (protium) swamping, to the closed-capsule FUBR-1A runs

with LiA102.

For Li^O, the bulk diffusion coefficient in tritium is reasonably well

known in the temperature range of 6OO-900°C. Data are needed in the

temperature range of 300-600°C at high fluences and burnups in a purge flow

environment with the ourge stream chemistry carefully controlled and

monitored. The solubility of lithium hydroxide in lithium oxide at various

moisture overpressures has been measured. Preliminary vapor phase transport

of LiOH at 700°C and 10 volume ppm HnO in flowing helium appears to confirm

projections based upon the thermodynamlc data of Norman at GA and Tetenbaum at

ANL. Additional information is needed at higher moisture contents and at

other temperatures. The data of Ihle and Wu on the solubility of deuterium in

Li 2° led to the unusual conclusion that tritium solubility is more sensitive

to T- (or HT) partial pressure at some temperatures than to T,0 (or HTO)

partial pressures. These tests need to be repeated under more controlled

circumstances to resolve this issue.

Finally, tritium retention due to surface adsorption for U^O and LIAIO2

needs to be distinguished better than was possible in V0M-15H and TRIO purge

flow tests. It is not clear whether the higher inventories in TULIP and FUBR

resulted from surface adsorption, solubility, or a lowering of the bulk

diffusion coefficient.

4.14.4 Required Resources

Most of the issues involved in determining whether or not the temperature

range for tritium release is much less than predicted can be resolved with

carefully planned, controlled, and monitored TRIO-type tests with Li~0 and

LIA102 In a fast reactor. The coolant inlet temperature in EBR-II is low

4-24



enough to provide information on these breeders for T > 350°C. The

experiences with V0M-15H (Li2O) and TRIO-1 (LiA102) will allow more prudent

selection of run time.- . :t.upei.atures and purge flow chemistry. The estimated

cost for the planning. ' cing, and data analysis of second generation Li2O

and LiAlCL open-capsule *9sts is - $5M over a three year period. Some of the

cost of the U 2
0 experiment could perhaps be shared with the Japanese who have

an interest in this breeder material. Similarly, cost-sharing with the French

could be explored for the LiA1.02 experiment.

Many of the issues concerning radiation and temperature gradient effects

on grain growth and densification for sintered and sphere-pac solid breeders

will be resolved in the FUBR-1B tests if they proceed as planned. Additional

bench-type experiments (without neutrons) should be performed with LI2O to

resolve issues concerning solubility, vaporization, and redeposition at high

temperatures and the temperature gradients. The estimated operational cost

for these experiments is *» $2M over a period of two years.

4.15 Unacceptable Temperature Predictability of Breeder (e.g., Breeder-to-

Structure Gaps are Created)

4.15.1 Issue

Assuming that the temperature windows presented in the previous section

for LiA102 (350°-1000°C) and Li2O (410°-800°C) are correct, then uncertainties

in temperature predictions based on a number of phenomena would cause a

reduction in the nominal temperature window used for design to allow for hot-

spot factors. Higher-than-predicted breeder temperatures are more probable

than lower-than-predicted temperatures. For helium-cooled, plate-type breeder

designs, irradiation damage resulting in lower thermal conductivity than

predicted (50% reduction), thermal stress cracking creating thermal resistance

gaps within the ceramic, and narrowing of the coolant passages between plates

due to breeder (Li2O) swelling would all result in higher than predicted

temperatures. For the water-cooled, sphere-pac designs (LiA102), gaps could

be created between the spheLd-pac breeder and the coolant tube due to

settling, compaction, and thermal or irradiation sintering. In addition, if

the effective thermal conductivity for sphere-pac LIAlCL in an irradiation

environment is lower than predicted, higher temperatures would result. The

primary concerns with higher-than-predicted temperatures are vappr transport
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and redeposition, grain growth and sintering, all of which could affect the

tritium inventory and release characteristics of the system.

4.15,2 Required Data

Baseline effective thermal conductivity data are needed for sintered

breeder products (Li2O and LiAlO,) in contact with metal plates as a function

of temperature (300° - 1000°C), porosity (75-100%), fast neutron fluence

(0.5 - 2 x 1026 n/m2 wh: :h is equivalent to 0.7 - 2.8 MW/y m 2), and contact

pressure (0 - 50 MPa). In addition, comparable data are needed for sphere-pac

Thermal stability experiments with prolonged test periods and thermal

cycling are required to determine the degree to which densification and

cracking will affect thermal peforraance. To a large extent, if thermal

instability is a problem, it will be observed in neutron irradiation tests at

fluence levels up to or before the saturation fluence level for the ceramic.

The issue of settling and subsequent change of thermal properties for a

sphere-pac breeder with coolant tubes may require a full blanket module or at

least a number of unit cells. Some useful information can be obtained from an

out-of-reactor unit cell test with a central coolant tube and external

heating. However, extrapolation of this data to a full blanket module

operated in a neutron environment is quite difficult.

4.15.3 Status of Data Base

Out-of-reactor thermal conductivity measurements have been performed over

adequate ranges of porosity and temperature for LijO but not for HAIO2. Cur-

rent values for unirradiated, sintered LioO have a relatively small uncer-

tainty (± 2-3%). The estimated thermal conductivity of unirradiated sintered

LLAlOy is based on extrapolation of low-temperature data and the assumption of

the same porosity dependence as Li^O* The combined uncertainties for unir-

radiated UA102 are probably •» 30%. Irradiation degradation of the thermal

conductivities was based on a theoretical model with estimated uncertainties -

50%. No data are available for the effective conductivity of sphere-pac

LiA102« Model calculations are based on the results of the effective

conductivity of sphere-pac U02»

The TRIO-1 experiment provided data which allowed an estimate of thermal

conductivity as a function of temperature and time. However, the fluence was
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relatively low (equivalent to 2-3 months in a STARFIRE type design) and the

low density of the LiAlO- used in TRIO means that the effective conductivity

is less susceptible to irradiation degradation than a higher density material

would be.

4.15.4 Resources Required

Facilities adequate for non-irradiation scoping tests already exist at

soms of the national laboratories and industries involved in the fusion

engineering effort. No additional capital costs of significance are

anticipated. Operating costs of $500K per year for two years are anticipated

for resolving the questions concerning the temperature and porosity dependence

of the thermal conductivity for sintered and sphere-pac LiAlCL and the gap

conductance for sintered li^0 plates. The same submodules used for the

sphere-pac LiAiO- tests can be used for longer range stability tests under

conditions of thermal cycling.

Studies at ANL have indicated that it is possible to use microwaves to

heat a solid breeder unit cell or blanket module in a fashion that closely

simulate^ the heating profile in a fusion reactor. Experiments on a modest

size test piece (-* 10 x 10 x 20 cm) of LiA102 are underway. A suitable test

stand utilizing this technique could be built for < $1M.

In-reactor exploration of the temperature control issue on a full module

basis would be very expensive and should probably await the demonstration

phase of the fusion program. However, the issue of irradiation degradation

for both the U^Q (sintered) and the LIAIO2 (sintered and sphere-pac) can be

explored either by performing post-irradiation tests on samples from the FUBR

irradiations or by direct thermocouple measurements in a TRIO-2 type test.

Similarly, the in-reactor stability of sphere-pac and sintered products can be

partly assessed from the results of currently planned in-reactor experiments.

4.16 Unacceptable Power Variation Capability

4.16.1 Issue

Power reactors, both demonstration and commercial, will be required to

operate at power levels different from their nominal (100%) design points.

Operation at power levels as low as -5% may be necessary for extended periods
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for such purposes as startup and low-power operation during the licensing

period, or checkout of newly-installed components such as replacement steam

generators.

Solid tritium breeders will have allowable maximum and minimum tempera-

ture limits for normal operation. The e;:tent to which these*, limits can be

violated during power variations of certain durations is not known', In some

cases such operation could permanently affect the breeder and thu3 the ability

to adequately recover tritium from the blanket. The capabilities of the

various solid breeder blanket concepts in terms of maximum and minimum allow-

able power levels cannot be determined until breeder temperature/time

limitations are more firmly established.

4.16.2 Required Data

The primary focus of this effort should be to use the results of the

experimental program needed to complete the solift breeder data base in

determining through design studies of blankets (coupled with their power

conversion systems) the power level/duration capabilities of the leading

blanket concepts. The study results should indicate specifically:

• Allowable duration for operation at each power level considered.

• Allowable duration for operation at various breeder temperatures,

specifically from the standpoint of effects on tritium release and

structural-mechanical interactions with the breeder or beryllium.

• Operating adjustments necessary to affect changes in power levels,

and related impact on design of subsystems (e.g., power conversion,

tritium removal) in terms of economics and added complexity.

4.16.3 Status of Data Base

Of the key phenomena identified for the issues for solid breeder blankets

(e.g. issues # 13, 14, and 15) those considered most important to determining

power variation capabilities of the concepts are: temperature limits, grain

growth/sintering/crack healing, tritium lattice and porous diffusion, and

structural-mechanical interactions with solid breeders and beryllium. The

status of the data base for each of these areas is summarized in the
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respective subsections of the other issues* In general, the experimental

information available is very limited and not directly applicable to

conditions for fusion power reactor blankets,

4.16.4 Required Resources

See the R&D assessment for other solid breeders key Issues; Sec. 4.13,

4.14, 4.15, and 4.17.

4.17 Fabrication /Refabrication of Solid Breeder

4.17.1 Issue

Reasonable success has been achieved in fabricating LioO and Y~LiA102

sintered and hot pressed pellets with grain sizes low enough to satisfy

tritium inventory limits. Fine grain-size LiA102 pellets also have been

produced with tailored bimodal porosity distributions for the TRIO-1

experiment. It remains to be demonstrated that the sphere-pac form for LiAlO,

c& • be fabricated and packed to the desired density in the complex blanket

module with its large number of coolant tubes. In addition, if the breeder is

to be refabricated, all of the above approaches need to be re-examined in the

context of remote handling techniques. Improper control of grain size,

porosity distribution, and impurity levels can have a dramatic effect on both

thermal and tritium transport.

4.17.2 Required Data

While additional experience is needed to optimize fabrication methods for

producing pellets and plates of the candidate breeder ceramics, a high

priority in fabrication is to demonstrate that the sphere-pac form can be

fabricated to specifications and packed to the desired density in a compleic

blanket module. As an additional part of the fabrication effort., out-of-

reactor thermal stability experiments should be performed with the sphere-pac

product.

4.17.3 Status of the Data

Cold pressing and sintering techniques have been developed for: (1) Li?0,
Li4Si^4» aTld LiA102 samples irradiated in ORR; (2) Li^O cylinders used in the

TFTR Lithium Blanket Module (LEM) program; (3) Y~LiA102 pellets with tailored
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microstructure used in the TRIO-1 experiment; (4) y-LiA102 plates and cubes to

be used in the ANL microwave heating experiment; and (5) Li2O pellets and

pebbles used in the various Japanese experiments. Hot pressing techniques

were developed for Li2O, Li^SiO^, y-LiA102, Li2Zr03, and LigZrO^ pellets for

FUBR-1A and/or FUBR-1B experiments. Product dimensions vary from small

pellets to relatively large Y~L1A102 plates; production scale varies from

laboratory to relatively large through-put operation for the LBM program.

Efforts to fabricate sphere-pac y-LiAlOj have been initiated at ANL and GA in

support of the FUBR-1B experiment.

4.17.4 Required Resources

A five-year program is recommended with a facilities cost of $5M and an

operating budget of $1M per year to optimize the fabrication of L12O and

LiAlOn sintered products and to resolve the uncertainties associated with

sphere-pac LiAlO2.

4.18 Tritium Recovery/Containment and Control

4.18.1 Issue

Tritium recovery and control is a very serious issue for blankets and

their power conversion systems. For example, in a steam generator the tritium

leakage rate to the steam side may have to be limited to - 10 curies/d. To

achieve this limit, the tritium partial pressure of the primary coolant (or

secondary coolant if care is used) in the steam generator has to be - 10 Pa

or less. The tritium partial pressure in the blanket, which varies according

to the breeding material, is usually around 0.01 to 1 Pa, except for Li which
_Q

is - 10 Pa. The large pressure differences and the high mobility of the

hydrogen atoms at high temperature causes the difficult control problem.

Therefore, it is necessary either to have a much more efficient recovery

system to reduce the driving pressure or a very successful t.:ltium diffusion

control system to increase the resistance to tritium permeation.

In the temperature range of interest, tritium permeation through Iron

based alloys is rather rapid. Tritium control methods assumed in various

blanket studies are usually either diffusion barriers and/or oxidation of th*

tritium to the oxide form. The key issues are:

What are the mechanisms and how efficient are the diffusion

barriers?
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What are the kinetics of the oxidation and the effect of oxidation

on permeation rates?

4.18.2 Required Data

Experimental results and theoretical understanding in the following areas

are required:

1. The chemical form of the tritium being released from a breeding

material.

2. The oxidation kinetics of the tritium in both bulk and surface

applications.

3. The formation and effectiveness of a diffusion barrier and its

performance in the fusion environment.

4. The effect of the chemical form of tritium on the permeation rate.

5. The deviation from the classical permeation relationship at low

tritium partial pressure.

6. Tritium implantation and diffusion through the first wall, limiters,

direct converters3 etc.

7. The effect on tritium oxidation of He and Oo in the purge stream.

Current theories are not adequate to reliably predict the results.

Therefore, experiments have to be carried out under conditions as realistic as

possible. In particular, the tritium partial pressure has to be kept as low

as 10 Pa. Since isotopic effects may have a major impact on tritium

permeation mechanisms, the hydrogen and moisture partial pressure should be

kept somewhat lower than 10 Pa, which is difficult.

4.18.3 Status of Data Base

The data base is very sparse. The results from different experiments

which attempted to measure the chemical form of tritium released from the

breeding materials are not consistent with each other. Previous tritium

permeation experiments were performed at much higher tritium partial pressures

than are anticipated for fusion applications. In addition, the magnitude and

effect of the background hydrogen partial pressure is uncertain. The term

"barrier factor", commonly used for tritium permeation experiments, is not

well characterized. The mechanism of the increased resistance is so unclear
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that it is not certain whether the "barrier factor" should be added to or

multiplied by the base material resistance.

4=18.4 Resources Required

It is difficult to estimate the required resources in this area due to

the poor understanding of the problem. Usually the best approach for such a

problem is to combine theoretical modeling and experimental verification. The

experimental results will validate the realism of the theoretical modeling,

while the theoretical modeling will enable one to define the experiments and

extrapolate the results. However, for this problem, that type of approach may

not be feasible due to the complexity of the problem. An engineering mock-up

type of experiment may be far cheaper. The information obtained will be

relevant to the experimental conditions but not extrapolatable.

It Is expected that it will take 3 m-y/y for 5 years to establish and

calibrate the theory. It will take another 6 m-y/y for 5 years to obtain

experimental results which should be carried out in parallel with the theory

effort. If only engineering information Is required, the effort can be cut by

more than half, i.e., 4 m-y/y for 5 years to test a mock-up model for each

type of blanket concept.

4.19 Loss of Be Integrity

4.19.1 Issue

Beryllium is found to swell under irradiation. Further, the swelling

behavior is strongly temperature-dependent. If significant temperature

gradients exist, the large differential swelling can result in the build-up of

stresses. If, at the same time, the beryllium becomes embrittled by the

irradiation, it can lose mechanical integrity. Although the beryllium in the

fusion reactor blankets considered in the BCSS is not used in a structural

mode, it must at least support its own weight under normal and off-normal

conditions. Loss of mechanical integrity of the beryllium would result in

potential flow blockage and blanket temperature distribution upset.

4.19.2 Required Data

The data required for the helium-cooled lithium alurainate ferritic steel

beryllium blanket are the swelling characteristics and the chemical property
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characteristics of conventional beryllium rods under irradiation to fluences

of up to 20 MW-yr/m2, at temperatures between 300°-500°C.

4.19.3 Status of the Data Base

A significant data base exists for irradiation of beryllium in fission

reactor assemblies under a wide variety of temperature and fluence

conditions. What is needed for the fusion blanket situation la a verification

irradiation in a fission reactor for the product form and the temperature

conditions desired for the helium-cooled, lithium aluminate beryllium

blanket. Ultimate testing will require a fusion neutron spectrum and will

have to be done in a fusion test reactor.

4.19.4 Resources Required

Although nuclear testing is required for the beryllium radiation effects,

the extensive existing data base indicates that only a modest program is

needed. A five-year program at $1M a year using existing facilities should be

able to achieve most of the data required.

4.20 Inability to Reprocess P° at Low Loss Rates

4.20.1 Issue

Beryllium reprocessing (including refabrication) must be carried out with

low loss rates (•- 1-2% per recycle) to avoid resource limitations. The

reprocessing must also be done remotely because the beryllium will be

radioactive due to activation of impurities in the beryllium. For the BCSS NS

and H20 blanket designs, this includes separating Be from LiAlOp microspheres

and remanufacturing. Chemical purification may also be needed. Other Be

forms such as balls, rods and blocks should also be investigated to help

determine the best mechanization of the design concept.

4.20.2 Required Data

The required data includes development and validation of methods for

remote manufacturing of Be microspheres, development and validation of methods

for remote separation of Be from L±A102 raicrospheres at high efficiency, and

development and validation of methods for remote, low loss reprocessing and

refabrication of other Be forms that may be used in fusion blankets.
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4.20.3 Status of Data Base

There is considerable expertise in remote fabrication in the beryllium

industry based on powder metallurgy technology. This is done remotely because

of the toxicity of BeO. Processes would have to be upgraded for full remote

operation because of induced radioactivity. Significant study of reprocessing

and refabrlcatton of Be balls was done for the Fusion Breeder Program. To our

knowledge, no work has been done on microspheres.

4.20.4 Required Resources

Development of the chemical and mechanical process necessary to

reprocess, refabricate and reuse the beryllium should be readily attained in a

matter of approximately three years at less than $500K per year using existing

facilities. Verification of the process in a radiation environment, however,

will be more difficult. Simulation of the reprocessing using non-radioactive

chemical analogs for the various activation products and Impurity products

should be sufficient to demonstrate the reprocessing capability. Risk will

always exist, however, that impurities or reaction products not previously

considered may result in higher radiation levels than planned for- This will

ultimately require actual fusion reactor irradiation and is best done on an

actual reactor application basis.

4.21 Tritium Release from Be to Primary Coolant

4.21.1 Issue

In addition to the copious quantities of helium produced in beryllium in

a fusion neutron spectrum, tiitium is produced in amounts that may pose safety

concerns. The helium bubble density will establish quickly compared to the

time required to produce significant quantities of tritium. Therefore, the

diffusional aspects of tritium behavior in irradiated beryllium will largely

be dominated by this bubble population and neutron-induced lattice defects.

In the first 10 centimenter region of a beryllium containing blanket,

tritium will be produced in the beryllium at about 20 appm per MW« yr/m of

exposure. One gram of beryllium would produce 7 x 10 gms of tritium per
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MW« yr/m^. An estimate of tritium production in beryllium for the tandem

mirror LiA102/NS/HT-9/Be blanket Is slightly over 1000 gms per full power

year.

4.21.2 Required Data

Basic data is required on tritium diffusion and release rates from

unirradiated berylliuip samples. Testing variables include temperature (300 to

800°C) and grain size. It is desirable to investigate inventive methods of

possibly injecting tritium into post-irradiated beryllium samples at various

fluence levels for subsequent diffusion and release rate data. Fusion

spectrum irradiation of beryllium would then be needed for real-time damage,
27He production and tritium production to various fluence levels (up to 10

n/m ) and temperatures. The (n,t) cross section has a threshold of 11.6 MeV

and is 0.018 barns at 14 MeV. The importance of the fusion neutron spectrum

is obvious.

4.21.3 Status of Data Base

A useful, but limited, amount of temperature-dependent swelling data

exists from fission reactor irradiations. The neutron spectrum is too low to

generate tritium or to provide the proper He/dpa ratio. However, this data

can be used for bubble densities and sizes for numerical modeling.

4.21.4 Required Resources

The irradiation aspects of this issue will dominate the resource

requirements. About two years and three manyears of effort would be

required each for unirradiated Be data, fission reactor irradiations, and

fusion spectrum irradiations. A 14 MeV irradiation source is required.

4.22 Excessive Chemical Reactivity of Be with Salt

4.22.1 Issue

Nitrate and nitrite salts (NS) are good oxidizing agents which can result

in a high rate of energy release when put in contact with an active

reductant. For the specific blanket design in the BCSS, leakage of draw salt

into the sphere-pac mixture of Be and LiAlO2 powder is the largest concern.

Reactions with other potential blanket materials, such as 17Li-83Pb, are also

a concern.
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4.22.2 Required Data

Tests of NS with powdered Be/LiA102 with the NS at 450, 500 and 550°C and

the solid at 700°C are required. It will be necessary to monitor temperature

and pressure response and chemical reaction products. Tests are also required

of NS with l7Li-83Pb with the NS at 450, 500 and 550°C and the 17Li-Pb at 50

to \00°C higher temperature than the NS. Injection of NS into 17Li-83Pb and

17Li-83Pb into NS should both be done to simulate a blanket L.nd an IHX.

Screening tests of NS with other blanker materials and material forms should

also be carried out. These include I^O, other ternary ceramics, Be,

graphite, SiC, and lead at 500°C.

4.22.3 Status of Data Base

Much of the data comes from manufacturers and should be validated by

well-characterized tests under fusion blanket conditions. Preliminary 17Li-

83Pb tests hrve been run at HEDL.

4.22.4 Required Resources

The effort required on this issue is expected to be about 4 manyears and

requires on the order of two years. No new major facilities are required.

4.23 Salt Stability/Decomposition Worse Than Predicted

4.23.1 Issue

Nitrate and nitrite salts decompose at high temperatures and may

decompose under neutron and gamma irradiation. Some of the decomposition

products are insoluble while others are gaseous. Typical reactions are:

2 NaN03 + 2 NaN02 + 02, and

5 NaN02 > 3 NaNO, + Na20 + N2-

Depending on the salt, an appropriate cover gas is used to drive the reactions

to the left. If excessive decomposition occurs, a large clean-up system may

be needed. During a temperature excursion, decomposition may affect safety.
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4.23.2 Required Data

Data is required on decomposition rates and reactions at temperatures

from 400°C to 600°C at 25°C intervals. Some temperature excursion data up to

800°G LS also required. Decomposition rates and reactions are also required

in a combined radiation and temperature field at temperatures from 400°C to

550°C and radiation dose rates from 5 x 10 to 5 x 10 rad/s at 25°C intervals

aid two intermediate radiation dose rates. Tests should also be carried out

on decomposition in a temperature excursion from an initial temperature of

450°G at heat input rates from .01 to 1 W/cm . The effects, if any, of cover

gas pressure on decomposition rates should be investigated and the pressure

increase in the gas measured.

4.23.3 Status of Data Base

There is a reasonable data base on thermal decomposition from solar and

other programs. However, it is difficult to assess, incomplete and not well

documented. The data on radiation induced decomposition is effectively nil.

4.23.4 Required Resources

The thermal and radiation decomposition experiments should require one to

two years with about an 8 manyear total effort. No new major facilities

should be required.

4.24 Grooved First Wall

4.24.1 Issue

The concomitant requirements of moderate to high surface heat flux

capability and long erosion life In the aesign of tokamak first wall/blanket

systems will almost certainly require some form of stress relief in the first

wall. Providing orthogonal grooves on the first wall has emerged from the

BCSS study to be a potentially promising method for achieving this goal.

Concerns for the viability of using grooved first wall have centered around

the propensity for such a structure for premature crack initiation at the

roots of the grooves due to stress concentration effects and the subsequent

propagation of these cracks to early failure.
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4.24.2 Required Data

Because of the complexity of the problems a combined analytical/

experimental approach is recommended. The analytical program should precede

the experimental program and help design optimum configurations of the grooves

as a function of the surface heat flux. The stress analyses should provide

the stress concentration factors and the nature of stress distribution in the

grooved structure as it evolves in time because of time-dependent deforma-

tions. Specifically, the analyses should indicate the similarity and

dissimilarity between the stresses and deformations produced in a grooved

plate loaded by surface heat flux as opposed to loaded by mechanical means.

These data will be particularly useful in determining if and how experimental

data generated using the simpler and less expensive method of loading by

mechanical means can be applied to structures loaded by surface heat flux.

Experimentally it is necessary to achieve a surface heat flux of the

order of 1 MW/nr on structures of reasonable sizes. Facilities are available

using either electron beams or ion beams. In addition, specimens of size 10

cm x 10 cm can be heated to a maximum of 0.5 MW/m by using high intensity

xenon lamps. The specimens will have to be cooled and constrained such that

they develop stresses that are representative of the expected stresses in a

blanket.

Because of the complexities and expense? inherent in such tests, it is

recommended that the bulk of the tests be conducted on uniformly heated

grooved plates or cylinders by subjecting them to steady and/or cyclic loads

by mechanical means. Specimens should be fabricated from a representative

material whose ductility has been reduced by appropriate metallurgical

treatment such as cold work. The tests should be carried out to failure or

crack initiation and a significant effort should be spent on correlating these

data with the groove stress analysis, crack initiation and crack propagation

data of the material.

A limited number of grooved plates should be tested with the more

elaborate and prototypic setup using electron or ̂ on beams as well as possibly

xenon lamps. These tests should be used as validation tests for designs of

grooves developed in the earlier phase of the program.
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4.24.3 Status of Data Base

Approximate analysis carried out under the BGSS program has shown that

grooves remove the region of highest stress in the structure from one at the

highest temperature to one at a much lower temperature. However, the stresses

at the root of the grooves are high and need to be determined as functions of

the geometrical parameters of the grooves using more accurate analysis

methods. No experimental data on the effects of a surface heat flux on a

grooved plate currently exist.

4.24.4 Required Resources

The analytical part of the program can be carried out using any of a

number of available finite element programs such as ANSYS or ABAQUS and should

require an effort of one manyear. The bulk, of the tests with the grooved

specimens can be conducted in any laboratory having a conventional loading

fixture and should be completed by 1-2 years. Possible surface heat flux test

facilities exist or will soon be operational (e.g., ASURF and the PMTF). The

testing could be completed within 2-3 years.

4.25 Excessive Leakage of Coolant to Plasma Chamber

4.25.1 Issue

Under the action of stress, irradiation and thermal cycle behavior, small

flaws in a structural material may grow. Because of the thinness of the

structural material between the coolant and the plasma chamber in the

firstwall, a flaw can grow through the wall, permitting coolant to leak into

the plasma chamber. Because of the high purity requirements of the plasma

even small quantities of leakage of any of the coolants could extinguish the

plasma.

4.25.2 Required Data

The data required to resolve the R&D issue is verification of the crack

propagation and leak rate projections that are presently being made and that

appear to giv* contradictory results.
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4.25.3 Status of Data Base

Since the crack propagation is strongly influenced by radiation damage of

the materials involved, relatively little data exists on the crack propagation

concerns that would be relevant to a fusion first wall. The fracture

mechanics methodology necessary to predict crack growth of this kind is in

existence and is being used today as part of the AD1P program. The projec-

tions from these various models appear to be contradictory. Reference 1

projects that the crack growth will not prove to be a limiting concern and

that surface cracks on the order of a few tenths of a millimeter deep which

would be detectable by conventional techniques could be tolerated. Reference

2, by the same author, projects that the requirements for flaw detection may

be much smaller. Reference 3 projects that, similar to Reference 1, the

tolerable crack size to prevent leakage during the lifetime of a typical

reactor first wall is on the order of a few tenths of a millimeter and should

be readily detectable. Thus, the data base needs further experimental

confirmation. The experimental information from water leakage in operating

HTGRs which have similar restrictions on water in-leakage appear to confirm

the projection of no unusual leakage concerns even under thermal cycling, at

least in the absence of radiation. With radiation damage, however, additional

questions must be resolved.

4.25.4 Required Resources

The resources required to resolve this issue may be quite large.

Essentially what is needed is an irradiation under pressure and thermal

cycling of a prototypical first wall component. In fact, this radiation test

may be required to be done in an actual operating fusion reactor.

4.26 Coolant/Breeder Cleanup after Spills

4.26.1 Issue

During operation of a fusion power plant, spills of the various blanket

fluids will occur. The spills may occur either inside the reactor building or

Into the vacuum chamber. For most fluids fairly standard cleanup methods are
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expected to be adequate. For certain fluids, such as LiPb and FLIBE,

additional research is required. In all cases except helium, the actual

cleanup of the blanket fluid will likely be difficult because of its

radioactivity.

4.26.2 Required Data

Research is required to find an acceptable means to clean up a spill of

either 17Li-83Pb or FLIBE. Chemical research to determine a suitable solvent;

is required.

4.26.3 Status of Data Base

Cleanup of water may be difficult, but existing methods should be

acceptable. Sodium cleanup techniques will work for lithium. Specifically,

large pieces will be removed mechanically and the rest can be steamed-cleaned

since lithium reacts with water. This has been used at various research

facilities using lithium. Because the nitrate salt Is soluble in water, the

methods for cleanup should be fairly straightforward but will be difficult in

practice because of the very hi^h radioactivity of the nitrate salt. For

these reasons the technical risk and additional research for water, lithium,

and nitrate salt spill cleanup appear to be minor. In the long run,

maintenance-related research and development will need to verify that these

fluids could be completely removed after a spill.

Cleanup of 17Li-83Pb or FLIBE does not appear to be straightforward.

Neither material is soluble in water; their low chemical reactivity is a

disadvantage in this regard. At present, the only identified cleanup method

would be physical removal of the solidified spilled material. This would be

particularly difficult in the case of a spill into the vacuum chamber. In

fact, it is possible that a 17Li-83Pb or FLIBE spill could solidify in between

two blanket sectors and perhaps "self-weld" the two sectors. No chemical

solvent for 17Li-83Pb or FLIBE has been identified by the BCSS.

4.26.4 Required Resources

No new facilities are required. Although in practice much of the

difficulty in cleanup would be associated with the highly radioactive nature

of these fluids and the particular geometry of where they are spilled, the

required research should initially focus on finding a solvent. A two man-year
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level of effort for two years is estimated. If, however, a modest amount o:

chemical research effort failed to find a suitable solvent, additiona

resources would be required to attempt to find other cleanup methods suitabli

for these two fluids.

4.27 Coolant Containment Reliability of Double Wall Tubes Less than Predicted

4.27.1 Issue

For blankets which have high pressure water coolant contained in smal

diameter tubes, projections of single wall tube (SWT) reliability agains

leaks lead to predictions of between 1 to 100 or more failures per year araon

the 120,000 or so coolant tubes needed for a STARFIRE-sized power reactor,

double wall tube (DWT) design approach has been adopted for the LiA102/H20/HT

9/Be blanket concept. The approach features two separate pressure boundaries

each sized for the coolant design pressure, and separate welds of each tub

end such that a through-crack would be required in each tube of any one DW

assembly before coolant could leak into the breeder zone. The principa

uncertainty in the feasibility of the apporoach seems to be the degree t

which common-mode failures will affect the overall reliability of the system.

4.27.2 Required Data

To establish reliability data with sufficient confidence to choose th

concept for DEMO, it will be necessary to test a fairly large matrix, wit

extensive replication of samples, under (1) non-irradiated conditions, and (2

irradiation. Conditions to be simulated for the non-irradiated tests include

• coolant chemistry

• coolant temperature (280 to 320°C)

• coolant pressure (14.0 to 15.5 MPa)

• environment external to the DWT

He at I to 6 atm, with 0.1% H added

breeder thermal heating

• end weld configuration

• coolant thermal cycling (T-max to RT to T-max; up to 4 x 10 cycles)
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4.27.3 Status of Data Base

For SWT, there is much data available from the fisBion teactor industry,

but in general the data is for materials other than ferrltlc steel. The data

spread appears to be very wide. Overall, the available SWT data is likely to

be of very limited use as i guide to the performance of DWT in fusion power

reactor blankets.

For DWT, some testing work has been done within the LMFBR program for

steam generator tubing with sodium as the primary coolant. The data thus will

have little applicability to the present blanket concept because of differ-

ences in: environment (surrounding materials), structural materials

(different alloy for tubing), welds, tube thicknesses, coolant temperatures

and pressures, and transient conditions.

4.27.4 Resources Required

For non-irradiated testing, adequate facilities should already exist at

national laboratories and perhaps at certain industrial sites. No significant

capital cost increment is foreseen for facilities. An operating level of

effort of about 2 to 4 $M/yr would probably be needed for up to 10 years in

order to generate adequate data to determine optimum design goals.

Subsequent irradiation testing under simulated power reactor conditions

is seen as verification of the adequacy of the design details previously

developed. The tests will determine whether irradiation effects such as

reduced ductility will significantly affect failure rates previously

predicted. Assuming that tests in fission reactors such as EBR-I1 are

adequate, some modification of these facilities might be required. A capital

cost increment of $5M is assumed for these changes. Test operations would

require 3 to 5 $M/yr over a 5-year period. Tests in fusion reactors would be

of limited use since a relatively large test volume and extensive tast timep

would be required in order to obtain relatively high confidence in the

results.

4.28 Excessive Activation Products from Nitrate Salt and 17Li-83Pb

4.28.1 Issue

The nitrate salt (NS) and lithium lead (LiPb) coolants will be highly

activated in the fusion blanket. The key concern is determining the
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activation products, their forms and our ability tu contain normal

emissions. Of particular importance for the salt are the gaseous products,

argon and C02» especially the former. Regarding the LiPb coolant, certain

isotopes in lead, thallium, silver, sodium, potassium, and bismuth elements

are of great concern. Particular emphasis should be placed on the potential

biological hazard due to the alpha-particle emissions associated with the

decay of 210Pb, 210Bi and 210Po.

4.28.2 Required Data

Data is required to validate activation calculations by neutronics

eKperiraents on Na, K, N and 0 for the salt and on Pb (and possibly Bi) for

LiPb. This can be done on NS itself, its elements or other compounds for the

salt, and only on Pb (and Bi) for LiPb. The computational validation should

be performed both for numerical methods and activation/decay data libraries.

It will also be necessary to determine the chemical form of products.

This must be performed using the respective compounds, NS and LiPb, at

temperatures anticipated for operating conditions; i.e., 350°C-500°C for NS

and 380°C-530°C for LiPb. Tests should also be run to demonstrate the removal

and control of gaseous products as well as solid/liquid products. This may be

done in conjunction with tritium recovery experiments (see section 4.18).

4.28.3 Status of Data Base

Basic activation cross sections exist but the present data availability

is insufficient to derive reliable evaluations. Information on many important

reactions such a; 39K(n,p)39Ar for the salt and 2O9i'b(n,Y)21CPb for LiPb is

currently unavailable and needs to be developed. In addition, benchmark

testing of existing numerical methods is required to validate their

accuracy. For example, numerical evaluations on 0(n, He) C varies by

several orders of magnitude among those methods currently used.

Regarding determinations of the chemical form of NS products, it is

presently unknown whether carbon forms a gaseous product, CO or C02- C0? is

predicted from thermodynamics, but the kinetics are unknown. No work has been

done on argon or CO/CO2 removal from NS.

Precise information is missing on the magnitude and the chemical forms of

LiPb activation products. Work has not been done either on activation

removal/control from LiPb.
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4.28.4 Required Resources

A total effort of about 14 manyears is predicted for the task over a two-

year time period with the largest effort. (̂  10 manyears) on removal/control

issues. New facilities will be required to study the removal and control

aspects of this issue, with facility costs of up to $5M.

4.29 Electromagnetic Effects

4.29.1 Issue

Changing magnetic fields in a fusion roictor are closely coupled to the

electrically conducting blanket and first wall. The primary electromagnetic

concern is the arcing, forces, and torques induced in conducting components by

a disruption or sudden loss of the plasma. A second major concern is facili-

tating the penetration of the field from the poloidal field coils of a eokamaif9

through the shield, blanket and first wall to the plasma; this is more easily

managed than the first concern. However, provision for field penetration

together with requirements for maintainability places restrictions on the

geometry of the first wall and blanket which can intensify the problems from

plasma disruption.

4.29.2 Required Data

The required data are both experimental and computational. Most

important are data on the current disruption of high-current plasmas, in

particular, the time scale of the disruption and the spatial oscillations of

the current during disruption. Also needed are data on the electrical

properties of candidate first wall and blanket materials under the temperature

and radiation conditions of expected operation. Data on arcing in intense

magnetic fields in the expected conditions of vacuum and ionized gases are

also needed.

Eddy-current computer codes are needed to predict the current paths,

forces, torques, and voltages to be expected for different reactor

geometries. These codes must be validated with data for geometries similar to

those for which they will be employed. Both two-dimansional and three-

dimensional codes are needed.
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4.29.3 Status of Data Base

TFTR and JET should supply the needed data on plasma current disrup-

tions. As those data are needed for many other programs as well as for

electromagnetics, they will not be discussed further here.

There are some data on arcing, even some on arcing in the presence of a

magnetic field, but none under the applicable vacuum and ionization

conditions. Similarly, there are high temperature data on electrical

properties of most materials under consideration but often not for irradiated

material nor for composite, clad, or otherwise combined materials.

There are two-dimensional, finite-element eddy current computer codes

,̂hich can be used to study the interactions of several axisymmetric,

unsegmented systems. There are two-dimensional shell eddy current codes which

can be used to study one or a few coupled, segmented systems. There are no

codes which treat several coupled segmented systems. There are no three-

dimensional codes which treat more than a single, simple body. The FELIX

experiments are producing da*"a to validate these computer codes.

4.29.4 Resources Reaaired

Experiments with FELIX can provide data to validate codes on geometries

similar to those which will occur in reactors (e.g., limiters and segmented

blankets electrically connected at front or back). Many of these could profit

from upgrading FELIX to higher fields and to better simulate disruption

conditions. Experiments on arcing and other electromagnetic effects are also

needed. Annual operating costs for FELIX are approximately $500K.
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5. EVALUATION METHODOLOGY

The Blanket Comparison and Selection Study (BCSS), devoted considerable

effort to developing a comparison methodology and set of evaluation criteria

which would facilitate the study's primary goal: the selection of a limited

number of blanket concepts for further research and development. The evalua-

tion and comparison process was developed as a three stage process as follows:

Stage 1: At the beginning of the study, blanket concepts were divided into

mainline and alternate concepts. The detent?nation of "mainline"

designation was the judgement of the project based on previous

fusion reactor and blanket design studies. Figure 5.1-1 shows the

various categories of mainline concepts which are designated by

liquid (Li and LiPb) or solid (LijO and ternary oxides) tritium

breeding materials, various coolants (self-cooled liquid metals, He,

and HoO) and the possible need for a neutron multiplier (M). The

reference structural material for the initial phase of the study was

PCA. Design and special issue groups were than established to begin

a careful evaluation of these mainline concepts. In addition, an

alternate concept screening group was established to examine all

blanket concepts not included in the mainline category (see Chapter

X of Ref. 1).

Stage 2: In order to provide guidance for the alternate concept screening

process and to provide a framework for the initial evaluation of the

mainline conceptst a set of initial screening criteria was esta-

blished (Table 5.1-1). These screening criteria vsre discussed in

Sec. III.2.1 of Ref. 1. la addition, a set of design guidelines

(described in Sec. 5.1) was issued rear the beginning of the study

for use by all study tasks and were periodically updated as

required. The combined judgement of the BCSS team was used during

the first year of the study to reduce the large number of possible

blanket options to a limited number that were evaluated in detail

during the second year of the study.
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BLANKET OPTIONS

Liquid Metals

s

Li
Li

Li
He

LiPb
LiPb

I LIPb,(He,H2O,Na^

LiPb
CX

X 2 '
. Y2|"H

L__J

Solid Breeders

Li2O
H2O

Li2O
He

{ Ternary Ceramics I
UAIO2, LI2SIO3, I

, LI2Zr03, LI2TIO3 |

Alternate
Concept Screening •-•

- - H X1 I
I Y1 I
I I

•A
sx
H20

SX
He

A concept for the detailed
comparative study.

Structural Material

(1) PCA
(2) Ferritic
(3) Vanadium alloy

A study required to define a concept
(within a class) for Inclusion in the
detailed comparative study.

N, = Neutron Multiplier

Pig. 5.1-1. Blanket options examined.



TABLE 5.1-1. INITIAL SCREENING CRITERIA

Criteria

Tritium Breeding Ratio

Thermal Efficiency

Blanket Steady-State
Tritium Inventory

Lifetime

Tritium Loss Rates
(Routine Operation)

Compatible Blanket
Materials Combination

Neutron Wall Loading

Engineering Feasibility

Min./Max Value

> 1.05
> 1.20

> 25%

10 g/MWth
a

> 5 MW-yr/mZ

< 100 Ci/daya

No Materials Combination
Resulting in Large Rate
of Energy Release

> 3 MW/m2

No Unduly Complex Config-
urations or Fabrication
Procedures

Comments

1-D Calculation
3-D Calculation

Net Power (Gross Electric minus
Pumping)

Based Primarily on Startup and
Tritium Decay Considerations

Overall Blanket/Power Conversion
System (for Plant)

aFor a 4000 MWth power plant.

'includes effect of blanket multiplication.



Stage 3: During the second year the study rated the top-ranked concepts in

four areas (economics, engineering feasibility, safety and environ-

ment, and R&D requirements) which were the results of a quantified,

systematic evaluation process described in Chapter 3. The methodol-

ogy developed for each of these four evaluations is described in

Sections 5.2 through 5,5.

5.1 Design Guidelines

Early in the study, a set of Design Guide, ines was developed for use by

all tasks. The purposes of these guidelines were:

(1) to establish the value (or range of values) of parameters and to

state assumptions that require consistency in treating all blanket

concepts, and

(2) to provide guidance on the approach to handling issues of broad

interest in all concepts.

These guidelines were updated periodically to provide clarifications and

additions as the need arose. Table 5.1-2 summarizes some of the major

requirements from the design guidelines; these are briefly reviewed below.

The final version of the design guidelines is provided in Fig. 5.1-2.

While the focus of BOSS 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

reactor design^2) is adopted. For tokamaks, STARFIRE^3^ with limited modifi-

cations is utilized as the reference reactor design. These modifications

include increasing the base casa neutron wall load from 3.6 to 5.0 W/m2,

reducing the peak toroidal field from 11.1 T to 10.0 T, and reducing the

number of TF coils from 12 to 10 and the number of blanket/shield sectors from

24 to 10. In addition, the tokamak was assumed to be a pulsed reactor with a

burn cycle of 10* seconds, resulting in ~ 2500 cycles per year at an assumed

30Z availability. This required that fatigue life be considered for first
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TABLE 5.1-2. MAJOR REQUIREMENTS FROM BGSS DESIGTI GUIDELINES

PARAMETER TOKAMAK TMR

Neutron Wall Load, MW/m2 5.0 5.0
First Wall

Surface heat flux, MW/m2 1.0 0.05
- Erosion rate, mm/y 1.0 0.1

Disruptions or rapid-loss-of-plasma events, no./y 3 1
Pressure on first wall due to sudden removal of
plasma, MPa (psi) 0.77 (Ul) c 0.02(2.4)

Startup/shutdown cycles (warm-to-warm), no./y 12 12
Burn cycles

Length, s 10^ =>
Number per year 2500 1

Maximum allowable structure temp., °C
Austenitic stainless steel (PCA) 550
Ferritic steel (HT-9) 550
Vanadium alloy (V-15CR-5Ti)a 750

Maximum allowable structure temp, at liquid-to- Li 17Li-83Pb
metal interface, °C (for Li/17Li-83Pb at 1.5 m/s)

Austenitic stainless steel (PCA) 470 410
Ferritic steel (HT-9) 535 450
Vanadium alloy (V-15Cr-5Ti) 750 650

Total allowable dose to TF coil insulator at 150
MW-yr/m equivalent fluence at first wall,
radsd 1010

Solid breeder allowable temperature limits, °C
( minimum/maximum) e

Li20 410/800
350/1000

a Based on strength properties only.

Based on uniform dissolution rate of 20 (.im/y.
c Outboard blanket.
d Shield sizing cr i ter ia .
e See Fig. 5.1-2 for qualifications.
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BLANKET GOHPAUSOH ARD SKUCTION STUD?

DBSIGN GDIDBLIHES

KEV. 5 - 0 6 APRIL 1984

Purposes

- To establish the value (or range of values) of parameters and to state

assumptions that require consistency In treating all (or most) blanket

concepts.

- To provide guidance on the approach to handling Issues of broad interest

In all concepts.

[Note: Parameters and data specific to one blanket concept will be generated by

the group working on the concept, not by Design Guidelines Group.]

Examples

- Maximum allowable temperature for structural materials

- Operating temperature range for solid breeders

- Surface heat load, erosion rate

- Divertor vs. limiter for tokamaks

GROUP ORGANIZATION

Leader: Smith/Morgan

Participants

Leader of Evaluation Criteria Group (Baker)

All leaders of individual tasks

e.g., Davis (structural material data); Liu (solid breeders data and limits)

Procedure

- Specifications for Design Guidelines will be communicated to all project

members by Smith or Morgan.

- Guideline revisions will be provided in the future, for the duration of the

project.

How parameters and assumptions are added to the liBt

- Based on requests initiated by the project manager or any member of the

project.

- The technical specifications will be developed by the appropriate group (e.g.,

solid breeder tritium recovery group).

- The requests can be made to Smith, Morgan, or the appropriate group leader.

- The final specifications will be reviewed and issued by the Design Guideline

Group Leader.

- Any member of the project can suggest changes. All requests will be reviewed.

Fig. 5.1-2. BCSS Design Guidelines (final version)
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Pararaeter(s): Average Neutron Wall Load

Value: 5 MW/m2 [Note: A range of values may be added later.]

Parameter: Surface Heat Load

Value: For eokamaks, consider 10, 50, and 100 W/cm2. Fox cases where

large changes occur in the results, also consider intermediate

values (25 W/cm2 and/or 75 W/cm2). In cases where it is necessary

to consider a single value for the surface heat load, assume

50 W/cm2 for preliminary phases. Final evaluations will consider

each concept's ability to achieve 100 W/cm2 as a reference value.

For tandem mirror reactors (THKs): consider 5 W/cm2.

Parameter: Frequency of Disruptions or Rapid-loas-of-plasma events

Value: For computing fatigue life, the frequency per year of such events

shall be assumed as follows:

BURN
PEVICE

TMR (SS)

TOKAMAK (PULSED)

12

12

DISRUPTION OR

RAPID PLASMA LOSS CYCLES

1 0

3 2500

(2)

(1) STARTUP/SHUTDOWN, TYPICAL OF POWER PLANT OPERATING EXPERIENCE

(2) OTHER THAN SU/SD. BASED ON 10*8 BURN TIME, 80S AVAIL.

This assumes an improvement in disruption frequency in tokamaks to

the degree necessary for viable power reactors. Rapld-loss-of-

plasma events are not typically observed in TMR's but are Included

to guard against designs which cannot withstand such law-

probability events.

Parameter: First Wall (FW) Thickness

Approach: Determine the maximum allowable thickness for each value of the

surface heat load, accounting for constraints specified below and

elsewhere in the guidelines. Consider all material to be

continuous with first wall. The following guidelines shall apply:

o Erosion rate (FW plasma-facing surface) - 1 mm/calendar year for

tokamaks, 0.1 mm/calendar year for TMR's.

o Orthogonal grooving may be assumed for tokamaks or TMRs to

permit a thickness allowance of material for erosion of the

plasma-facing surface. For a given wall thickness, the maximum

structural temperature limit (e.g., 550°C for HT-9) shall be met

at a distance of three times the thickness of the structural

(non-grooved) portion of the wall, as measured from the coolant

interface.

Fig. 5.1-2 (Continued)
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STRUCTURE MAXIMUM TEMPERATURE LIMITS8 AT LIQUID METAL INTERFACE (*C)

System

Lithium
Circulating

Static

Pb-17L1
Circulating

Static

Flow
Velocity,

m/s

1.5
0.5
0.05
-

1.5
0.5
0.05

Auscenitlc
Steel
(PCA)b

430 (470)
445 (480)
455 (495)
525 (575)

375 (410)
385 (420)
395 (430)

395 (430)

Ferritic
Steel
(HT-9)

535
550
565
565

415 (450)
425 (465)
435 (475)
435 (475)

Vanadium
Alloyc>d

(V-15Cr-5Ti)

750

750

> 650

> 650

a Limits based on a uniform dissolution rate of 5 \a/y (or ~5.5 mg/nr-h). The

values within brackets correspond to a rate of 20 |Wy.

b Temperature limits for Pb-17Li system are for 20X CW Type 316 SS.

c Nonmetallic element transfer are expected to dominate corrosion limits.

d Temperature limits based on materials considerations only. Safety

considerations for use of vanadium alloy where contact with oxidants can occur

in accidents may require temperature limit <_ 650°C.

Farameter(s): Maximum Allowable Structure Temperature

Maximum Allowable Temperature at Structure Interface with Coolant

or Breeder

Approach: The lifetime of any structural material varies with the operating

temperature. This relationship is provided at discrete values of

temperature for all candidate alloys under "Stress Limits."

STRUCTURE MAXIMUM TEMPERATURE LIMITS8 (°C)

Austenitic

Steelb

(PCA)

Ferritic

Steel

(HT-9)

Vanadium

Alloyc

(V-15Cr-5Tl)

550 550 750

8 Minimum temperature limits (if any) not included.

b Annealed or 20% CW.

c Temperature limits based on materials considerations only. Safety

considerations for use of vanadium alloy where contact with oxidants can

occur ln accidents may require temperature limit <^ 650°C.

Parameter: Downtime for Blanket Failures (Unscheduled Maintenance)

Value: Use goal of _<10 days per calendar year.

Fig. 5.1-2 (Continued)
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Parameter: Forces in First Wall Due to Sudden Removal of Plasma

Value: Forces caussd by toroidal (TMR:axial) eddy currents shall be

equivalent to those caused by a distributed pressure acting Inward

toward the plasma chamber.

T t

111 PSI (OUTB'D)

98 PSI (INB'D)

RR.1T

2.4 PSI

max:l-mum value for cosine pressure distribution which

causes unit force equivalent to (Pmax) X (L).

For a multi-layer tube bank first wall and blanket in a TMR, the

addnd pressure will be 240 psi which will appear in the tubes if

they carry a liquid metal. For water or helium coolant the forces

will be distributed among all layers of the tube bank.

Forces and torques produced by radial or poloidal eddy currents

(interacting with the toroidal or axial field) shall be evaluated

for TMR's and for inboard (tokamak) and top/bottom/outboard regions

in accordance with the memo of Turner and Molr dated March 27, 1984.

Parameter: Shield Sizing Criteria

Approach: The shield thickness for any specific blanket design shall be sized

to produce a total dose to the TF coil insulator of no more than 10

X 10' rads, over a lifetime equivalent influence to 150 MW-yr/m^

(40 yr plant life X .75 availability factor X 5 MW/ra2 neutron wall

load).

Parameter: Tokamak Burn Cycle

Approach: The reference tokamak for all BCSS analyses will be a very-long-

pulsed tokamak with these burn cycle parameters:

Fusion Period

EFC Ramp Down

OHC Reset

EFC Ramp Up

tF • 1 x 10 s

5 s

- 30 s

5 sat
EF

Fig. 5.1-2 (Continued)
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Parameter: Total First Wall Plus Blanket Thickness

(Does not include shield thickness)

Approach: Optimize but limit to £ 70 cm if possible. (If thicker blanket is

necessary, then trade must be made with shield thickness. Dose

rate to SC magnets will govern total blanket/shield thickness for a

given concept.) Larger thickness may:

- Increase reactor capital cost

- Increase tritium breeding ratio

- Increase the fraction of thermal power recovered as useful

energy

Energy deposited in the shield is by definition not recoverable.

All (neutron) energy recovery regions (breeder, multiplier,

reflector, etc.) should be included in the first wall and blanket-

Parameter: Tritium Breeding Ratio (TBR)

Approach:

- Each blanket concept will be judged by its Tritium Breeding Potential

(among other factors).

- Example (not a specification): (TBR)N - maximum net TBR

- (TBR)N < 1.05 Rejected

- 1.05£(TBR) N < 1.10 High Risk

- 1.10^(TBR) N < 1.15 Mediur Risk

- 1.15 ^ (TBR)N < 1.2C Low Risk

- (TBR)N >.l-20 Attractive

- For tokamaks and TMR's, concept designers should ensure that the breeding

ratio with full coverage is greater than 1.2. Examine methods to increase

the breeding ratio, i.e., evaluate breeding potential.

- The reference limiter for 3-D neutronics analyses of blankets in tokamaks

shall be the water-cooled FED-INTOR type of limiter Bhown in these

Guidelines.

- Tritium Breeding Issues Group is examining:

- Breeding requirement (depends on T inventory, doubling time, reactor

type, blanket type, etc.)

- Impact of overall reactor on breeding ratio

parameter: Tokamak Blanket L/R Time Constant (i )

Value: 100-200 ms (desired range in a segmented blanket)

Note: It Is strongly preferred that the eddy current path be

com trained to remain near the first wall.

(See L. R. Turner memo of 26 July 1983)

Fig. 5.1-2 (Continued)

5-10



Parameter: Stress Limits

Approach: The allowable stresses for all thrie candidate structural alloys in

both unlrradiated and irradiated conditions are shown in the

following tables. Both primary and priwiry-plue-secondary stresti

limits are to be met for all FW and blanket structure, including

any FW erosion allowance. (Background and rationale for these

limits are discussed in Saurln Majumdar's memo of June 1, 1983.)

ALLOWABLE STRESSES FOR PCA (251 CW)

Temp.

CO

100

200

300

400

500

550

Sn

CMPa)

225

208

205

205

205

195

Unlrr

104 h

225

208

205

205

205

195

adlated (^

S . t *

2 x 10 4 h

225

208

2Q5

205

205

195

. 10 dpa)

(HPa)

3 x 10 4 h

225

208

105

205

205

190

5 X 104 h

225

208

205

205

205

175

Irradiated (>

Sm

(HPa)

225

20B

205

205

190

175

S_ b

75 dpa

190
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Parameter: Allowable Sector Deformation ln Toroidal Direction Due to Time-

Dependent Effects

Value: For the width of a single sector (36* circumferent.'ally around the

torus), the maximum allowable deformation as measured for the widest

part of the sector (outboard ml'plane) shall be 2.0 cm. ThlB value

shall be the difference between the widths measured (1) at steady-

state operating conditions during Initial operation (zero fluence,

BOL) and (2) at steady-state operating conditions at maximum fluence

(EOL).

Parameters:

Value(s):

Properties and Operating Temperature Ranges for Solid Breeders

VALUES FOR CANDIDATE SOLID BREEDER MATERIALS8

Breeder

Li2O

T-HAlOj

Li5A104

LI2Si03

LlASi06

Li2Zr03

Li8zro6

Li2Ti03

\-m— PROPERTIES

MP,
°C

1433

1610

1047

1200

1250

1616

1295

1550

pLl,
g/cm3

0.93

0.28

0.61

0.36

0.54

0.33

0.68

0.33

-J
Kb.

W/m-K

3.41

2.21

2.3

1.5

1.5

1.3

1.5

2.0

RECOMMENDED 1 "
•- TEMPERATURE -*•!

LIMITS P

Tmin,
°C

410J

35Od

35Od

410d

320d

400e

350e

400e

Tmax, fiTi
°C °C

BOO^'1' 390

1000f 650

7808 430

1000f 590

950f 630

1400£ 1000

9808 630

11856 785

INFORMATION
ONLY

K'AT

1325

1430

989

885

945

1300

945

1570

pLi«K«AT

1230

400

603

319

510

429

643

518

Separate effects data not available, therefore effects of radiation
or, temperature limits is unknown and not reflected in this table.

Estimated for sintered product at 857. smeared density at 1000 K.

Established from chemical considerations, i.e., reaction with
moisture to form LiOT.

Established from diffusion/inventory considerations, based on

0.2 (in grain size.

Estimated assuming similar properties.

Estimated for thermal sintering limit.

Estimated assuming T m a x - 0.8 Tm, K.

1000°C for design approaches with helium purge gas flow directed
only to the "cold" region of the breeder.

For estimates of K for sintered Li2O and sphere-pac Li20
and Y~L1A10 2 with irradiation effects, guidance will be provided
by the Solid Breeder group.

Fig. 5.1-2 (Continued)
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Tokamak Impurity Control

The reference limlter for the BCSS is based on the FED/INTOR Phase 2A Study,

1982. This is a bottom limiter with a curved configuration, The reference

Umiter is constructed of a copper heat sink with water coolant (T m a x - 150°C) and

a 10 mm beryllium coating. An alternate llmiter for liquid metal blankets will

uae lithium coolant (T n a x ~25Q°C), vanadium allow (V-15Cr-5Ti) or tantclum alloy

(Ta-lOW) heat sink, with a 10 mm beryllium coating. The figure below is a

schematic of the FED/INTOK limlter with approximate dimensions for the BCSS

limiter.

For She BCSS liait^r it is siaunwU rhat t!v» total fusion p-?vsr i* 3000 MW, that

the major radius is 7.2 m and that the limiter radial width 1B 2.0 m. The total

area of the limiter is:

For BCSS, the case considered for the power levels to the Halter and first wall

shall be as follows:

802 of the o-power uniformly radiated and 20Z in particle power to limlter.
Total power to limiter • 280 MW (200 particles + 80 radiation).
Average power » 3.12 MW/m2.
Peak power '4.12 MU/m2.

BCSS REFERENCE LIMITER FOR T0KAMAKS

tin

Fig. 5.1-2 (Continued)
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Reactor Configuration
For designs that nay be strongly influenced by the reactor configuration ( e .g . ,

HHD effects for flowing liquid metals), consider:

Tokamaks: STARFIRE (with 10 DEMO-type TF coi ls , 10 T max. field)

Mirrors: MARS (to be provided)

Parameter: Loads Due to Seismic Events
Value: Apply ±4.4 g'a in 1, 2 or 3 orthogonal directions simultaneously, on

a worst-case basis, to any detail part, subassembly, or assembly.
The resulting stresses shall be combined with those resulting from
normal operating conditions and compared to limits applicable for
normal operation, except that So may be used Instead of St or S ^ .

Parameter: Steady-state Magnetic Forces on Ferritic Steel Structure in Tokamaks
Value: For an approximation of the Induced forces, use the magnetic force

factor (weight multiple for structure) shown In Figure 1 below,
except that the factor should be reduced by 10* 'o account for the
reduced field for TF coils in the BCSS compared to Starfire.
Directions for forces (which set on all structure) are shown in
Fig. 2. (Note; Forces also occur in other directions but are not
considered significant for our purposes.)

t
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i«
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i.i
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• \

• i i i i

HO too no no m
»»JOH RADIUS 0*XU»i)
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Urn M
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• I * .

ScMaartlc inning pot I+1 on ard torm er. blan-
kat aodul«t (a) (neat «or«s In r-tftractlon,
•ntf Ibl then ferns In X-dlrtetion. 6rack«t«
liKluta full tlinUT mdiiln Mlaila vei l mm-
kart r t l r to l l m n t l u»c In CFUN calcula-
t lw.

(Source: T. L. Lechtenberg, C. F. Dahms, "Magnetically-induced Forces on a

Ferromagnetic HT-9 First Wall/Blanket Module")

Fig. 5.1-2 (Continued)
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walls and blankets and the inclusion of thermal storage capability in the

power conversion system for each blanket concept.

The reference neutron wall load of 5 MW/nr is presently believed to be

near the upper end of the optimum range for tandem mirrors and tokamaks.

While all the mainline and alternative concepts have been evaluated at

5 MW/m^, a limited effort was devoted during the study's first year to evalua-

ting first wall/blanket concepts at higher wall loadings. This effort is

summarized In Appendix D of Ref. 1. The results indicated that for the

present candidate materials and reactor design concepts, no clear benefits can

presently be identified in terms of the cost of energy for operating at wall

loads significantly greater than 5 MU/m .

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
2

design, the surface heat flux is ~5 W/cm . The charged and neutral particle

fluxes at the first wall are very low, and the resulting erosion rate was

assumed to be 0.1 mm/y. In contrast, tokamak designs have shown high surface

heat fluxes and in some cases high erosion rates at the first wall. There is

a trade-off possible between the heat load on the first wall and that trans-

ported to the limiter or divertor plates. Since limiters and divertcr plates

have limited surface area, the results of the tradeoff generally favor a large

fraction of the a-power being radiated to the larger surface area of the first

wall. The study selected a limiter located at the bottom (INTOR type) and

assumed the following case for a total fusion power of 5000 MW:

o Major radius = 7.2 m, limiter radial width • 2.0 m

o 80% of the a-power uniformly radiated to first wall, 20% in particle

power to the limiter

o Surface heat flux at the first wall - 1 MW/m2

o Total power to limiter = 280 MW (200 MW particles, 80 MW radiation)

o Limiter power loading • 3.12 MW/m^ average, 4.12 MW/m^ peak

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
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comprehensive modeling performed for INTOR Phase II' ' 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 llmlter tips and

dlvertor throat. Thus, the final reference values adopted for tokamak first

wall surface heat flux and erosion rate were 1.0 MW/m and 1 mrn/y, respec-

tively.

The maximum structure bulk temperature limits were determined by the

Structural Materials group as described in Sec. 6.1. The temperature limits

adopted on the basis of strength properties were 550°C, 550°C, and 750°C for

PCA, HT-9 and V-15Cr-5Ti, respectively. The allowable stresses for these

structural materials in both the irradiated and unirradiated conditions are

given In Sec. 6.7 and In Fig. 5.1-2. In addition, maximum temperature for V-

15Cr-5Ti was constrained to be 650°C or less for situations where contact with

oxidants could occur in accidents, because of safety concerns for rapid oxida-

tion of vanadium alloys.

Evaluation of liquid metal corrosion (Sec. 6.2) provided limits on struc-

ture temperature at the liquid metal Interface. Depending on the velocity of

the liquid metals, these interface temperature limits for austenitic steels

are in the range of 470° C to 495° C for lithium and 410° C to 430° C for

17Li-83Pb (LiPb). These limits are based on a maximum allowable uniform

dissolution rate of 20 um/yr. The interface temperature limits for lithium

are higher by ~270°C and ~80°C for vanadium alloys and ferrltic steels,

respectively. However, in the case of the more corrosive LiPb, the austenitic

steel temperature limits go up by ~230°C for the vanadium alloys but only

by ~40°C for ferrltic steels. These corrosion temperature limits proved to be

among the most critical drivers for liquid metal designs with PCA and HT-9.

The lower and upper temperature limits for solid breeders were esta-

blished by the Solid Breeder Materials group (Sec. 6.3). The specified tem-

perature limits are given in Sec. 6.7. Recent experimental and analytical

results led to specifying temperature limits for solid breeders that, in

general, resulted in wider temperature windows (allowable temperature ranges)

than those assumed in most previous studies.

The specifications for plasma disruptions in the case of tokamaks and

rapid-loss-of-plasma in the end plugs in the case of TMR's were examined. The

first wall is required to withstand only a few major disruptions or plasma
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loss occurrences during the lifetime of the blanket, ~5 for TMR's and ~15 for

tokamaks. This assumes an Improvement in disruption frequency in tokamaks to

the degree necessary for viable power reactors. Thus, the firBt 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.

Other electromagnetic requirements for all blanket concepts are listed in Fig.

5.1-2.

REFERENCES - SECTION 5.1

1. M. A. Abdou et al., "Blanket Comparison and Selection Study - Interim

Report," report ANL/FPP-83-1 (Vols. I and II), Argonne National Laboratory
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Lawrence Livermore National Laboratory (July 1984).

3. C. C. Baker et al., "STARFIRE - A Commercial Tokamak Fusion Power Plant

Study," report ANL/FPP-80-1, Argonne National Laboratory (September 1980).

4. W. Stacey et al., "U.S. FED-IKTOR Critical Issues," report U.S.A. FED-
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5.2 Engineering Feasibility

The Items Included under "Engineering Feasibility" include important,

even vital, blanket criteria that either deserve separate consideration or do

not readily fit under the categories of safety and economics. These items are

listed in Table 5.2-1.

The results for most of these criteria would be quantifiable in economic

terms if analyses and trade-off studies were performed in much greater depth,

and if results of blanket development tests were available. The related

rankings among blanket concepts could then be made on the basis of eco-

nomics. For the purposes of the BCSS, however, the blanket concepts must be

examined for each criteria from the standpoint of engineering judgement on the

basis of information provided by the concept advocate groups. In this manner,

relative differences among the concepts in these areas can be ascertained and

a relative ranking thus established.

The basic approach to be followed is similar to that used for safety and

environmental criteria as described in Sec. 5.4. The overall engineering

figure of merit (EFM) is defined as the weighted (W^) sum of an index (1^) for

each item listed above:

[5.2-1]

where 1^ has a value of 0 to 1 for each item listed in Table 5.2-1. The

maximum score is 100. The weighting values, W^, are also given in Table

5.2-1.

Because the method uses weighted sums rather than weighted products, a

zero in one of the indices of Table 5.2-1 would not result in an overall value

of the EFM of zero. If the reason for assigning a zero value for a particular

index was judged to be so serious that it is considered a fatal flaw for that

particular blanket concept, then the concept would not be further considered

in the evaluation process. This has not been a problem primarily because

initial screening and selection process of the first year of the study elimin-

ated nearly all blankets having fatal flaws.
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TABLE 5.2-1. ENGINEERING FEASIBILITY EVALUATION INDICES

INDEX NAME WEIGHTING VALUE

1. Tritium Breeding and Inventory 25

2. Engineering Complexity and Fabrication 25

3. Maintenance and Repair 15

4. Use of Resources 5a

5. Accommodation of Power Variations 10

6. Increased Capability 10

6.1 Increased Neutron Wall Loading 5

6.2 Higher Surface Heat Flux, 5
Higher Erosion Rates

7. Startup/Shutdown Requirements 10

aAssumes go/no-go material shortage does not exist.

5.2.1 Tritium Breeding and Inventory

Obtaining adequate tritium fuel self-sufficiency is clearly a major

feasibility issue^ ' and has been given a weighting value equal to one-fourth

of the total possible points. This subsection briefly smmarizes the technical

basis for the tritium breeding index developed in the study. Section 6.8

presents a detailed discussion of breeding requirements and uncertainties.

Tritium Breeding Requirement - The required tritium breeding ratio (Tr)

in a self-sustained fusion power economy must exceed unity by a margin (G) to

cover losses due to radioactive decay during the period between production and

use, to supply inventory for startup of other fusion reactors, and to provide

some reserves for periods of scheduled maintenance or failures of the fus'l

processing subsystem. G is often called "doubling time margin". The equation

for T can be written as

[5.2-2]
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where G Is the breeding margin for a reference conceptual design. GQ Is a

function of the reactor tritium inventory (I) and the doubling time (t d), and

can be written as

G "~^ F(t ) [5.2-3]
T N

where x is the mean decay time of tritium, N~ is the rate of tritium consump-

tion and F(td) is a function of td. GQ increases rapidly as I increases and

td decreases- I Includes the tritium inventory In the blanket, fueling and

exhaust systems, in other reactor components, and the storage Inventory for

use In off-normal conditions and for startup of a new reactor.

Uncertainties in Breeding Requirements - The uncertainty in determining

the required breeding ratio T r is related directly to the uncertainty, A.,, in

the estimated required doubling time GQ. In turn, A_ is primarily a function

of the uncertainty in inventory I (Eq. 5.2-3), since T is well known, N~ can

br calculated precisely, and we can arbitrarily specify our required doubling

time t^.

At present, there are large uncertainties in estimating I. For example,

the magnitude of the tritium inventory retained in a solid breeder blanket Is

probably uncertain by at least one order of magnitude. Similar uncertainties

exist for the fueling and exhaust system because of lack of information on the

achievable tritium fractional burnup in the plasma, and for the fuel process-

Ing subsystem because of uncertainties in defining economically feasible

efficiencies for tritium recovery methods in power reactors. Therefore, the

magnitude of the required tritium breeding ratio (T ) of future power reactors

is uncertain today. This uncertainty is designated by the parameter A_.

Uncertainties in Calculated Breeding Ratio - Prior to the construction of

an actual fusion reactor, the only means to evaluate the breeding potential of

a given blanket concept in a preliminary fusion reactor design is to calculate

a tritium breeding rati" (Tc) using present codes and data. The calculated

breeding ratio and achievable breeding ratio (Ta) can be related as
a

Ta = Tc - Ac [5.2-4]
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where A Is the uncertainty in the calculated breeding ratio. The sources of
c

uncertainties that contribute to A are numerous but are here broadly classi-
c

fled Into two areas: (1) reactor design definition (A ) and (2) neutronics

calculations, nuclear data, and modeling (A ). The methodology used to deter-

mine A r, A , and A Is thoroughly discussed in Sec. 6.8.

Risk in Achieving Required Breeding Ratio - The uncertainties Ag and A

previously defined represent a desired margin in the calculated breeding ratio

T over and above Tr (the minimum breeding ratio requirement if all uncertain-

ties are zero) for a given blanket concept and a specific reactor system. If

( T c - Tr) > (AG + A c ) , [5.2-5]

then we would presently have high confidence that the blanket and reactor

system for which T c was calculated would ultimately meet or exceed Tr« At the

other extreme, if T c is exactly equal to Tr, then we would presently have low

or zero confidence that Tr would ultimately be met. (If T is less than T ,

the concept by our definition is not feasible.) The relative magnitude of the

ratio (T - T )/(A_ + A ) can thus be considered a measure of the reduction in

risk in ultimately achieving the required breeding ratio in a reactor.

During the first year of the study' ', the risks for various concepts

were determined and classified as follows. Rewriting Eq. [5.2-5] and using

F.q. [5.2-2], we have:

Tc > 1 + GQ + A G + A c [5.2-6]

where GQ was estimated to be 0.05, A was estimated to be in the range

of -0.05 to 0.15, and A was estimated to be in the range of -0.04 to +0.25.

Based on these reference conditions, concepts were classified based on the

calculated tritium breeding ratio T c (obtained from 3-D calculations for the

detailed reference design) as follows:

1.1 <

1.05 <

T >c -
C T <

c(. T <c
T <c

1.2

1.2

1.1

1.05

Low Risk

Medium Risk

High Risk

Reject (T < V
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For evaluation of the smaller number of concepts considered during the

second year of the study, an equation for a TBR figure of merit, F, was devel-

oped as

T,, - (1 + GJ
_£ i °L. __ _ [5.2-7]{[(AG)(1+GO)]

2 + [(A8)(TC)]
2 + [(Ap)(Tc)]

2}

where all terms have previously been defined. The equation for F is similar

to Eq. [5.2-5] except that the uncertainty terms have been summed and the root

of the sum is used as the denominator. It is recognized that this does not

represent a fully rigorous statistical treatment of the uncertainties, see

Sec. 6.8.

The score for index 1^ is equal to F (see Table 5.2-2).

TABLE 5.2-2. FIGURE OF MERIT AND SCORING FOR TBR

T - (1 + G )
T tm T7 -» •-* **

_>] 2 + [(A8)(TC)]
2 + [(Ap)(Tc)]

2}

Tc «• Net TBR calculated for the blanket under consideration In 3D

geometry for reference reactor conditions (e.g., MARS^ ' with a

set of assumptions about design choices; or STARFIRE^' with

specified limiter, lower hybrid, etc.)

Go = Required doubling time gain under reference conditions and

assumptions

A = Uncertainty in predicting required doubling time margin

A • Uncertainty associated with system definition

A = Uncertainty in predicting TBR for a given system

aBased on Gaussian distribution.
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Estimate of Gn - The conditions assumed for the calculation of Gp ar? dis-

cussed in detail in Sec. 6.8. The assumptions which have the strongest

influence on G are doubling time (5 yr), tritium fractional burnup in the

plasma (5% for tokamaks and TMR's), tritium reserve inventory (2 days

equivalent throughput), and 0.1% non-radioactive losses due to processing

inefficiencies.

Estimates of Uncertainties - The calculated and assumed values used to deter-

mine the values of A , A , and A for each blanket concept evaluated ar .
(J S p

discussed in Sec. 6.8. By far the most influential uncertainty of the three

at this time is A,,, for which a value of 0.224 was selected. The value
of A,, is very sensitive to the uncertainties, and distribution of uncertain-

G

ties, assumed for the various factors which are considered in determining

G . The values of A and A are lower by comparison primarily because the

most important factors involved are calculable today with relatively small

uncertainties.

5.2.2 Engineering Complexity and Fabrication

The basic engineering design and required fabrication procedures for the

blanket are clearly important considerations and have been accorded the same

weighting value as tritium breeding. This index is much more difficult to

quantify than breeding ratio at this stage of blanket development and thus

requires a different approach. The approach that we have selected is to

identify eight important features (see Trble 5.2-3) which, if the best for

each were realized in a blanket, would reduce its engineering and fabrication

complexity. Each of the first seven features can score a maximum of three

points and the eighth can score six, for a total maximum score of 27. While

it is possible to consider some weighting factors among these eight features,

this was not done in order to keep the procedure from becoming too complex.

The index is obtained by dividing the score by 27 so that the maximum value of

the index is 1.0.

It should be noted that aspects of engineering complexity also appear in

other evaluation categories. For example, estimates of capital cost which

includes consideration of fabrication difficulties is considered under econo-

mics. In addition, issues related to failure frequency and mode, which are
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TABLE 5.2-3. FEATURES FOR ENGINEERING COMPLEXITY AND FABRICATION

Score
(1) First Walla (FW)

- Requires stand-alone FW 0
- Integral FW, separate coolant loop 1
- Integral FW, separate or successive flow path 2

with blanket
- Completely integrated FW/blanket 3

(2) Neutron Multiplier** (NM)
- Separate zone of NM, complex requirements 0
- Separate zone of NM, simple requirements 1
- NM integrated with breeder, but special requirements 1.5

on NM fab. or assembly
- NM integrated with breeder, simple requirements on NM 2
- No NM required or NM is part of the breeder corapound/eutectic 3

(3) Breeder Fabrication8

- Many small pieces or containment requirements are complex 0
- Few large pieces or containment requirements are simple 1
- Complex module fill operations 1.5
- Simple module fill operations 2
- Combined breeder and coolant 3

(4) Coolant Containment/Flow Path Requirements
- Pressure confined by module walls: o High pressure 0

o Medium pressure 0.5
o Low pressure 1

- Containment fabrication: o High complexity, many pieces 0
o Moderate complexity .5
o Low complexity, few pieces 1

- Coolant flow path requirements: o Many paths, balancing required 0
o Few or single path, little or 1
no balancing

(5) Tritium Removala

- Many connections, He purge 0
- Few connections, He purge 1
- Breeder/coolant circulation 2
- Passive system (e.g., permeation) 3
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TABLE 5.2-3. FEATURES FOR ENGINEERING COMPLEXITY AND FABRICATION (CONT'D.)

Score

(6) Manifolding8

- Separate from blanket, many connections 0
- Separate from blanket, few connections 1
- Structurally integrated; connections to blanket 2
- Fully integrated, no connections 3

(7) Inboard/Outboard Blanket8

- Different inboard blanket coolant with different breeder 0
- Different inboard blanket coolant with same breeder 1
- Inboard blanket coolant and breeder same as outboard but

with different configuration 2
- Inboard blanket same as outboard blanket 3

(8) Manufacturing Operations" [3 parts]
Coatings:

- Separate material applied 0
- Natural oxides needed 0.5
- No requirements for coatings or oxides 1

Weld requirements
- Number of welds, lengths, criticality of a leaking

weld to continued system operation 0 to 1.5
- Special welding requirements such as inert

atmosphere, pre- or post-weld heat treatment
required 0 to 1.5

Machining requirements (any shaping of metal, or metal
removal from raw stock)

- Complexity and number of special operations required on
details or suhasserablies 0 to 2

* Select one value from 0 to 3 from those given.
Select one value from the range for each of three parts.
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intimately related to engineering complexity, will be considered in the safety

evaluation.

5.2.3 Maintenance and Repair

This category evaluates various features of a blanket concept that impact

the ability to maintain and repair the blanket. As with item 2 - Engineering

Complexity and Fabrication - this is very difficult to quantify at this stage

of reactor design and blanket maintenance development. Table 5.2-4 lists the

maintainability features and the scores used to determine a maintenance and

repair index.

TABLE 5.2-4. FEATURES FOR MAINTENANCE AND REPAIR

Desired Feature Maximum Score

o Replacement operations involve simple 0.3
push/pull movements and few disconnects.

o Simple inspection procedures including vacuum 0.2
leak checking.

o Coolant spills result in simple clean-up operations. 0.2

o Blanket can continue to operate with a few coolant tube 0.3
failures or does not require a large number of tubes.

5.2.4 Use of Resources

For certain blanket concepts, the use of potentially limited resources is

an important consideration, e.g., the use of Be as a neutron multiplier. We

also considered lithium resources but did not consider tritium resources

required for startup, which was a factor In the tritium breeding and inventory

index, Sec. 5.2.1. The approach is to consider the most limiting material(s)

in the overall blanket design as a fraction of U.S. reserves and world resour-

ces, where a total fusion economy of 1000 Gwe (or about 833 STARFIRE-size

reactors with a 40 year lifetime) is assumed. The values of the index are

given in Table 5.2-5. The largest index for either U.S. or world resources is
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TABLE 5.2-5. RESOURCES INDEX

o Recycling losses for Be and solid breeders : 3% spherepac, 1%
all other forms

o Burnup assumed same for all breeders

o Blanket lifetime - 3 FPY (full power years)

Requirements, X
< 1%

1 •> 10%

10 -• 50%

> 50%

Of U.S. Resources
1.0

0.5

0.2

0

Of World Resources
0.5

0.3

0

0

selected for each concept. If a blanket uses more than one limited material

(n > 1), then the overall index will be given by

where Ij* is the index score for the jth material.

5.2.5 Accommodation of Power Variations

Fusion power plants, particularly those based on tokamaks and tandem

mirrors, are generally viewed as being base-load plants. However, there is

still the need to operate at reduced power for extended periods of time (rang-

ing from hours to months) to accommodate standard utility practices for

startup procedures, or perhaps to operate the plant with a failed component

until a convenient or scheduled replacement time. Thus we are interested in

the ability of a given reference blanket concept, designed for a nominal wall

loading of 5 MW/in , to operate over a range of power loading from as low as 5%

to as much as 120%. The higher percentage is to accommodate spatial varia-

tions (e.g., poloidal variation in tokamaks) at nominal conditions a«* well as

possible modest power surges above the nominal operating point. The coolant
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temperatures were assumed to remain constant while the flow rate was changed

to accommodate power changes. It was assumed that the surface heat flux

remains proportional to the neutron wall load. The index values are given in

Table 5.2-6.

Another important consideration is whether it will be necessary to re-

cover tritium from the blanket during low power operation; this may be a par-

ticularly important question for solid breeder blankets. If the reactor were

to operate for extended periods of time (days to weeks) and tritium was not

released from the blanket (due, for example, to lower temperatures in the

solid breeder material), then low power operation would entail serious conse-

quences such as the need for substantial storage of reserve tritium. There-

fore, blanket designs were checked to assure adequate release of tritium

during extended operating periods at reduced power levels.

TABLE 5.2-6. POWER VARIATION INDEX

o Reference design assumed.

o No design or configuration changes permitted; operating
changes only.

Variation Accommodated I

5% -»• 120% 1.0

25% * 120% 0.8

50% + 120% 0.5

90% + 110% 0.2

None 0

5.2.6 Ability to Increase Neutron Power Loading

The ability to design a particular blanket concept to operate at wall

loadings above the nominal value of 5 MW/m is a desirable feature. This item

is included to assess the suitability of the blanket to accommodate improved

plasma confinement cone pts which may operate at higher power densities. In

assessing the possibility of increasing the wall loading for a particular

blanket concept, mechanical design modifications from the reference design at
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5 MW/m2 would be permitted. Examples would include changing the coolant tube

spacing, first wall thickness, and total blanket/shield thickness. It is

assumed that the surface heat flux is proportional to the total wall load-

ing. The value of the index for this item is given by

i,. Stli J *i - • • * • " ™>»\ ,,.„,
1 5 I It =• 1 (3 Vm I 10 MW/mZ

Increased blanket lifetimes would of course be desirable for operation at

higher wall loads. However, a', present all blanket concepts appear to be

life-limited by fluence, specifically radiation damage to the first wall,

which would not change for higher wall load values. In addition, there may be

economic advantages to operation at higher wall loads even if blanket life is

shortened and changeouts are more frequent, e.g., capital cost savings due to

more compact reactor sizes. Thus no penalties for shorter calendar lifetimes

were assessed for this index unless the life as measured in MW-yr/m

decreased.

5.2.7 Higher Surface Heat Flux and Higher Erosion Rates

For the tokamaks, the surface heat flux and erosion of the first wall

might be considerably higher than those adopted in the design guidelines. For

the tandem mirrors, such a situation is considered possible but not likely.

The lack of capability to accommodate increased values for those parameters

can thus be considered a measure of the relative risk for each concept of not

being able to successfully operate under such worsened conditions.

The equation to determine the index for m^suring the capability for

accommodating higher surface heat fluxes or higher erosion rates at the refer-

ence neutron wall load value of 5 MW/m is

Tokamak

IJ • 0 at q £ 0.5 and t
q - 1.0 t. - 2

I± + -§
1 2.0 16

e
I± = I at q I 1.25 and te I 10 f5-2"10!

(q ~ MW/m2, t. ~ mm)
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TMR

q - 0.05 t - 0.2 I - 0 at q < 0.05 and tg < 0.2

1 .10 1.6 I I± ' 1 at q > 0.10 and tg > 1.0

In determining the achievable values for q and tfi, the reference designs and

operating parameters were assumed to be unchanged, except for adding more

erosion thickness allowance to the first wall surface. In general, the most

important constraint on improved performance was the maximum temperature limit

for first wall structural material.

5.2.8 Startup/Shutdown Operations

There are two basic types of startup/shutdown operations: "hot" and

"cold" sequences. Hot startup/shutdown operations refer to the required

sequences resulting from those conditions in which the blanket remains near

nominal operating temperature and the plant is in a stand-by mode. There are

apparently no significant differences among top-ranked blankets in this case,

except for the subsystems that are required to keep the blanket in "hot"

conditions. Therefore, hot startup/shutdown is not expllctly considered.

On the other hand, "cold" startup/shutdown operations, which results from

longer shutdowns when the plant is not producing power, do depend cm blanket

characteristics. It is desirable that the time to bring the blanket from a

cold condition to operating conditions be minimized and that there be no or at

least simple additional components of the blanket system or the power conver-

sion system to accomplish such operations. The index chosen for this item is

given by Table 5.2-7. Sixty percent of the total points available relate to

"cold" star tup/shutdown times. The remainder relate to the need for and

complexity of subsystems needed to accomplish startup/shutdown, e.g., heater

systems for liquid metal piping.
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TABLE 5.2-7. STARTUP/SHUTDOWN INDEX

Time Required for Cold Startup

< 1 day 0.6
1 + 3 days 0.3
> 3 days 0

Additional Blanket and Auxiliary Subsystems Required

None 0.4
Simple 0.2
Complex 0

REFERENCES - SECTION 5.2

1. M. A. Abdou, "Tritium Breeding in Fusion Reactors," report ANL/FPP/TM-165,
Argonne National Laborati'.y (October 1982).

2. M. A. Abdou et al., "Blanket Comparison and Selection Study - Interim
Report," report ANL/FPP-83-1 (Vols. I and II), Argonne National Laboratory
(October 1983).

3. "Mirror Advanced Reactor Study Final Design Report," report UCRL-53480,
Lawrence Livermore National Laboratory (July 1984).

4. C. C. Baker et al., "STARFIRE - A Commercial Tol'.amak Fusion Power Plant
Study," report ANL/FPP/80-1, Argonne National Laboratory (September 1980).
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5.3 Economics

Economics is one of the four Important evaluation tools employed in this

study. The economic evaluation includes not only the capital cost of the

blanket components, but also Includes all blanket-induced economic factors on

the overall cost of electricity (COE). These influencing factors include

power production, geometry constraints on other systems, need for special

ancillary systems and recirculating power requirements. Thse influencing

factors are utilized in the study to provide a uniform basis of comparison and

selection. The single, final economic criterion is the Cost of Electricity.

The next few sections will explain the methodology employed in the

economic evaluation, the economic groundrules, and the specific design data

input into the systems code. The results of the analysis are discussed in

Section 3.2, Economic Results.

5.3.1 Economic Evaluation Methodology

The cost of electricity was adopted as the sole criterion for the

economic evaluation for the blanket concepts considered. When evaluating

competing blankets concepts, comparison of only the direct capital costs of

the blanket components is an insufficient evaluation technique and may lead to

erroneous conclusions. A direct cost comparison will favor the lower cost

options and slight the more expensive but higher performance blankets. Use of

the cost of electricity criterion integrates the weighted effects of capital

costs, operating costs, and overall system performance. Assessment of these

factors in a consistent manner requires the blanket be evaluated in the

context of a rather detailed and comprehensive conceptual reactor design.

Thus, the STARFIRE^1) tokamak reactor and the MARS^2) tandem mirror reactor

were adopted as the technical and economic baselines for this blanket

comparison. Blanket concepts were evaluated in both reactor configurations,

where possible, in order to assess the influence of the inherent magnetic and

configuratlonal differences on the blanket selection. Resultant COE values

will be normalized within each reactor type to focus comparison on the blanket

concepts rather than on the differences between the reactors. This was

necessary because the two referenced conceptual designs have not been
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normalized and were developed with differing groundrules. The equation used

for the Cost of Electricity is shown below:

COE =

(DC+SPR+CTGY+IEH-INT+ESCL)FCR+(O&M+SCR+FUEL)(1+ESC RATE) Y R S

(Thermal Power x Gross Effcny - Recirc. Power)(Availability)(hrs/y)

where COE = Cost of Electricity

DC » Direct Capital Costs

SPR = Spare Parts Allowance (2 to 4%, depending on system)

CTGY = Contingency Allowance (15% of Direct Costs)

ID =» Indirect Costs

INT = Interest During Construction (Based on 10% cost of

money over construction period)

ESCL * Escalation During Construction (Based on 5%

escalation over construction period)

FCR = Fixed Charge Rate (Nominally 15%)

O&M = Operations and Maintenance Costs

SCR = Scheduled Component Replacement Cost

FUEL = Annual Fuel Cost

ESC RATE = Annual Escalation Rate (5% per year)

YRS = Construction Period

The cost of electricity is the total bus bar energy for the first year of

operation^'. The total capital investment is equally divided and charged to

the annual operating periods through the use of a fixed change rate. Annual

operating costs are also included with appropriate escalation from the year of

the estimate (start of construction in 1983) to the initial operational date

(1989).

Table 5.3-1 lists the major factora considered in this economic evalua-

tion study. In this study, the direct costs of the blanket (including the

first wall, multiplier, breeder, reflector, and plenum regions), shield,

limiter, and magnets were calculated based upon both the materials chosen and

the imposed geometry constraints. The blanket design also affected the
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TABLE 5.3-1 FACTORS WHICH INFLUENCE ECONOMICS

Direct Costs

Blanket

Shield

Limiter

Magnets

Heat Transport

Steam Generator

Turbine and Electric Plant

Building Over Pressure

Fuel Handling and Storage

Annual Costs

Scheduled Component Replacement:

- Blanket Replacement Cost

- Blanket Replacement Frequency

(Life)

Power Output

Blanket Energy Multiplication

Gross Efficiency

Coolant Pumping Power

Availability

(Fixed)

Invariant Support Dataa

Other Reactor & Plant Direct Costs Basic Reactor Geometry

Spares Allowances Direct Convertor Efficiency

Contingency Allowances Other Recirculating Power

Indirect Cost Allowances Requirements

Construction Time Scheduled and Unscheduled Outages

Interest and Escalation Rates Unit Material Costs

Fixed Charge Rate Operations and Maintenance Costs

Data obtained from STARFIRE and MARS conceptual design studies.
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ancillary systems of heat transport, Intermediate coolant loops, buildings

(special flooring or overpressure requirements), fuel handling and storage,

steam generators and turbine plant equipment, for which the direct cost

Influences were calculated. The additional recirculatlng power requirements

for some concepts caused the cost of the electric plant equipment to

increase. Unit material costs were applied to estimated material and

fabrication requirements plus unit cost3 for discrete components (see

following Section 5.3.2 for details). All costs are estimated on the basis

of, or scaled to, 1983 dollars. All other direct costs were adopted from the

STARFIRE or MARS economic analyses. Allowances for spare parts, contingency

and indirect costs are applied to the direct costs. Interest and escalation

costs incurred during construction are levied to transform the estimated costs

at the start of construction to the initial year of operation (1989). A fixed

charge rate of 15% was applied to amortize the total capital debt and to

provide for insurance, taxes and other annual capital-related costs.

The annual costs influenced by the blanket concepts are related only to

the scheduled component replacement costs and frequency of replacement.

The power output of the plant has a significant Influence on the

economics of the plant. The blanket concept design approach, material choices

and performance capabilities have a profound influence on the plant power

output. The blanket energy multiplication times the neutron energy specified

the total thermal power available. The temperature of the coolant media (both

primary and secondary, if required) determined the gross power conversion

efficiency. The choice of the coolant media and the operating pressure

established the pumping power requirements. A portion of thi3 pumping power

was recovered in terms of useful heat, thus lessening this detriment.

Another blanket performance parameter which influenced the economics of

the plant is the tritium breeding ratio (TBR). This ratio varied among

blankets designs. The envisioned designs produce, over the long term,

marginally adequate to excess amounts of tritium to overcome losses, decay,

and replenishment of the original inventory. This effect has been assessed in

the Engineering Feasibility Evaluation. However, assessment in the Economic

Evaluation is more difficult and is subject to more assumptions and

conjecture. The early power plants would desire a higher tritium breeding

ratio to provide startup Inventories for other D-T plants. Even the T?R for
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the early plants would be tailored to the pace of the introduction of the new

plants. After the pace of introduction slows and the fusion economy matures,

the TBR will likely be reduced as the support ratio is reduced. The current,

pre-fusion cost of tritium is assumed to be in t-se neighborhood of 10 million

dollars per kilogram. As fusion is introduced, it is expected that price of

tritium will decrease. With a required tritium startup inventory in the few

to tens of kilograms, this is still a significant capital cost. However a

quantity of tritium equal or greater than the initial inventory will be

produced by the blanket for resale to other plants. If supply and demand are

rather equally matched within the fusion power community, the costs will

approximately balance. This is the scenario chosen for the BCSS Economic

Evaluation.

There are other scenarios involving the TBR which may occur, If many

plants are constructed with high tritium breeding ratios, an excess of tritium

will be generated, with the price of tritium falling to a lower value perhaps

established by an indifference value equated to production of a fissile

fuel. Even at a lower market price, the sale of tritium can generate

significant income for the plants producing a sizeable excess of tritium.

This argument may have some validity if a stable market is established. On

the other hand, if no stable market, other than fusion, is forecast, the price

will likely continue to fall such that the blankets will be redesigned Zo

produce less excess tritium and more power. This effect could be evaluated

with the present blanket designs. A maximum TBR would be established,

accounting for losses, decay, uncertainties, and replenishment of the original

inventory. The capability of any blanket to exceed this maximum value would

be equated to its ability to produce more thermal power. This increased power

production would then be included in the economic assessment. The problems

arising from this evaluation technique in the BCSS is that this was. not one of

the original design guidelines and significant design changes to the blanket

may be required to accomplishment this effect. Thus, this evaluation

technique for TBR was not adopted and TBR is evaluated only in the context of

Engineering Feasibility.

The final factor to consider is the plant availability. Availability is

the percent of time the power plant is available for service, whether operated

or not. The design life of the blanket determines the annual cost of
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replacement, but it also is a major factor in the scheduled downtime of the

reactor. Most conceptual design and maintenance studies attempt to have

blanket replacement occur simultaneously with other balance-of-plant scheduled

maintenance, thus minimizing the blanket's maintenance-related influence. The

diversity of the blanket design approaches would significantly influence the

blanket maintenance which may result in altered availabilities, However it

was deemed too difficult to quantify the availability influence associated

with each blanket concept. The BCSS evaluation study adopted a fixed avail-

ability of 80% largely based upon the early availability assessments in the

MARS study.

A computer code was developed for BGSS to analyze these factors discussed

above. Design specifications and performance data were input along with the

unit cost factors. These data were developed by the BCSS Concept Design Team

or bv the responsible Task Group (eg, Power Conversion). Where the reactor

type, (tokamak or tandem mirror), necessitated a different system or a

significant modification, the code was defined uniquely for each reactor type.

5.3.2 Economic Groundrules

Performance and economic groundrules were established to provide a

consistent economic blanket comparison within the framework of the conceptual

designs of STARFIRE and MARS. This provided realit'lc geometry constraints,

auxiliary power requirements and economic burdens. Some modifications were

required to achieve the 5MW/m2 neutron wall loading as a blanket design

basis. The tandem mirror design adopted the plasma geometry of MARS (0.60m

wall radius and an effective central cell length of 130.8m) with a minor

variation in beta to achieve 5.0 MW/m2 from the MARS 4.2MW/m2. The BCSS TMR

will produce 3083MW of fusion power for all blanket concepts. All the neutron

power is assumed to be deposited in the first wall, blanket or shield. The

power recovered by the first wall and blanket is defined by the neutron power

times the Blanket Energy Multiplication Factor for each blanket. The energy

lost in the shield is the difference between the Total Energy Multiplication

Factor and the Blanket Energy Multiplication Factor. Sixty-seven percent of

the alpha power plus plasma heating power is recovered by the direct convertor

at a 64.3% efficiency. The remaining alpha plus i sma heating power from the

direct convertor is recovered by t ie halo scraper. This thermal energy plus
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the reject heat from the direct convertor is converted to electricity at a

conversion efficiency of 34.3% by a separate moderate-temperature thermal

convezrsion system. In MARS, the blanket design had a hot reflector which sent

thermal energy to the moderate-temperature thermal convertor, which is not

Incorporated in any BCSS design.. Instead all heat generated in the reflector

zones, if Incorporated, are sent to the primary loop. The heating power input

to the plasma is assumed to counterbalance other miscellaneous losses. As the

thicknesses of the blanket and shield vary, so do the radii and cost of the

tandem mirror central cell magnets.

For the tokamak, the scaling of the reactor to the desired wall loading

is a more difficult process. The approach adopted was to utilize the STARFIRE

baseline geometry but increase the fusion power from 3510MW to 4875MW (i.e.,

wall load of 3.6MW/m2 increased to 5.0MW/m2). This was accomplished by

allowing the average toroidal beta to increase from 0.067 to 0.097 and

assuming a maximum field of 10 tesla as opposed to 11.1 for the STARFIRE

baseline. Given a set of thicknesses for a particular blanket and shield

combination, a new magnet geometry is calculated. This geometry coupled with

a maximum field of 10T at the inner leg of the magnet yields a new field at

the plasma center (B ). The new cokamak fusion power is related to the plasma

center by the equation.

B
Pf(new) = pf(ref) x O ^ [5-3-1]

o(ref)

This approach holds the tokamak first wall geometry and maximum magnetic

field constant while varying the wall loading and the innermost surface of the

inner magnet leg. This approach does not require a recalculation of the

plasma physics for each blanket concept. Since the approach chosen varies the

fusion power (and wall loading), the economic model does not evaluate blankets

at exactly the baseline design wall loading. In the economic model, the

replacement lifetimes are adjusted to account for the reduced wall loading.

As In the case for the TMR, the power recovered in the first wall and

blanket is the neutron power times the Blanket Energy Multiplication Factor.

The alpha and heating power are split between the limiter and the wall. The

energy recovered In the limiter is used for feedwater heating. The thermal
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conversion efficiency values quoted consider the utilization of the feedwater

heating power and the thermal power quoted is a summation of the liraiter,

blanket and wall powers.

The specific geometry models were adopted from STARFIRE and MARS for the

plasma, scrapeoff, blanket, shield, gaps dewars and magnets are shown in

Figures 5.3-1 and 5.3-2, The physical length of the MARS central cell region

was adopted at 135.3 m.

The amount of materials in the blanket was calculated by using the

designer-specified zone thicknesses, the materials in the zone, and their

respective volume fraction and percent of theoretical density. After the

designer determined the necessary thickness of the blanket, the shielding

composition and thickness for each blanket concept was calculated with a 1-D

neutronics analysis. Separate shielding thicknesses were determined for the

inboard and outboard tokamak regions and areas between TMR coils and the area

under TMR coils for each blanket concept. The economic analysis code is

capable of evaluating these shielding variations as well as the blanket

options. Each zone (shell) volume and material mass is calculated and the

material units cost applied. Table 5.3-2 describes the structural material

applications and the material unit costs with applicable references. Table

5.3-3 is a summary of the lithium material unit costs and applicable

references. Table 5.3-4 illustrates that beryllium costs have a high degree

of uncertainty. There is only one major supplier which has their own mines,

and are reluctant to be competitive. A cost sensitivity study in Section 2.2

illustrates the influence of this cost item. Table 5.3-5 is an overall

summary of the blanket concept material applications and the respective unit

costs. Most of the unit costs in the prior tables were escalated from a

fusion handbook of standard unit costs and scaling laws ^ ' and from data used

in recent fusion conceptual designs. C 1* 2' 5" 8). The magnet costs were scaled

from the STARFIRE^ and MARS^2^ economic analyses. A more detailed

discussion of magnet cost scaling is given in Section 5.3.4.

The replacement cost for the blanket was also considered. Structural

materials will require replacement due to radiation damage. The structural

materials in the blanket will be replaced at the same cost as the original

blanket costs, except for those designs where radioactive components must be

installed in the new blanket or the material can be reconstituted or refabri-

cated and returned to service. A cost penalty of $5/kg is added to the
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Table 5.3-2. DESCRIPTION OF STRUCTURAL MATERIAL APPLICATIONS AND INSTALLED UNIT COSTS

($/ktj)

Designation B(TMR) C(TMR) D(TMR) D(TOK) I

Breeder/Clnt/
Structure

LiA10,/NS/
HT-9 z

Li/Li/
HT-9

LiPb/LiPb/
V-15Cr-5Ti

Li/Li/
V-15Cr-5Ti

Li/Li/
V-15Cr-5Ti

Li,O/He/
HT*9

LiA10,/He/
HT-9 l

Li/He/
HT-9

Flibe/He/
HT-9

LiAlO_/H,O/
HT-9

First Wall Grooved
Surf. (TOK)
Smooth
Surf. (TMR)
Rect. Clnt.
Passages
(FOK-45,
TMR-39)

Grooved
Surf. (TOK)

(V-25O)

Grooved Surface (TOK)
Smooth Surface (TMR)

Internal Fins and Thermal Barrier(TOK)
No Fins (Outer Walls), Plus Thermal Rect.
Barrier (TMR)

(TOK-50, TMR-45)

Clnt.

Grooved
Surf. (TOK)
Smooth
Surf. (TMR)

Passages
(TOK-45,
TMR-T9)

4>

Blanket
Structure
and Coolant
System

Single-Wall
COL.ant
Tubes with
Truss
Sti f fensrs,
Rect. Psags
in Side
Walls

(39)

10 cm. Tubes

(HT-9 -Z9. V -250)

Angled
Passages

Rectangular Coolant Passages
Box-Beam Structure

Fir tSt i f fsaed Outer Side WajJ ^
TTru8habIe Double-VaTl ThermBlBarner
Panels as A l l Along Blanket Sides

Crushable Cladded
Panels ir Fuel Platsa
Cladded iCnctd to
Fuel End
Plates I Plenums,

TurgeHSJnnecTionsT —« — ~
Purge-to-Plate Crush
Washers ; in

I Rfltr

Li in
I Tubes

C t d

I Plenu
~~) HT-9

j Plates

(HT-9 -29, V -250) (V- 250)

i, in
Tubes Surrnd
by Be Bal ls,

|F l ibe in
Tubes within
SiC Ref l .

Small U-
Bend
Double-
Wall
Coolant
Tubes,
Rectangular

in Side
Walls

(39)

Coolant
Plenum

Annular
Plenum on
Each End
(29)

Strong Back Beam Plate Coupled with Large
Strong Back End Plates. Complex System
of Baffles for Flow Distribution Along
Length of Module
(35)

Rectangular
Passages
(29)



TABLE 5.3-3
LITHIUM MATERIALS COST SUMMARY

Material

Lithium

L12O

LiA102

Fllbe

LiPb

Enrichment
(%)

Natural

90

Natural
90

Natural
50
60
90

Natural

Natural
30
90

Unit Cost
($/kg)

40*

1200

Clad
"To"*
600

86
100*
200

Spherepsc

76*

190*

37*

4
6.25*
12

Ref
(83$)

40a,22b, ~40C

13OOa,12OOc

43a.40d

990a

53a

98e

211a

37f

4g

6.25C

* These materials are used In the BCSS Study

a. S. Schulte, et. al., "Fusion Reactor Design Studies-Standard Unit Costs
and Cost Scaling Rules", PNL-2987, Pacific Northwest Laboratory, Richland
WA, Sept 1980.

b. J. D. Lee, et.al., "Feasibility Study of a Fission-Suppressed Tandem
Mirror Hybrid Reactor", LLNL UCID-19327, 1982

c. B. Badger, "UTWOR", UWFDM-550, 1982

d. R. Moir, et.al., "Tandem Mirror Hybrid Reactor Design Study Final Report",
LLNL UCID-18808, Sept 1980

e. C. C. Baker, et.al., "STARFIRE-A Commercial Tokamak Fusion Power Plant
Study", ANL/FPP-80-1, Sept 1980

f. Derived from data in Reference (b).

g. B. Badger, "WITAMIR-I, A Tandem Mirror Reactor Study", UWFDM-400, Sept
1980
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TABLE 5.3-4

BERYLLIUM COST ESTIMATES CONTAIN UNCERTAINTY

($/kg)

Raw Material

Scrap Metal

Powder, Std. Qual

, Hi Purity

Spherepac

Rods, V^'d., mach

, l"d., mach

, Vfd., drawn

, 2 cm.

Balls, 1 cm. d.

BRUSH
WELLMAN
PRICE LIST

469

407

512

5,420

2,389

NUCLEAR
METALS
QUOTE

2,333

SPEED
RING
QUOTE

7,226

TRW
ESTIMATE

350

440

440-626

(Dependant

upon losses

BCSS
ESTIMATE

440

440

440

& inspection)
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TABLE 5.3-5

SL IMARY OF BLANKET MATERIAL INSTALLED UNIT COSTS

.0

DESIGNATION

Breeder/Coolant
Structure

First Wall, Tok
, TM

Bkt Structure

Reflector

Plenum

Multiplier
-Form

Breeder
-Enrichment
-Form

Coolant

n

LiA102/NS/
HT-9

HT-9VC
HT-9VC

HT-9C

HT-9M

$45
$39

$39

$29

Be $440
Spherepac

LiA102 $76
503
Spherepac

Nitrate
$1.5

Salt

B

Li/Li/
HT-9

HT-9M
(Tubes)

HT-9M
Fo-1422

Li
Nat

Li

$29

$29
$12

$40

$40

C

LiPb/LiPb/
V-15Cr-5ri

V-15-Cr-5Ti$250

Fe-1422

LiPb $6

LiPb $6
303

LiPb $6

$12

.25

.25

.25

D

Li/Li/
V-15Cr-5U

V-15Cr-5U$i.5O

V-15Cr-5Ti$250

Fe-1422 $12

Li $40
Nat

Li $40

E

Li2O/He/
HT-9

HT-9VC
HT-9VC

HT-9VC

HT-9M

$50
$45

$50

$35

Li2O $40
Nat
Clad Plates

rte

K

LiA102/He/
HT-9

HT-9VC $50
HT-9VC $45

HT-9VC $50

HT-9M $35

Be $440
2-cm Rods

LiAl02 $100
60%
Clad Plates

He

G

Li/He/
HT-9

HT-9VC
HT-9VC

HT-9VC

HT-9M
HT-98

HT-9M

Li
Nat

He

$50
$45

$50

$29
$12

$35

$40

H

Flibe/He
HT-9

HT-9VC
HT-9VC

HT-9VC

SiC

HT-9M

$50
$45

$50

$18

$35

Be $440
1-cm balls

Flibe
Nat

He

$37

I

LiA102/H20
HT-9

HT-9VC $45
HT-9C $39

HT-9C $39

HT-9M $29

Be $440
Spherepac

LiA102 $190
90S
Spherepac

Hz0

NOTE: Differences in fabrication complexity of HT-9 are denoted by the following letter designations. Within gross categories, a gradation of
costs are possible.
VC = Very Complex
C = Complex
M = Moderate
B = Bulk

The coat of beryllium has risen dramatically in the past few years. The costs stated above assume some price reduction from the current prires
based upon an increased demand, quantity reductions, and improved fabrication techniques.



Installed in the new blanket or the material can be reconstituted or refabri-

cated and returned to service. A cost penalty of $5/kg is added to the

original structural material unit cost. The beryllium or solid breeder

Spherepac balls designs pose a minimal cost penalty due to their ease of

removal and installation. The liquid breeders and/or coolants can be continu-

ally reused with sufficient makeup of more highly enriched "Li. An assessment

of $1M is assumed to be sufficient for replenishment. The SIC reflector in

the Flibe design is assumed to not degrade and require replacement, but 40% of

the original costs is allocated to account for breakage and remote handling in

the remanufacturing process. The beryllium multipliers are conservatively

assumed to only require remote handling in the remanufacturing process and no

new material is required. The beryllium remamtfacturing process: is assumed to

cost:

Spherepac $120/kg Rods $100/kg

1-cm Balls $100/kg

The clad LiAH^ (60% enriched) plates will be reconstituted and remanu-

factured using remote handling equipment for a cost of $45/kg. The I^O will

be cheaper to purchase new breader components at $40/kg than remanufacture the

old units. The Spheiepac LiAK^ will require enough new material to counter-

act the lithium burnup. A Spherepac cost of $30/kg will include the cost of

remote handling refabrication and the new material required.

A major departure from the design baseline of the STARFIRE was not using

the steady-state current drive system. It was felt that the design basis

would be more credible to the fusion community if tokamak was depicted to be a

long-pulse burn (10,000 sec burn with a 40 sec downtime). This is in concert

with a recent published study '"' on the comparison of steady-state and pulsed

tokamak reactors. This study will form the basis for the differences between

the STARFIRE reactor and the tokamak reactor used for the BCSS study.

Although the costs of the effected systems are considerably higher, this

change does not play a major role in the comparison of the blanket design

comparison or selection. The major reactor systems Impacted are the magnets,

rf heating, power supplies, and thermal storage. This long pulse can be

achieved by driving a current with a transformer and then maintain the torio-

dal current with a non-inductive current driver while the transformer is being
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reset (at low plasma density and temperature). One performance effect is the

reduction of the power consumed by the steady-state current drive sys-

tem (~90 MW) as compared to a small nominal value of power required to charge

the OH colls when averaged over the burn cycle. Counteracting this reduction

in power Is an additional pumping power of 12MW for the thermal storage system

for the helium-cooled blanket design. The proposed thermal storage systems

for the other primary coolants consume minimal amounts of pumping power. The

cost of the magnet system is significantly increased. Per D. Ehst'e work,' '

the cost of the TF coils for pulsed operation increase by 37% to keep the

fatigue stress to acceptable values. The EF and CF colls are unchanged but

the OH coils with hybrid-current drive Is increased by approximately $90M.

The power supplies are unchanged except for the OH anU RF systems resulting in

an $110 increase. The above delta costs are applied equally to all tokaraak

blanket concepts and do not influence the comparison or selection process.

The tokamak thermal-energy storage costs were developed by the BCSS Power

Conversion Systems and IHX Task Group. The requirement is to stole the reac-

tor thermal power for the reset period of 40 seconds. The thermal storage

costs are:

Primary Coolant Storage Technique System Cost

H20 Storage if primary coolant

in insulated tanks

$5M

Li Storage in primary coolant

In insulated tanks

$10M

He Steel balls heated by He

(requires 12MW pumping power)

$25M

NS Storage of primary

in insulated t-inks

$6M

LiPb No tokamak c__ign N/A
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Another cystem affected by the choice of the blanket is the Fuel Handling

and Storage System. This system also includes the Plasma Exhaust and Atmos-

pheric n-Uium Cleanup subsystems. Table 5c3-6^10^ presents the design

parameters affecting the Fuel Handling and Storage System. The costing of

this reactor system was handled separately from the remainder of the

systems. A full explanation of the Fuel Handling and Storage System cost

methodology, results and conclusions are found in Subsection 5.3.3. An over-

all summary of the Fuel Handling and Storage- System costs Is shown in Table

5.3-7.

As shown in Table 5.3-6, the limiter coolant is either water or lith-

ium. The water-cooled limiter design uses a copper structural material,

beryllium coating and tantalum nose tip. The cost of the bottom-mounted

limiter, representative of the FED design is approximately $4.4M. Blanket and

shielding, which may be housed in the limiter module, are included in the

blanket and shielding cost accounts. The lithium-cooled limiter, comprised of

V-15O-5T1 structure, beryllium coating and tantalum tip is costed at $14.7M.

The choice of the blanket coolant and operating temperature has a signif-

icant impact on the system design and costs. Table 5.3-8 is a summary of lie

coolants used in the BCSS study. Heat Transport unit costs for the major

system elements are shown in Table 5.3-9. Since the lithium design is thought

to require the use of a sodium intermediate loop, these extra costs are

included. Since the placement of the intermediate heat exchanger at some

midpoint between the blanket and the steam generator reduces the respective

piping lengths, the primary and secondary piping costs for the lithium system

are each reduced uO 60% of the value associated with only a primary loop

system. Ferritic steel piping is assumed for the primary loop. In the case

of the blanket with vanadium structure, the piping is converted to steel near

the exit from the blanket and shield. Cost relationships for other system

elements, such as pumps, dump tanks, pressurizers, and coolant cleanup, were

developed and used, but not shown here for brevity.

Another impact of the choice of coolant is the consideration of overpres-

sure effects of the loss of coolant on the reactor building. The pressurized

water coolant is estimated to be capable of creating an overpressure of 80 to

lOOkPa whereas a loss of coolant accident with the other coolants will result

in an overpressure of less than lOkPa. This is estimated to result in a
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TABLE 5 . 3 - 6

SPECIFICATIONS OF SEVEN BLANKET SYSTEMS CONSIDERED FOR COST COMPARISON

CONCEPT

Blanket Material

Limiter or Halo
Scraper Fluid

Blanket Fluid

Tritium Extrac-
t ion Technique -
Blanket

A

LiA102

H20

Nitrate Salt

He Purge

B, D

L i

L i

L i

Yttrium
Beds

C

LiPb

H20

LiPb

Counter
Current He

E, F

Li2O/TCa

H20

He

He Purge

G

L i

L i

He

Yttrium
Beds

H

Flibe

H20

He

Electrolysis

I

LiA102

H20

H20

He Purge

Ternary Oxide

TABLE 5 . 3 - 7 . FUEL HANDLING AND STORAGE SYSTEM COSTS

(M$)

TYPE OF SUBSYSTEM

Bkt & Clnt Process ing

- Tandem Mirror

- Tokamak

Exhaust Process ing

- Tandem Mirror

- Tokamak

Atmos. T r i t . Processing

Total

- Tandem Mirror

- Tokamak

A

135

135

31

40

36

202

211

B

130

-

31

-

36

197

-

C

146

-

31

-

36

213

-

D

140

91

31

40

36

207

167

128

135

31

40

36

195

211

F

140

151

31

40

36

207

in

G

129

85

31

40

36

196

161

H

168

186

31

40

36

235

262

I

95

97

31

40

36

162

173
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TABLE 5.3-8

PRIMARY COOLANT DATA

Coolant

NS

He

LiPb

Li

Na

H20

Max T, °C

405-450

500-540

530

500-550

480-525

320

Ave. Density

1.85

.0033

9.4

0.5

0.8

0.7

Press., MPa

0.4

5.2

1.1

0.6-3.1

0.4

15.2

TABLE 5.3-9

MAJOR HEAT TRANSPORT SYSTEM UNIT COSTS

Primary

Coolant

NS

Li

LIPb

He

H20

Intermediate

Coolant

.

Na

-

-

-

IHX

$17/kW

-

-

-

SG

$ll/kW

$19/kW

$20/kW

$28/kW

$ll/kW

Piping Cost for

Intermediate

.

$7OM*6O%

-

-

-

3800 MW <a>

Primary

$39.6M

$87.6M*60%

$109.3M

$72.6M

$39.6M

(a) Piping costs for TMR are assumed to be 30% higher due to the longer pipe
lengths. Piping costs are scaled up and down from the 3800 MW value
according to (power ratio) . Also, the limiter power and pump power
addition have been subtracted out for these costs.
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$12.25M delta cost, attributable to less materials required in thinner build-

ing walls. The use of a liquid metal or salt (Li, LiPb, Flibe, or Nitrate

Salt) coolant necessitates the use of a steel floor to minimize the safety

hazard. This floor is estimated to cost an additional $5.75M.

The remainder of the STARFIRE and MARS Reactor and Balance of Plant were

adopted for the BCSS to form a performance and economic basis. Specific items

included were buildings, ancillary reactor equipment, turbine plant equipment,

miscellaneous plant equipment, maintenance equipment, spare part and

contingency allowances, indirect cost assumptions and annual operations and

maintenance costs. If the blanket concepts altered cost-influencing para-

meters of these systems (eg., recirculating power), the appropriate costs were

modified.
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5.3.3 Costing Methodology for the Blanket Tritium Processing Systems

The methodology used to estimate tritium system costs for the proposed

blanket concepts is discussed in this section. The major goal was that the

costing be self-consistent for all designs. To achieve this, it was assumed

chat each blanket recovery process could be separated into component subsys-

tems, each of which was costed. The total cost was the summation of the sub-

system costs. To provide a total tritium processing cost, the blanket pro-

cessing costs were then added to the fuel processing costs and to the atmos-

phere tritium recovery costs. Tokamak blanket designs and mirror blanket

designs were separately assessed.

5.3.3.1 Basic Assumptions

Information on a given blanket system was provided by the responsible

design team. Summaries of the data provided are found in Tables 5.3-10 and

5.3-11 foe the tokamak and tandem mirror designs respectively. Although the

blanket tritium processing rates for the tokamak and mirror blanket designs

vary over a large range 600 to 1100 g/d, a base design handling 600-800 g/d

can be used for both reactor types. When larger processing rates are

required, the cost is incrementally increased.

The fuel processing costs for the ~4000 MW tokamak and the mirror designs

were assessed as follows. There is both a fixed cost (~$20M) and a variable

cost ($10-*™-!*) associated with these systems. The variable cost depends on

the processing rate and is directly proportional to the fusion power and in-

versely proportional to the fractional burn. Cince the mirror fusion power is

~80% of the tokamak1s and the mirror's fractional burn is ~140% of the toka-

mak's, the respective --.apital costs for the fuel processing systems are $31 II

for mirrors and $40 M for tokamaks.

The atmospheric tritium recovery system provided to handle tritium re-

leases both during maintenance and accident conditions is sized so that it can

clean up releases with a high probability (>10~2) in 3 days and those with

lower probability <10~^ in 5 days. For a building with an internal volume of

2 x 10 m , the capital cost of systems capable of providing cleanup in 3 or 5

days is shown in Table 5.3-12. A system costing $36 M can handle all tritium

releases associated with the different blanket designs' inventories (<1 g to

2.3 kg in Tables 5.3-10 and 5.3-11).
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TABLE 5.3-10.
A SUMMARY OF THE TRITIUM PROCESSING PARAMETERS SUPPLIED*1

FOR THE NINE TOKAMAK BLANKET CONCEPTS

Canci

»

t

C

D

C

P

C

H

I

Cone.pt11

U U W h

«-»
UOnr/HjO"
H.llua Pure.

—

—

U
U/K./SC
V
U.lt<r/U
Haltcn S.lt/El.ctraly.l

U,0

m-»
U«U<r/H,0
Mllia Purj.

mlia
KI-9
Uutt.r/Hzo
H.ltu. Purje

U
W/SC
HT-9

It bid!

FUBE/Bc
W/SC
ltI-9
U*tter/H2O
Electrolyil.

Ll/UOi/Be
H;O/SG
Kt-9
LtBtt«r/H2O
KittlM Putt.

i .n now b i .

(i/d)

—

—

1121

129

J23

B66

U S

8 6 9

9 . 10*

—

—

9 • 10*

9 . 10*

i.S . 103

Tr'ttiH

1.1 ' 10"J

. . .

—

a.t . io-«

i.9 • 10"'

1.5 . 10"'

io-'

!600

2.2

0.49

. . .

- -

0.0]

1.96

12.15

1.22

122.22

1.21

Trlclu. PirLlal

Coolinc
<l/d>

Km

—

. . .

1.6 > 10"*

1.1 - 10"3

9.8 . 10"'

1.9 • 10"1

6 * 10"6

taM Cn.rctor
(Cl/ii)

—

1

12

AB

17

2hO

2

Location

Iral Wall

Coolant
Blinket

—

—

r i n t Wall
•urge

Blanket

P i n t Will
Purge
Coolant
Blanket

Flrai Wall
Purge
Coolant
Blanket

Flrat Mali
Purge
Coolant
Blanket

First JiH
Purge
Coolant'
Blanket

Flrat U»ll
Pur^
Cool.nt
91ankei

Aaount

U)

90
2000

—

. . .

b

490

19
10. S

13b

19
10.

10"5

IB

19

i o v '
110

19

0.2
O.i
IR^K

19
D.03

51
2 me

*Th» ftrat U u In th* braedar; tha aacond Una la th« coolant; the third Una la thai atructure; tha fourth Una la tha coolant for tha lUttar/dlvi

altalnat<
•a l t .

UA10, - t-UthliM
r t o r ; t h e f i f t h

cTha trltlua tnvantory was uaad to alia tha at»oaph«rt<
1-day eltanup (or low probability ralaaaea (< 10"J).

dror all Ualc«r*, It waa atauaad that 1 g/d of trltluai p*r«eatad Into the coolant.

• i t Ma aaauaw! chat Lh# crltlua load »•• «20 Cl/d. If thla U not valid, an additional control eyaten need, to be Included and coaled.

An ailfiaci valu# sines none waa auppllad* Et waa derived by icallnf froa the other helIUH concept a•

'Only btansai atructurt with an Inventory >|0 g.
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TABLE 5.3-11.
A SUMMARY OF THE TRITIUM PROCESSING PARAMETERS SUPPLIED8

FOR THE NINE MIRROR BLANKET CONCEPl'S

A

1

C

a

1

r

c

H

•ib.

Cancapc*
Dtacrtptloa

UU02 / l«

KM
SK/IMr

Halliaa furja

LI
U/Ka/SG
KT-J
H3DC/«,0
HoUan SaU/llectiojlm

Urk
ur»/I5
V

Coimtar Currant Hi

U
U/Ka/SO

HSDC/HjO
Holt** Salt/Uactrotyal

UjO
»/3C
HT-»
HSK/K.O
Mlllal h r p

UMOi/h
H./SC
HT-9
HSK/HjO
Ktllua Purge

U
He/SG
HT-J

Tt leda

Ha/SC
HT-»

Klactrolytla

UUOj . 'K
H2O/SC
m-9
KJK/«,0
III Itirga

MM Tlov kat«

Kcavery Syataa

.19

711

135

1

550

554

558

»22

5(6

dH rrotlua

1 . 1 0 '

4.1 « 10*

5.S a 10*

5.7 . IO»

—

J.7 . 10J

In Iraadar
(M)

l.J « 10"'

. . * . .0 - '

l .J « \a~*

».b . 10-'

7 . . . 10-'

».4 • 10"'

1.1 • 10"'

2600

2.2

«n dt.tgn.

nto Coolant

0.45

0.02

0 . .v

0.(5

11.51

0.2

• 1.2

0.21

miluB rartlal

Coolc.it i
(l/d)

•at

. .4 . to"*

1.9 " 10°

7.8 • 10"'

1.4 • 10

i • to"*

1

taaa Canarator
(Cl/d)

Hot*
Available

2

10

20

43

17

191

2

c

Ucatton

Coolant
llankat

r t r . l Wall
Furft
Coolant
llankst

M m Wall
farga
Cnolant
llanket

Flrat Wall
Purge
Coolant
Blanket

Flrat Wall
1 Purne
Coolant
Blanket

IFtraL Ujil

Icoolant
|BUnk«t

iPtrat U»ll

jCoolant
tlanwet

r i r a t Wall
Purge
tool am1

bUnket
Blanket Struct

Uat Wall
urge
rOOlant
lanket

Location
(1)

.V*
50

2U

4

JJ6

1

1

1)6

m

' " '

10""'

o.n
0.4

4
0.0]

5]
1500

hna tltat l l u 1> tha br««lar; cba aacgiri IIM la tha coolant: tha third lino la th. atructuri: tha fourth Una la tha coolant lor tha halo acrapir/dlract
coavartar thfl rtfth Itaat 1. tha trLtluai racorarj Mthod ul^d. Tha abBravUtlona uaad ara thai.! ia - barylUifla; KS - nltract a«lt; SG - ataaai ganarator; UAJOj -
T'lltUiai alialuta; KT-9 - 1 (irrltlc ataal; U - llthlwi; Ha - aodliaa) V - a «anadliaa allor: U,0 - llthliaa oilda; Ik - hall«; 'LIU - a Itthlua IxrylUua
ftaorlfe aatt; UK - 17U-Un; anl «JK - halo aerapar^dUKt eonartar.

cTh« trttttai tnvantorv n«. uaa<l tft ataa tha ataotftbarle trltiua racow.ry ayataa. The optlona ehoaan wri a J-day cleanup (or high rrauabllity releaaea (>10-2) and
S-day claaaup (or loo probability ralaaill (< 10 J ) .

d » r alt ailrror coitciptl' It ma aaaiaaad that -I | /d 'jl trltlua ant.nd tha natar arat» cmllnj tlia halo acrapan and tha direct converter,

• it —a aaatwd that th. trltlial load vaa <20 Cl/d. II thla la oat n l l d , <n additional control tyatoai naada to b. Included and coated,

an aaauaad value alnca BQIW HB.« aupplltd. It lara darlwed by aeallng (real tha othar halliaa eoncapta.
Kr«ly blankat atructure with an inTentory >1C ^
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TABLE 5.3-12.
CAPITAL COST OF ATMOSPHERE TRITIUM RECOVERY AS FUNCTION

OF SIZE OF RELEASE AND CLEANUP TIMEa

Size of
Release

(g)

10
50
100
200
500
1000
1500
2000
2300

Cost of Cleanup
in 72 h
($M)

36b

40
42
44
46
48
49
49
50

Cost of Cleanup
of 120 h
($M)

25
28
29
31
32
33
34
3 4K
35b

aCleanup is to 50 nCi/m3 in a building 2 x 105 ra3.

The same size system provides cleanup of a 10 g release in 72 h or a 2.3 kg
release in 120 h.

5.3.3.2 Subsystem Assumptions

The subsystems which were considered part of the blanket tritium process-

ing system were the following: (1) the implantation tritium control system

for the coolant for either the limiter/divertor in a tokaraak or the halo

scraper/direct converter in a mirror; (2) the tritium recovery and purifica-

tion system used for a given breeder blanket; (3) the tritium recovery purifi-

cation and control systems required on primary or secondary coolants associ-

ated with a given blanket design; and (4) the coolant purification systems

required for all non-water coolants. It was assumed that water purification

costs were part of the basic plant design for all blanket concepts.

Implantation Tritium Control

The size of the tritium control system for the limiter/divertor or the

halo scraper/direct converter depends on the rate of tritium implantation and

migration. It is assumed for this study that this is equivalent to 1 g/d for

all designs. The limiter coolant is either lithium or water. The capital
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costs associated with removing tritium from a water coolant(11) are summarized

in Table 5.3-13. The general equation is for C = 15 [Ci/d/Ci/jl (1000)]0'55.

TABLE 5.3-13.
CAPITAL COST OF TRITIATED WATER RECOVERY SYSTEMa

Processing Rate
(L/D)B

102

103

104

105

Cost
($M)

6

15

50

100

aMaintains levels of 1 Ci/L in the water coolant.

Equivalent to Ci/D removed if steady state concentration is
1 Ci/L.

Blanket Tritium Recovery

There are two types of tritium recovery and purification systems consi-

dered: the first is that associated with solid breeders (Li2O, LiAICO; the

second is that associated with liqui'd breeders (Li, LiPb, FLIBE). For the

solid breeder, the tritium recovery system consists of a helium purge stream,

associated pumps, and a system for removing tritium from the purge. In addi-

tion, there is a tritium purification system, a system for handling protium

for tritium control, and a system for removing tritium from discarded solid

breeder modules. For the liquid breeder, there is a basic tritium recovery

system consisting of sets of cycled yttrium getters, a molten salt/electroly-

sis nnit, a counter-current helium flow system, or an electrolysis unit. In

addition, there's a tritium purification system and, if necessary for tritium

control, a system for handling protium. The capital cost associated with

these units was determined as follows.

Since no pilot plant version of any of the tritium recovery units has

been built, it was assumed that to a first approximation all of the units

would cost approximately the same. Therefore, one unit was costed basing
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costs on those for centrifugal contactors.^ ' The volume of material in the

liquid breeder designs was assumed to be 10" £. If this volume was processed

100 times a day, the processing rate would be 4 x 10 L/min. For a one stage

contactor which is not heated, or designed for tritium use, the cost is $2.5

M; for 4 stages, the cost is ~$4.4 M. If the unit is used at elevated temper-

atures and designed for use with tritium use, the cost would double to ~$10

M. If two different recovery units were needed for a given blanket design,

the cost would double to $20 M.

The capital cost of a tritium purification system which removes both

gamma and other impurities is ~$10 M for most systems. This cost covers not

only the basic unit, <$5 M, but also the support systems needed since the unit

will be located either in the heat exchanger building or the hot cell area.

The tritium purification system for 17Li-83Pb is expected to cost ~$15 M due

to the large amounts of gamma impurity expected.

The addition of protium in 5 to 90 kg/d quantities requires an additional

unit both to remove the tritium from the protium and to remove other impuri-

ties. To provide perspective, the fuel processing system is expected to han-

dle <10 kg/d of deuterium and tritium. The capital cost incurred for adding

the protium system is shown in Table 5.3-14.

It is anticipated that the hot cell will contain an extraction system to

remove tritium from discarded solid breeder modules. The capital cost is

estimated to be ~$10 M.

Coolant Tritium Recovery and Control

The coolant tritium recovery systems consist of a tritium removal system,

a tritium purification system, special heat exchangers and piping, and a tri-

tium removal system for the steam generator. The latter is needed only if the

tritium input to the steam generator exceeds 20 Ci/d. The costing is that

shown in Table 5.3-13.

The tritium load into the blanket coolant is the sum of contributions

from the first wall (<0.2 g/d), from the limiter/divertor system (<1 g/d),

from the helium purge (<0.01 to 113 g/d) and from the beryllium multiplier (<6

to 9 g/d). The beryllium multiplier contribution applies only to concepts F)

and H ) . In concept H ) , the FLIBE design, the tritium entering the helium
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coolant from the helium purge stream is excessive being 113 g/d and 83 g/d

respectively for the tokamak and mirror designs.

TABLE 5.3-14,
CAPITAL COST OF AN ISOTOPE SEPARATION UNIT3

Throughput
(g/d)

5
42
SO
56
57
90

Cost
($M)

5
13
14
14
14
17

aCost equation used:
c = 3 x 106 (throughput (g)/1160)0>4.

The capital cost of the systems used to process the liquid coolants other

than water is assumed to be $10 M for tritium recovery and $10 M for tritium

purification. For pressurized helium, the basic tritium recovery system is

also assumed to cost $10 M. However, when large amounts of tritium have to be

removed the capital cost increases. An astimate of these cost increases is

shown in Table 5.3-15.

TABLE 5.3-15
CAPITAL COST OF HELIUM COOLANT CLEANUP SYSTEM

Processing Rate
(g/d)

0.2
1.0

10.0
80.0
120.0

Incremental Costa

($M)

4
1'.
40
60

aThe bane system Is assumed to be $10 million
Including pressurized lines, etc.
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For the LiAlC^, water cooled concept I), the major capital cost associ-

ated with coolant tritium recovery was accounted for in implantation tritium

control. The cost of the additional capacity needed is $10 M. For the 17Li-

83Pb system, concept C ) , the capital cost of the tritium removal and purifica-

tion system are those under blanket tritium removal. However, there are addi-

tional costs for a special heat exchanger and piping, because of the high tri-

tium partial pressure (10 Pa) in this system. The estimated capital cost is

$20 M.

Coolant Purification Systems

For each of the coolants, an impurity removal system is necessary. It's

cost is estimated at $10 M. For concepts with two coolants (B, D, G, H ) , the

cost doubles because there are now two impurity removal systems needed.

Because the 17Li-83Pb system is regarded as highly corrosive, its impurity

removal system is estimated at $20 M. Besides coolant purification systems,

dump tanks are provided for all coolant and/or liquid metal systems. The

estimated cost for the tank heating systems and tritium control measures is

~$5 M each. Again, for some concepts (B and D) two dump tanks are needed,

which doubles the cost.

5.3.3.3 Calculated System Costs

The blanket processing system capital costs calculated for the tokamak

blanket concepts are foimd in Table 5.3-16. Those for the mirror blanket

concepts are found in Tabi° 5.3-17. The total processing system costs are

shown in Table 5.3-18.

For a tokamak reactor, the processing capital costs range from $90M to

$190M with concept H ) , the FLIBE design, having the highest capital cost.

Concept H) has a high tritium partial pressure in the FLIBE. This procedures

high permeation rates in the different subsystems whicb then require addition-

al tritium control systems being used.

For a mirror reactor, the capital costs of the blanket concepts are

equivalent although those for concept I), the water-cooled design, are lower

than the rest and concept (H) is the highest because of a high partial

pressure in the FLIBE. The capital cost for concept I) would be comparable to

that of the other concepts if the tritium load to the halo scraper was <1
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TABLE 5.3-16.
COSTS ($M) ASSOCIATED WITH THE TRITIUM PROCESSING AND TRITIUM CONTROL SYSTEMS

REQUIRED FOR THE NINE TOKAMAK BLANKET CONCEPTS CITED IN TABLE 5.3-10

Concept
Process Costed

rritium Control Systems for Water Cooled
Limiter/Divertor

Blanket Tritium Removal and Purification
Systems

Coolant Tritium Removal and Tritium
Purification Systems

Coolant Purification Systems -

NS, He, Na,a

Li, LiPb, FLIBE

Coolant Dump Tanks -

DS, Na
Li, LiPb, FLIBE

Tritium Extraction Systems for the Solid
(Hot Cell)

TOTAL

A

50

40

20

10

5

10

135

B C D

41

20

10
10

5
5

91

E

50

37

28

10

10

135

F

50

37

44

10

10

151

G

32

28

10
10

5

—

85

H

50

21

90

10
10

5

18b

I

50

27

10

10

97

aAbbreviations are: NS - nitrate salt; He - helium; Na - sodium; Li - lithium; LiPb - 17Li-83Pb;
FUBE - a lithium beryllium fluoride salt.



TABLE 5.3-17.
COSTS ($) ASSOCIATED WITH THE TRITIUM PROCESSING AND TRITIUM CONTROL SYSTEMS

REQUIRED FOR THE NINE MIRROR BLANKET CONCEPT CITED IN TABLE 5.3-11

Concept
Process Costed

Tritium Control Systems for Water Cooled
Halo Scraper/Dlvertor Converter

Blanket Tritium Removal and Tritium
Removal and Tritium Purification
Systems

Coolant Tritium Removal and Purification
Systems

Coolant Purification Systems -

NS, He, Naa

Li, LIPb, FLIBE

Coolant Dump Tanks

DS, Na
Li, LiPb, FLIBE

Tritium Extraction Systems for the Solid
(Hot Cell)

TOTAL

A

50

40

20

10

5

10

135

B

50

30

20

10
10

5
5

130

C

50

51

20

20

5

146

D

50

40

20

10
10

5
5

140 1

E

50

34

24

10

10

128

F

50

34

36

10

10

140

G

50

30

24

10
10

5

129

H

50

23

70

10
10

5

168

I

50

25

10

10

95

Abbreviations are: NS - nitrate salt; He - helium; Na - sodium; LI - lithium; LiPb - 17Li-83Pb;
FLIBE - a lithium beryllium fluoride salt.



TABLE 5.3-18.
SUMMARY OF BLANKET CONCEPT COSTS INCLUDING ALL TRITIUM PROCESSING COSTS

a*
to

Concept

Tokamak

Blanket Processing

Plasma Processing

Atmospheric Tritium Recovery

GRAND TOTAL

Mirror

Blanket Processing

Plasma Processing

Atmospheric Tritium Recovery

GRAND TOTAL

A

135

40

36

211

135

31

36

202

B

130

31

36

197

C

146

31

36

213

D

91

40

36

167

140

31

36

207

E

135

40

36

211

128

31

36

195

F

151

40

36

111

140

31

36

207

G

85

40

36

161

129

31

36

196

H

186

40

36

262

168

31

36

235

I

97

40

36

173

95

31

36

162



g/d. If It was O.I g/d, implantation costs for the other concepts would de-

crease by $35 M while implantation and coolant control costs for concept I)

would decrease by $15 M. In concept (I) the tritium load from the blanket

necessitates retention of a high capacity system, thus the smaller cost

reduction.

5.3.3.4 Conclusions for the Fuel Handling and Storage System

The capital costs of all tritium processing systems needed for the nine

different blanket concepts considered are equivalent; the costs are in the

range of 160 to 260 million dollars. This represents 5% of the total capital

cost of a four billion dollar reactor.

These costs are the best estimate of several complex systems which not

only have not been built at pilot plant scale but also have frequently net

been demonstrated even at lab-top scale. Nevertheless, these costs considered

to be representative of the costs expected. Confirmation of these costs would

be beneficial for evaluation of the overall economics.
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5.3.4 Economic Analyses

The heart of the economic analyses performed for the BCSS was accom-

plished with a systems analysis 'ode which consistantly combined both system

performance and economic evaluations. The code was custom tailored for the

BCSS application and primarily evaluated the blankets' performance and costs,

but also blanket-related functions on both tokamak and tandem mirror power

plants. The inputs for the code were derived from a) the blanket designers

for the blanket-specific data, b) the BCSS Task Groups for the more general

blanket-related data (eg., Heat Transfer and Neutronics), c) the reactor

conceptual designers (ala STARFIRE and MARS) for reactor and BOP data and d)

vendors and suppliers for specific detailed information. Specific data inputs

used in the analyses are shown in this section along with their influences.

The code was also used as a data source for other disciplines in the BCSS

study, such as the Safety Analysis.

The code utilized the detailed configuration of each blanket to determine

the volume, mass and cost of material in the blanket zones. This detailed

Information for blanket concepts are available in Sections 7 through 10.

First, the code determined the first wall and blanket zone volume which may be

different for the inboard and outboard In the tokamak or identical throughout

a tandem mirror. The inboard section for the tokamak is assumed to cover 20%

of the wall surface. Then using the designer's specification for the material

volume fraction and percent of theoretical density, the mass of each material

in each zone was determined. The cost of the materials in the blanket was

determined by applying the unit costs as defined in Table 5.3-5.

Costs for uhe shielding were determined In a similar manner. The

designers also gave the detailed blanket thicknesses and material compositions

to the Neutronics Task Group for the determination of the Tritium Breeding

Ratio and the Shielding. In turn, the required shielding materials and

thicknesses were determined for the economic evaluation. The shielding

requirements differed for th» inboard and outboard tokamak designs and also

for the tandem mirror between and under the central-cell coils. The code

accommodated these design variations.

A summary of the blanket and shielding thicknesses for the evaluated

option?: is shown in Table 5.3-19. The sum of the blanket and the shielding
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TABLE 5.3-19
INPUT DESIGN DATA

CODE

A

B

C

D

E

F

G

H

I

bDR/CLT/Sm/MLTR

LiA10 2 /DC/HT-? /Be

Li/Li/HT-9/-

LiPb/LiPb/V/-

Li/Li /V/-

Li2O/He/HT-9/-

LiA102/He/HT-9/Be

Li/He/HT-9/-

Flibe/He/HT-9/Be

LiA102/Hz0/HT-9/Be

RCTR
TYPE

TOK
TM

TM

TM

TOK
TM

roK
TM

TOK
TM

TOK
TM

TOK

TM

TOK
TM

BLK THICKNESS

TM
(m)

0.51

0.803

0.903

0.803

0.68

0.58

1.03

0.85

0.7

TOK,
INNER

(•)

0.517

0,64

0.41

0.41

0.61

0.41

D.35

I TOK,
OUTER

(m)

0.517

0.75

0.85

0.7

1.2

0.85

0.7

SHIELD THICKNESS

TM,
COIL
(m)

0.59

0.487

0.4

0.482

0.55

0.64

0.52

0.47

0.45

TM,
B/C

fa)

1.08

0.803

0.75

0.807

1.04

1,-14

1.01

0.95

0.V5

TOK,
INKER
(m)

0.60

0.62

0.73

0.74

0.64

0.75

0.70

roK,
OUTER
M

1.12

0.95

1.02

1.16

1.04

0.99

0.99

BLNKT
EMF

1,323
1.316

1.313

1.294

1.272
1.254

1.223
1.22B

1.280
1.291

1.279
1.270

1.511
1.549

1.372
1.386

BLNKT
LIFE*

Cy)

4.5
4.5

4.5

3.3

6.8
5.6

4.7
4.5

5.5
4.4

4.8
4.7

4.5
4.3

4.8
4.9

Blanket life is adjusted to account for lower tokamak neutron wall loading in economic analysis code.



thickness plus the design allowances for gaps, etc, were used to determine

the magnet size and location. In the case of the tandem mirror this deter-

mined the cost of the magnets. However in the case of the tokamak, the

thicknesses influence not only the magnet cost but also the magnetic field on

axis. This is important because the reactor fusion power scales as the fourth

power of the on-axis field. Also shown on Table 5,3-19 i6 the Blanket Energy

Multiplication Factor (EMF). The EMF determined the efficiency of the conver-

sion of the fusion power into useful thermal energy extracted by the primary

coolant. Thus the thermal power from the tandem mirror blanket is determined

solely by a fixed fusion power and EMF, whereas the tokamak thermal power is

also determined by the blanket and shield thicknesses.

The final information on Table 5.3-19 is the expected blanket calendar

life, adjusted for the neutron wall loading. As was previously stated, the

fusion power as modeled in the tokamak is variable, hence the life is somewhat

different than stated by the design advocates for a 5MW/m wall loading. This

lifetime data wa3 used in determining blanket replacement frequency and allow-

ances for remote maintenance equipment sets.

The cost of the magnets were determined by the combined thicknesses of

the blanket, shield and the required gaps. The tandem mirror magnet configur-

ations and cost basis were adopted from MARS. As the blanket/shield/gap

thicknesses vary, the field in the central cell is maintained and within first

order effects, the current density in the magnet pack remains constant. Thus

the current and magnet cross-sectional area are proportional to the magnet

bore. For small variations, the base cost of the MARS central cell magnets

can be scaled on a cost per unit volume (and mass) basis. The tokamak TF

magnets must be adjusted for positional changes in both the inner and outer

legs of the magnet. Reference 13 developed the geometry of a constant tension

"D'"-shaped magnet in terms of the position of the inner and outer magnet

legs. Using this relationship, the code calculated the TF volumes and cost,

normalized to the STARFIRE magnet volume. The remainder of the tandem mirror

and tokamak coils are assumed to be unaffected for this analysis.

The next major area to be computed in the code is the Heat Transfer and

Transport System. In this study, the thermal output power is transferred by a

variety of primary coolants over a range of inlet and outlet temperatures.

Table 5.3-20 lists these data along with the steam conditions predicted
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TABLE 5.3-20
BCSS THERMAL-HYDRAULICS DATA

Code

A

B

C

D

E

F

G

H

I

Bdr/Clnt/Str/Multr

LiA102/NS/HT-9/Be

Li/Li/HT-9/-

LiPb/LiPb/V/-

Li/Lf/V/-

Li2O/He/HT-9/-

LiA102/He/HT-9/Be

Li/He/HT-9/-

Flibe/He/HT-9/Be

LiA102/H20/HT-9/Be

Rctr
Type

TOK
TO

TM

TM

TOK
TM

TOK
TM

TOK
TM

TOK
TM

TOK
TM

TOK
TM

Coolant
Inlet/Outlet

CO

330/405
375/450

350/500

380/530

300/550
350/550

275/510
275/540

275/510
275/540

275/510
275/540

275/510
275/510

280/320
280/320

Max
IHX

CO

—

480

--

525
530

—

—

—

—

Max Steam
Temp Press
CO (MPa)

390 10.4
435 lti .4

454 15.0

510 16.5

510 16.6
510 16.6

460 8.3
490 8.3

460 8.3
490 8.3

460 8.3
490 8.3

450 8.3
450 8.3

299 6.3
299 ' 6.3

Gross
| Effcy

0.375
0.400

0.405

0.420

0.423
0.423

0.392
0.400

0.392
0.400

0.392
0.400

0.389
0.389

0.357
0.357

Pumping Power*
Thermal Power

(MWe/MWT) = (Ratio)

7.9/4225 0.0019
7.9/4225 0.0019

13/3185 0.0041

38/3185 0.0119

33/5675 0.0058
8/3185 0.0025

176/4000 0.0440
84/4000 0.0210

179/4000 0.0448
108/4000 0.0270

196/4000 0.0490
108/4000 0.0270

200/4000 0.0500
175/4000 0.0438

32/4000 0.0080
32/4000 C.0080

* Primary Coolant Loop Only



achievable in the steam generator. The lithium primary coolant is the only

primary coolant deemed to require an intermediate heat exchanger. The thermal

gross efficiencies commensurate with thede steam conditions are listed in the

Table 5.3-20. Each blanket designer determined a pumping power for his

particular coolant and thermal-hydraulic conditions to handle a nominal amount

of thermal power. The code ratioed these data to determine the pumping power

for the specific thermal power calculated in each individual case. A fraction

of this pumping power was tecoverable as useful thermal energy depending on

the fluid (0.85 for helium and 0.90 for the remainder of the coolants.)

For the tokamak, all the recoverable thermal energy, except for approxi-

mately 200 MW recovered in the limiter, was transported by the blanket

coolant. In the tandem mirror, a smaller fraction of the useful energy was

transported by the primary coolant. A sizeable fraction of the energy was

recovered by the direct convertor at an efficiency of 64.3% and a moderate

temperature thermal conversion cycle at 34.3% efficiency. These data are

representative of the MARS design data. The power flow of the tandem mirror

reactor was modeled and scaled in a manner similar to MARS. The sizes and

power-handling capabilities of the Heat Transfer and Transport System deter-

mine the costs used in the economic analyses.

Given the above data on thermal power, gross thermal efficiency, pumping

power, and other recirculating power requirements, the net electric power is

determined for each reactor associated with a blanket concept. The Turbine

Plant Equipment is comprised of many different elements. The cost of these

elements scaled as either the gross thermal power or gross electrical power.

The cost elements of the Electric Plant Equipment scaled as the recirculating

power requirement or were constant for this analysis. The Miscellaneous Plant

equipment was assumed to be constant. The Special Materials are usually

special, high-cost fluids which are loaded or installed just prior to initial

operation. The liquid metals or salts contained in the heat transport systems

are calculated for inclusion into this cost category. From these data, the

Total Direct Cost, the Total Capital Cost including indirects were computed.

Then using the Net Electric Power, the Cost of Capacity was determined. The

Annual Cost was calculated by combining the blanket life with the refurbish-

ment or replacement cost of the blanket on an annual basis. Added ro this

blanket cost are other high-cost, non-blanket items replaced on a regular
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basis. This was combined with the Annual Operations and Maintenance Cost and

the Annual Fuel Cost to arrive at a total Annual Plant Cost. This data

allowed determination of the Cost of Electricity, which is the desired econo-

mic evaluation parameter*
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Fusion's ultimate potential as an energy source and societal

acceptance will depend, in part, on how well fusion development is

successful in protecting the public and environment from potential harm.

Just as blanket choices should decrease costs and enhance fusion's economic

attractiveness, so should blanket choices decrease potential risk to the

public and enhance fusion's safety and environmental attractiveness. An

increase in safety and environmental attractiveness of designs at the

current stage of fusion development will tend to increase public support

and acceptance, translate into some economic advantages, and increase the

future general potential of fusion energy.

These aspects have motivated evaluation of blanket concepts in the

general area of safety, the subject of this section. The following

subsections contain an introduction (5.4.1), the four major parts of the

safety evaluation (5.4.2 through 5.4.5), and the results and conclusions

(5.4.6). Also, the resulting safety results have been summarized in

Section 3.3.

Readers may delve into the discussion at several levels. Those

primarily interested only in the results may refer to Section 3.3. Those

interested in more information on the general approach, limitations,

results, and key assumptions should read Subsections 5.4.1 and 5.4.6.

Readers interested in more specific details of the bases of comparison and

corresponding technical justification should refer to those parts of

Subsections 5.4.2 through 5.4.5 as deemed necessary.

5.4.1 Introduction

The final safety evaluation methodology is basically the same as

during the first year of the study, as was discussed in the BCSS Interim

Report. This subsection contains a brief introduction into the safety

evaluation: its purpose, differences from past studies, general approach,

interactions with the other evaluation areas, and key assumptions and

limitations.
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5.4.1.1 Purpose

The safety evaluation fulfills two major purposes. First, during the

study, safety analysis and evaluation have helped to assist in the

evolution of concept design, focus study attention and resources, and

assist in narrowing the number of concepts. Second, safety evaluation of

the final designs has produced a rank ordering of their safety

attractiveness as part of the final detailed concept evaluation. These two

general purposes will now be discussed in more detail.

First, during the course of the study, safety analysis has had several

purposes:

o Assist design teams in improving the safety attractiveness of

their designs as they have evolved

o Define design safety philosophy (see Subsections 5.4.1.3 and

5.4.3) to provide targets for design teams

o Identify and eliminate, where possible, serious safety-related

potential flaws in concepts

o Provide input into the narrowing of the number of concepts

remaining under consideration

o Investigate specific safety-related issues

o Interpret new experimental data from other fusion programs as

they have become available

o Help prioritize resources within the study.

Second, toward the end of the study, the primary purpose of safety

analysis shifted to evaluation of concept designs. Purposes included:
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o Systematically compare the safety attractiveness of concept

designs

o Highlight areas where more research is required

o Highlight potential flaws

o Highlight potential areas of concept improvement

o Examine the impact of using "low-activation" versions of steels

o In general, examine the trade-offs involved among various safety

concerns.

It is emphasized that this evaluation has not determined the safest blanket

concepts. Rather, it has been intended to determine the most attractive

concept designs as they were presented for evaluation, given present data

and understanding. Many possible safety concerns were mitigated or

eliminated by the design teams. In fact, snapshots of the safety

rank-ordering of blankets during the course of the study would have shown

some changes as designs evolved.

Where trade-offs between safety and ocher evaluation areas were

involved, designers were free to attempt optimization, either sacrificing

safety advantages for gains elsewhere or taking penalties elsewhere for

improved safety characteristics. Such attempts at optimization were

imperfect for several reasons: lack of important data, evolution of the

data base, evolution of sosie aspects of the detailed evaluation

methodologies, and insufficient BGSS resources for iterations. However,

the BCSS still represents the most detailed attempt yet at such an

optimization in the fusion program.

5.4.1.2 Past Studies

The BCSS safety analysis and evaluation have been strongly basad on

past studies. First, the concept designs in the BCSS were often similar to
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past: design efforts so that prior safety analyses were generally relevant.
(2)

Second, the reference fusion reactors for this study, STARFIRE and

(3 4)
MARS! ' , served to define many of the nonblanket details needed for the

comparison. Third, the evaluation methodology and some specific analyses

were heavily based on three specific studies, (a) the study of material

choice influence on potential accident consequences by Piet, et al., '

(b) the general environmental comparison done for the Generic
(7-9)

Environmental Impact Statement (GEIS), and (c) the DOE panel on

low-activation materials. ' Fourth, a wealth of safety-related

information has now accumulated via the Fjsion Safety Program ,

which was used in the specific safety analyses of this study.

Some specific mention of earlier comparative safety studies is

relevant. The earlier comparisons of safety attractiveness of blanket

materials heavily focused on lithium-compound chemical reactivity and/or

structural material activation, e.g. References 17-20. These issues were

also prevalent in early design studies, along with considerable concern for

tritium control. Attention to the chemical issue motivated a search for an

alternative to elemental, lithium and its chemical reactivity.

Gradually, more issues and concerns have been considered. For
(21 22) (23)

example, Holdren ' ' and Sawdye included consideration of the

relative ability of activated structures to become volatilized in the event

of a thermal transient. Design studies have also considered more issues,
(2-4)

such as cooling transients and waste management. The safety
examinations for IMTOR and TFTR also included many issues.

The recent study by Piet ' compared the influence of blanket

material choice on potential accident consequences in seven different major

areas. cooling transients, plasma disruptions, tritium inventory and

control, public health effects from release of structural radioactivity,

relative rates of structural oxidation and volatility in thermal

transients, chemical reactivity, and corrosion product inventory. All of

these issues were also considered in the present study, with the

accident-related analyses often based on that past work. The DOE panel on

low-activation examined the potential impact of low-activation
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materials in three areas: accidents, maintenance, and waste management.

These concerns have also been considered in the present study. The panel's
(27)

recommendation that waste disposal be considered via the 10CFR61

regulation has been followed. The technical report for the Generic

Environmental Impact °tatement (GEIS) considered several nonaccident

issues, especially normal radioactive effluents, which are also considered

in the present study.

In short, the present safety evaluation has built on past studies and

considered all safety or environmental issues previously raised. Most were

actually included in the comparative evaluation.

5.4.1.3 General Approach

When comparative studies have focused only on one issue, the resulting

decision was rairly straightforward. For example, when chemical reactivity

was the major issue, elemental lithium was clearly the least attractive

option. As the number of issues increases, the complexity of the decision

increases. The comparative accident study ' defined twenty-one

specific figures-of-merit, called Relative Consequence Indicts, to judge

among the blanket material combinations. These revealed conflicting

material preferences as functions of which safety issue was considered.

That study resolved such trade-offs by focusing final selection on those

safety concerns that appeared more difficult to solve by design.

5.4.1.3.1 Formalism

Given the mission of the BCSS, some type of organized, systematic

comparison technique was clearly needed. Probabilistic Risk Assessment
( OR")

(PRA), e.g. the (Fission) Reactor Safety Study, was considered but

rejected because of insufficient data and resources. Instead, an approach

similar to the Relative Consequence Indices of References 5 and 6 was

used. Eleven safety indices were established. Each is composed of one or

more figures-of-merit evaluations and/or engineering judgment scores.
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Whereas the previous study combined the Relative Consequence Indices

via judgment on which problems were more solvable by design, the mechanism

of the BCSS automatically allowed for problems to be solved by design teams

within the study. A PRA would have allowed the importance of the various

problems to be determined directly from their contributions to total risk,

in much the same manner as the importance of economic factors is determined

by their contribution to cost-of-electricity. In lieu of a PRA,

engineering judgment was used to weigh the importance of the various

concerns.

The resulting formalism is a single Safety Figure-of-Merit (SFM),

defined as the weighted sum of eleven safety indices.

11
SFM = I I. W.

I. = safety index score, 0.00 to 1.00

W. = judged weight for each index.

The weights add to 100 so that the SFM ranges from 0 to 100. This

formalism is heavily patterned after that of Kepner-Tregoe decision
. . (29)analysis.

This methodology combines several features:

(a) Experimental data

(b) Calculations

(c) Figures-of-merit comparing blankets on a specific issue, based on

items a and b
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(d) Engineering judgment on the severity of other issues not covered

by specific figures-of-merit, based where possible on items

a and b

(e) Index scores directly based on items c and d

(f) Combined Safety "'igu.e-of-Merit based on weighting the index

scores via engineering judgments.

No scheme for decision analysis is perfect. A danger in this approach

is that numbers are simply "cranked out." However, the comments of Crouch

and Wilson are relevant:

"We are unashamed proponents of calculating numbers whenever
possible. Without such calculations, we cannot be sure that the
risk assessor has thought through the problem at all. Of
course, a number can be stripped of the uncertainty estimates
and misused, but a noun or verb in any piece of description
prose can also be stripped of its qualifying adjectives or
adverbs. Despite our emphasis on numeracy in risk assessment,
it is necessary to warn against the tendency to overburden
decision makers with intricate details of the arithmetic process
ured in arriving at the numerical results. What is required by
the decision maker is a concise statement of numerical results,
their uncertainties, and the simplifying assumptions made in
deriving such results. But most important of all is a statement
of the areas in which no numerical results are possible so that
value judgments are required."

The numerics of the safety evaluation are not designed for random

number-crunching, but rather as a tool to

o Quantify comparisons wherever possible

o Combine engineering judgment with quantified results

o Force the study to explicitly consider and explain trade-offs

among safety issues

o Guide the allocation of study resources
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o Force the study to think through the various issues and what they

imply for various blankets.

Subsection 5.4.6 contains both the design rankings as well as discussion of

Che underlying trade-offs and reasons for the results.

The various safety problems and associated indices were divided into

three major areas. The firsl, source term characterization

(Subsection 5.4.2), is concerned with the hazard associated with

radioactivity inventory and chemical toxicity adjusted by the relative

volatility of the elements involved. These first three indices, structure,

breeder/multiplier, and coolant, were given 30% of the total weighting, 10%

each. These index scores are based on quantified figures-of-merit.

The second set, fault tolerance (Subsection 5-4.3), measures the

anticipated blanket response to various transients, considering both the

consequence and the likelihood of occurrence. The possible transients were

grouped into five indices, Indices 4 through 8, and were collectively given

30% of the total weighting, 6% each. These index scores are primarily

based on engineering judgement, backed by analysis on past or current

designs•

Together, the first eight indices are concerned with accidents and

comprise 60% of the score. The remaining nonaccident concerns, radioactive

effluents, maintenance, and waste management, were given 40%. The 60-40%

split between accidents and nonaccidents was a compromise between the high

importance given to accidents by the public and the low contributions that

accidents have been found to have versus nonaccidents in terms of total
(31)

societal risk for other technologies. The nonaccident indices,

Indices 9 through 11, are based on quantified figures-of-merit. The eleven

indices are listed in Table 5.4.1-1.

The evaluation of concepts is performed twice, once for comparisons of

blankets for tokamak application, once for mirror application. The indices

and the weights remain constant. However, the designs and some of the

parts of the indices do change. The differences between the mirror-design
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TABLE 5,4.1-1. SAFRTY EVALUATION INDICES

Index Weighting
Number _____ Index Name Value

1 Structure Source Term Characterization 10

2 Breeder/Multiplier Source Term Characterization 10

3 Coolant Source Term Characterization 10

4 Fault Tolerance to Breeder-Coolant Mixing 6

5 Fault Tolerance to Cooling Transients 6

6 Fault Tolerance to External Forces 6

7 Fault Tolerance to Near-Blanket Systems Interactions 6

8 Fault Tolerance of the Reactor Building to Blanket 6
Transients

9 Normal Radioactive Effluents 20

10 Occupational Exposure 10

11 Waste Management 10

and the tokamak-design of a given concept are addressed in the evaluation

where relevant. The differences between mirror and tokamak are addressed

only in so far as they influence the bases of comparison. An example is

that the relative thermal impact of plasma disruptions is considered in

Index 6 for t-.he tokamak evaluation but is not relevant for Index 6 for the

mirror evaluation. Cross-comparisons among designs for mirror and designs

for tokamaks were not performed.

5.4.1.3.2 Uncertainties

Some aspects of uncertainty sensitivity should be mentioned, according

to the source of uncertainty. At the higher level of the uncertainty in
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the relative importance of safety problems, i.e. the index weights, the

sensitivity of the rankings was explored by defining two alternate safety

figures-of-merit. The reference figure-of-merit is given by

11
SFM = E I. W.

The first alternate figure-of-merit, SFM1, is given by

11
SFM! = 9.09 E I .

so that the indices are equally weighted. The constant 9.09 (= 100/11)

results in SFM1 ranging from 0 to 100 as does SFM. The second alternate

figure-of-merit, SFM2, is more directly patterned after a PRA. The total

source term characterization score, Indices 1-3, is multiplied by the total

fault tolerance score, Indices 4-8, giving an approximation of accident

risk. This is then added to the nonaccident indices as follows:

SFM2

The constant of 4.0 preserves the 60-40% split between accident and

nonaccident concerns as well as the 0-100 range for SFM2.

Calculation of the alternate figures-of-merit provided some insight

into the sensitivity of the safety rankings to the uncertainty in the

judged importance of different safety issues.

The other type of uncertainty is the relative attractiveness of a

given blanket for a given issue, i.e. the individual index scores. No

systematic analysis of the sensitivity of the results to these

uncertainties has been conducted. However, throughout the evaluation, the

key uncertainties are mentioned. This forms the basis for the R&D

assessment as well as give some insight to the uncertainty in the index

scores. Relevant considerations include uncertainty in the data,
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interpretations of the data, and design specifications. Specific areas

examined include the sensitivity of the results to use of "low-activation"

steels and to the uncertainty in tritium control calculations.

5.4.1.3.3 Design Philosophy

Criteria for judgment are inherent in a comparison. The design teams

had to have some knowledge of how the safety attractiveness would be

judged. These criteria can be either "musts" and "wants." The current NRC

approach to fission reactor safety involves a large number of "musts,"

absolute requirements, some of which may not be directly related to

controlling risk. It is hoped that fusion can avoid such proscriptive

regulation, perhaps replaced by a probabilistic risk approach. For

example, the NRC and others are considering a two-stage approach for

fission whereby first a reactor must meet some societal risk goal, e.g.

limiting the risk of early fatality below 5 x 10 /year. Second,

further risk reduction would be required based on some cost-risk reduction

criterion, e.g. required expenditure of $1000 to reduce exposure by one

man-rem. This cost-benefit approach has been applied to tritium system

sizing for fusion. However, the

approach prohibited its use in the BCSS.

sizing for fusion. However, the need for PRA's in this two-stage

Since the prescriptive NRC-type criteria approach is not desired and

the probabilistic approach was not feasible for the BCSS, some other

approach was needed for he BCSS. In terms of design philosophy, the

approach has been to define very few proscriptive safety requirements.

These were indicated and explained in the Interim Report as screening

criteria for the alternate concept selection. The safety-related

requirements are:

o Normal tritium loss rate via the steam generator must be below

100 Ci/day

o No materials combination resulting in large rate of energy

released is allowed. The spirit behind this is that a single

failure must not result in a large energy release. At the
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beginning of the study, this was taken to rule out a water-cooled

lithium blanket. As discussed in Subsection 5.4.3.5, it was

later decided that it also appears to rule out the combination of

water-cooled limiters with lithium blankets.

o The steady-state blanket tritium inventory must be below

10 g/MWth, i.e. 40 kg for a 4000 MW plant.

Beyond these few requirements, all other safety concerns were only

expressed as desires, "wants." To prcvide guidance to design teams, the

bases for comparing designs were established early in the study. The

interim report listed 13 safety targets associated with the 11 safety

indices. These corresponding design philosophies are repeated in

Subsections 5.4.2 through 5.4.5 with the associated safety evaluation of

concept design. As designs and analyses advanced, only some modification

of these targets occurred.

The net result is that designers had very few safety requirements, but

several targets. These bases for comparative judgment were established for

designers to take account of.

The underlying safety philosophy is an inherently safe reactor, i.e.

one not needing any active protection systems. Thus, the approach for the

fault tolerance part of the evaluation was to define what would demonstrate

passive protection against various transients. Failure to meet this safety

philosophy for each specific transient was not automatically considered a

potential serious flaw for the concept because the fall-back position of

using an active protection system was generally available. A perfect fault

tolerance score would indicate an inherently safe reactor. Deviation from

a perfect fault-tolerance score indicates increased need for active

protection systems and/or redesign.

5.4.1.4 Interactions with other Evaluation Areas

Final designs were evaluated in all four evaluation areas of safety,

economics, engineering feasibility, and R&D requirements. Thus, in
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principle, any design feature that improved safety that also adversely

impacted other evaluation areas would both raise the safety score and

decrease some other score. For example, use of a nonwater-cooled limiter

was very important to the safety of blankets with liquid lithium or

vanadium alloys and, in fact, nonwater-cooled limiters were chosen. This

improved safety feature translated into a penalty in the R&D evaluation in

the form of another potential flaw for those concepts—"what happens if the

nonwater cooled limiter is not feasible?"

Table 5.4.1-2 lists some of the key safety design choices/features

that impact nonsafety evaluations. These are discussed in the following

subsections as relevant. On the other hand, most safety features were

inherent to the concept and did not entail nonsafety penalties. For

example, i-he liquid-metal self-cooled designs have several inherent passive

safety features: there are no coolant tube break problems within the

blanket, and they are generally very resistant to any cooling transient

because of the good heat-sink characteristics of liquid metals.

TABLE 5.4.1-2. SOME KEY SAFETY DESIGN CHOICES/FEATURES IMPACTING OTHER
EVALUATION AREAS

Blanket

Water-cooled

Choice/Feature

Li/He, Li/Li

Li/He, Li/Li

Selection of double-vall
tubing within the blanket
to reduce tube break
frequency
Selection of pod geometry
to accommodate accidental
water pressurization of
blanket from tube break

Use of building cover gas
other than air and carbon
dioxide i.e. nitrt^en, to
reduce lithium-fire concern

Use of nonwater limiter
coolant

Impact

More structure (E),
Lower breeding ratio (F),
More complexity (F,R)

Additional potential flaw
i f not practical (R)

Additional potential flaw
i f not practical (R)

E—economic evaluation
F—engineering feas ibi l i ty evaluation
R—R&D evaluation
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The major impact of safety-related design choices has been a

significant improvement in the safety attractiveness of blankets containing

lithium and/or vanadium. Both materials have severe chemical reaction

concerns: energy release for lit-Jr-im in contact with air, water, or carbon

dioxide and rapid oxidation of vanadium above 650°C with oxidizing
-4

potential above 10 atmospheres. Designers largely eliminated those

concerns via design choices, e.g. no air or carbon dioxide in the building

for lithium designs, no air in the building for vanadium designs, and no

water-cooled limiter for vanadium or lithium designs. The final safety

results were strongly influenced by these design choices.

The interaction among evaluation areas had some limits. In fact,

these limitations were a main cause for having to do separate evaluations.

If all concerns could have been reduced to economics, there would have been

less need for a separate comparative safety evaluation. Some key issues

occur between safety and economics in the basic form of the economics

evaluation not showing the economic advantages of safer blankets.

First, a blanket with fewer passive safety features, hence a lower

safety score, would tend to require more active safety systems. Few of

these could be costed, hence most were not included in the economic

evaluation. Second, safer blankets could result in higher availability

from either fewer failures or less downtime for repair. However, there are

insufficient data to judge this impact; the economics evaluation assumed a

fixed availability of 80% for all blankets. Third, safer blankets could

result in reducing construction/licensing time, saving interest charges. A

safer blanket should allow for faster licensing. However, there are no

data to judge that impact; the economics evaluation had to assume a fixed

construction time of years. Fourth, a safer blanket implies less health

risk to the public. In many cases there is also likely to be less

financial risk from accidents to the reactor owner. These examples serve

to demonstrate the need for separate evaluation areas because all issues

could not be put in quantified economic terms.

Some key issues also occur between safety and engineering

feasibility. The actual safety and environmental attractiveness of a
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fusion reactor will depend on how well it is actually constructed and

operated. However, this is not directly accounted for in the safety

evaluation. To the extent that a blanket is simpler, it appears reasonable

to expect that construction and operation would be done better. Since one

part of the engineering evaluation is to measure blanket complexity, there

is a strong connection between the safety and engineering evaluations:

blankets evaluated as simpler in the complexity part of the engineering

evaluation should have safety advantages in the area of better construction

and operation.

5.4.1.5 Key Assumptions and Limitations

Many of the key desij, . assumptions and evaluation limitations have

been mentioned in Subsections 5.4.1.3 through 5.4.1.4 and not repeated

here. Some underlying additional as2»inptions and limitations need to be

mentioned here.

First, in the area of structures, issues such as a potential rise in

the ductile-brittle transition temperature (DBTT) in HT-9, excessive

ferromagnetic effects in HT-9, and differences in crack propagation among

alloys and designs have not been included in the safety evaluation. A DBTT

above operating temperature would likely eliminate an alloy from

consideration. A DBTT above room temperature would impose severe

constraints at shutdown and might not be feasible. It is not now known if

the ferromagnetic properties of HT-9 would definitely allow its use in

magnetic fusion devices. These matters were considered only in the R&D

evaluation. The possibility of substantially different crack propagation

behavior among alloys in reactor service could have important safety

implications but could not be considered. The designs were set according

to uniform ASKfi-type criteria, and crack propagation has not been directly

considered.

Second, the blanket response to various transients has been largely

based on judged extrapolation from past calculations to the current

designs. In most blanket/transient cases, adequate tools do exist to

perform the transient analysis, which would have allowed judgment to be
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replaced with "hard" analysis. Neither resources nor time ware sufficient

to do so. However, in most cases where the tools do exist, there is a good

foundation of past calculations and understanding for which a

high-confidence engineering judgment can be made for the current design.

There are blanket/transient combinations where adequate calculational tools

do not yet exist. These represent R&D needs, and details are mentioned in

later subsections.

2
Third, all numerical values are based on a fixed 5 MW/m design to

fit STARFIRE or MARS, consistent with the engineering feasibility

evaluation. Although other evaluation areas were focused on 7 (tokatnak)

and 9 (mirror) concepts, the safety evaluation was conducted on 16 concepts

for both physics options. This allowed easier identification of relevant

trends in the comparison. However, it should be noted that the evaluation

of those concepts not in the narrower 7/9 list is more uncertain than those

7/9 concepts given a full evaluation in other evaluation areas because

these additional concepts were not given as much design and evaluation

attention. In a sense, the safety evaluation of blankets not given a final

evaluation in other areas should be viewed as sensitivity cases, e.g. what

is t'ae effect in a design in replacing HT-9 with PCA?

Those readers not interested in the details of the evaluation are

referred to Subsection 5.4.6 for discussion of results. Subsection 5.4.2

and 5.4.3 contain accident related evaluations, source term

characterization and fault tolerance respectively. Subsections 5.4.4

and 5.4.5 contain nonaccident evaluations, effluents, maintenance, and

waste management.

5.4.2 Source Term Characterization

The first part of the safety evaluation, the source term

characterization, is the radioactivity and chemical toxicity source term

available for possible accidental release. The second part, fault

tolerance, compares the blanket responses to specific transients.

Nonaccidtnt issues, effluents, occupational exposure, and waste management,

comprise the rest of the evaluation. Tritium, neutr- i activation produces,
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and beryllium chemical toxicity are considered in Che source term

characterization. This first part of the evaluation is weighted 30% of the

total Safety Figure-of-Merit and is divided equally among the structure,

breeder/multiplier, and coolant.

The relevant design philosophy concerning the source term is that

concept design should minimize radioactivity and chemical toxicity, both

inventory and vulnerability. However, each blanket concept automatically

defines the choice of structure, coolant, breeder, and multiplier. Thus,

designers of each concept had relatively little leeway to reduce the source

term compared with the flexibility designers had in improving the fault

tolerance of their designs to specific transients.

Both the consequence (inventory) and the probability (vulnerability)

elements of risk are included. The response to specific transients is not;

rather, accident fault tolerance is covered by the second part of the

evaluation. The following subsections include a description of the general

approach; the evaluations for structure, breeder/multiplier, and coolant;

and a brief summary.

5.4.2.1 General Approach

The source term characterization evaluation is divided equally into

structure (Index 1 ) , breeder/multiplier (Index 2), and coolant (index 3).

The corrosion product inventory in the coolant is considered with the

coolant evaluation. These three source terms were separated into three

indices because (a) the release pathways and mechanisms often differ, and

there is insufficient data to know how to directly combine them, and (b) a

separate presentation of results for each blanket component would be more

transparent to the reader.

For each index, the evaluation is divided into two equal parts,

relative activation product hazard and relative tritium hazard. Chemical

toxicity is included with activation product hazards, where relevant.

Tritium is considered separately because of its special nature and high

mobility. Also, because the possible release pathways and conditions



differ so much between tritium and activation products, there is no

unambiguous method to combine their hazards, other than a PRA-type approach.

Index scores are based on relative values of various figures-of-merit,

as defined in each index. Where the figure-of-merit varies among blankets

by leas than 1-2 orders of magnitude, the relative ranking is the

appropriate linear utility function of the figure-of-merit. Otherwise, it

is logarithmic, which has the virtue of minimizing the effect of

uncertainties relative to a linear utility function. These various utility

functions are normalized so that the best blanket receives the maximum

credit for that particular figure-of-merit and the worst gets a 0.0.

Individual index scores range from 1.00 to 0.00. Because the mirror

concepts and tokamak concepts are scaled to different total reactor sizes,

the absolute magnitudes of the inventories, hence the corresponding utility

functions, differ. The evaluation is completely relative. The only

potential for a fatal flaw due to the source term characterization is if

the tritium inventory of a concept were to exceed 40 kg, as was established

in the blanket concept screening criteria. None of the final concepts

came within an order of magnitude of this maximum tritium inventory.

5.4.2.1.1 Activation Product Hazard

The activation half of each evaluation is based on the relative hazard

to the public of the material activation products adjusted by the degree of

vulnerability. For the coolant and breeder indices, relative hazard is

measured by the Biological Hazard Potential in air (BHP). BHP is defined

as the activity divided by the Maximum Permissible Concentration (MPC) for
(34)

each isotope for public areas. MPC values in 10CFR20 were used. For

isotopes not listed in 10CFR20, MPC values by Fetter were used.

For the structural material index, sufficient information exists to go

beyond the BHP measure. Relative hazard is defined by the relative public

health effects (PHE) per unit material released, in the nanner of

references 5, 6, and 3b. Actual doses and corresponding health etfects are

a truer basis for judging hazard than is BHP. ' ' ' The total

expected latent health effects (cancer) per volume of material released
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atmospherically is used. The public health effects (PHE) considered in

this study are the total latent health effects to the population

surrounding a generic s i te . ' ' This total sums over both the latent

cancers from immediate exposure from an atmospheric release (groundshine,

cloudshine, and inhalation pathways) and from the chronic exposure due to

the presence of the activity deposited in the assessment area (ingestion,

inhalation, and groundshine pathways). These are calculated with the

FUSECRAC code. The details of the generic site are not particularly

important since only the relative, not absolute, effects from one material

to the next are relevant. The interested reader can refer to Reference 5

for more details- isically, the generic site is a composite of the sites

considered in WASH-1400. No

stuffs or evacuation was considered.

considered in WASH-1400. No evaluation of interdiction of food

Generally, the BHP or PHE measure of hazard i- adjusted by the

relative volatility of the elements involved. This accounts for the

relative vulnerability of the materials. Thus, the isotopes of more

volatile elements, like molybdenum, are more heavily weighted. Since

experiments indicate that different elements are released at different

rates from materials, it is appropriate that the contribution of each

isotope to total PHE or BHP be adjusted accordingly. The specific data are

given under each index.

5.4.2.1.2 Chemical Toxicity Hazard

Many of the elements in the blanket are chemically toxic in addition

to being radiologically hazardous after operation. The toxicity of the

blanket elements have been examined "-o see if they are significant compared

with radiological concerns. Toxicity is often expressed in terms of

concentration limits, generally called Threshold Limit Values (TLV). These

TLVs are industrial standards designed to protect workers from various

toxins, somewhat analogous to MPCs for radiation standards. Just as public

health effects from radiological dose calculations are a superior measure

than MPCs, so would health effect determinations from chemical exposure be

better than TLV measures. The NRC has studied the data base for

chemical toxin effect-exposure relationships. For fusion blanket-relevant
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elements, no definitive effect-exposure relationships can be derived from

the data.(37)

toxicity hazards.

(37)
the data. Thus TLVs are the best available measure of chemical

Table 5.4.2-1 lists concentration limits for some relevant elements,

limits to avoid acute health impact, standards for worker protection, and

standards for public protection. These limits were compared with

radiological limits for those elements that are more chemical toxic and

have lower activation levels, beryllium, lead, lithium, and vanadium. To

perform the comparison, the MPC limits (in Ci/m -air) were divided by the

specific activity (in Ci/kg) produced in various elements to obtain a

radiological hazard limit (in yg element/m -air, the same units as

chemical toxicity limits). The specific activity values are for average
2

blanket conditions at 5 MW/m wall loading for 5 years from

References 1 and 5.

(9)
Easterly has examined the special case of lithium. Assuming

3
700 mg/kg as the mean lethal dose of lithium carbonate and 1 Ci/m of

Co in lithium, he determines that the time required to breathe a mean

lethal dosa chemically is 10 shorter than the time to breathe a mean

lethal dose radiologically. Actually, the Co concentration would

likely be much higher than 1 Ci/m , and other isotopes would be present.

Thus Che radiological and chemical lethal doses are closer than calculated

by Easterly. However, it is highly unlikely that a mean lethal dose would

be obtained in either case as 17 hours of breathing the fumes from a

lithium fire would be required to give an acute lethal dose of lithium
(9)

carbonate. Therefore, the comparison should be made oa latent

effects, not acute fatality. In this case, the radiological hazard appears

worse since chronic lithium carbonate exposure has not been shown to have

latent health effects and the chemical form of lithium carbonate could well

change once out in the environment.

The results of the comparison are given in Table 5.4.2-2. The

radiological htzard from lead and vanadium are seen to be worse than their

chemical hazards because the radiological limit is more strict, i.e.

lower. On the other hand, since beryllium activates so little and is very
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TABLE 5.4.2-1. CONCENTRATION LIMITS IN AIR CAUSED BY CHEMICAL TOXICITY

Element

Aluminum
as AI2O3 dust
as Al

Beryllium
elemental or
compounds

Chromium
insoluble chromates

Cobalt
dus t, fume

Copper
fume,

dust, mists

Fluorine
as F
as F2

as HF

Lead

inorganic compound

Acute

Effecta

25 ug/m3

(40, 41, 43)

4 tng/m3 (43)

*1 g /m3 (41)

450 mg/m3

Concentration Limit

Workers

15 mg/m3 (40)
Harmless (40)

2 ug/m3 (39-43)

50 ug/m3 (43)

500 ug/m3 (42),
50 ug/m3 (43)

100 ug/m3 (40),
200 ug/m3 (43)
1 mg/m3 (40,43)

2.5 mg/m3 (42,43)
200 ug/m3 (42),
2 mg/m3 (43)
2-2.5 mg/m3 (39-43)

Public0

10 ng/m3

(38, 40, 41)

(43) 150 ug/m3(40,43) 50

Lithium

as LiH

Manganese

Molybdenum

soluble

insoluble

Ug/m3 (18)

200 ug/m3 (41,42)

25 ug/m3 (39,42,43)

5 mg/m3 (43)

10 mg/m3 (43) 5 mg/m3 (41,43)

20 mg/m3 (43) 15 rag/m/" (41)

10 mg/m3 (43)
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TABLE 5 .4 .2 -1 . (continued)

Concentration Limit

Acute

Element Effect a Workers'3 Public0

Nickel

metal 1 mg/m3 (43)

soluble 300 ug/m3 (43) 100 pg/m3 (43)

Vanadium

V2O5 dus t 1.5 mg/m3 (43) 500 jig/m3 (41-43)

V2O5 fume 100 pg/m3 ( 4 2 ) ,

50 ug/m3 (43)

a. Acute effect—concentration limit in air to avoid acute health impact.
Reference numbers are given in parenthesis.

b. Workers—Concentration limit to avoid chronic health impact for workers,
assuming 40 hour week.

c. Public—concentration limit to avoid chronic health impact for the
public.
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TABLE 5,4.2-2. COMPARISON OF CONCENTRATION LIMITS FROM CHEMICAL HAZARDS
TO THOSE FROM RADIOLOGICAL HAZARDS

Chemical ,
Element Limit Radiological Limit

Beryllium

—worker 2 Ug/m3 High, impurity controlled

—public 10 ng/m3 High, impurity controlled

Lead

—worker 150 Ug/m3 <34 Ug/m3

—public 50 Ug/m3 <1 ug/m3

Lithium (LiH) 25 Ug/m3 High for pure lithium

<103 ug/m3 for V/Li corrosion

products

<10 Ug/m3 for PCA/Li corrosion

products

Vanadium 50 ug/m3 <15 ng/m3 for V-alloy

a. Chemical limit from Table 5.4.2-1.

b. Radiological limit based on MPC for isotopes produced at 5-year blanket
exposure to 5 MW/m^. Isotope inventory from References 1, 5.

toxic, the chemical toxicity of beryllium is significant. The case of

lithium is less clear. The chemical toxicity of pure lithium would be

worse than its radiological hazard if tritium and corrosion products in the

lithium are neglected. In this study, the hazards of all elements except

beryllium are taken to be dominated by radiological concerns.

5.4.2.1.3 Tritium Hazard

For the tritium half of each evaluation index, the vulnerable amount

of tritium is the basis for comparison. Vulnerability is determined by

determination of how much of the tritium present could reasonably be
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expected to be mobilized during transients. The primary case where the

vulnerable inventory is substantially lower than the total amount present

is LiAlO^. Other materials generally have sufficiently high tritium

diffusivity to allow tritium to escape within a short period (^hour) of

time.

5.4.2.1.4 Transportability

For the public to be harmed by any of these toxins, the mobilized

material must be transported into the reactor building from the reactor and

then released from the building; i.e. a containment failure. There are

insufficient data to distinguish among the transportability of activation

products or among tritium released from one material to the next. Thus,

transportability is not relevant to the relative comparison and is not

included. The chance of containment failure is, in some cases, dependent

on blanket material choices and design features. This is considered in the

last fault tolerance evaluation, Index 8. It is emphasized that there is

neither need nor intent to calculate absolute amounts of material that may

be released to the environment. This study is comparative.

5.4.2.2 Structure Source Term Characterization, Index 1.

The structural hazard divides into activation products and tritium.

The activation products can conceivably be mobilized by two general

accident pathways, chemical or physical. The scoring scheme for the

Structure Source Term Characterization is given in Table 5.4.2-3. The

following sections contain discussion of these various pathways. It should

be noted that the corrosion product release mechanism is accounted for

under the coolant evaluation (index 3) and not here.

5.4.2.2.1 Activation Hazard—Chemical Pathways

The amount or concentration of activations products is not, in itself,

relevant to accident analysis. The real issue is what are the adverse

effects to the puhlic due to some accident mobilizing those activation

products. Thus, a better way than activity (curies) to compare structural
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TABLE 5.4.2-3. SCORING SCHEME FOR STRUCTURE SOURCE TERM CHARACTERIZATION,
INDEX la

Relative Vulnerable Activation Hazard—Chemical Pathways (25% of Index)

Basis: F ^ = Number of latent public health effects per element
per unit volume of first wall material released
atmospherically (PHEe) times the relative volatility of
that element (Ve)

Fll = e ( P H Ee x ve>

Relative Vulnerable Activation Hazard—Physical Pathways (25% of Index)

Basis: F|2
 = Number of latent public health effects per unit

volume of first wall material released atmospherically

y
= VF 1 2 =

Relative Vulnerable Tritium Inventory (50% of Index)

Basis: F-̂ 3 = Total amount of tritium in the blanket structural
material

Index Score

lx (TMR) = 1.062-14.861(F11) - 2.787(F12) - 0.1046 ln(F13)
lx (TOK) = 1.299-14.861(F11) - 2.787(F12) - 0.1417 ln(F13)

a. Contributions of figures-of-merit to index score determined as
follows: index arbitrarily divided equally into activation products and
tritium because the release conditions and pathways differ too much to know
how to combine them; the activation product half was divided equally into
chemical ana physical pathways for the same reason.

materials is to compare the relative public health effects (PHE) for those

activation products that are tnobilizable. This is the approach used in

th*-s study.

If all the isotopes in a structural wall were released at

approximately the stoichiometric rate, then only the PHE per amount of

material would be needed for a comparison. however, in chemical-type

transients, it is now known that the wall release rate is not

stnichiometric. Therefore, for chemical-type transients where

chemical processes, generally oxidation, are the mechanisms for activation
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product mobilization, the PHE must be adjusted to give increased weighting

for those isotopes that would be preferentially mobilized. Thus, the

relative comparison is based on the public health effects (PHE ) per

element per unit voliwe of material times the relative volatility (V ) of

that element. Since the first wall is the most susceptible to accidental

chemical attack of steam, air, carbon dioxide, etc. in the plasma chamber,

the PHE per unit volume is based on the first wall.

Unfortunately, quantified release rates for all chemical environments

do not exist. In general, the possible gases are air, steam, carbon

dioxide, and nitrogen. Steam would be present if a water-containing

component broke. Air, carbon dioxide, and nitrogen are possible building

atmospheres. In the BCSS, only carbon dioxide and nitrogen were chosen as

building atmospheres, carbon dioxide for non-elemental-lithium blankets and

nitrogen for lithium-containing blankets. An additional dimension is the

possible presence of other agents like lithium, 17Li83Pb, Nitrate Salt,

FLIBE, etc. that may influence the reaction. One example is a lithium-air

fire. In the whole matrix of possible chemical environments, significant

data exist only for a fe.w.

The relative volatility was judged via experiments in air because

(a) all three structural materials have been tested in air in similar

conditions in the same apparatus, (b) very few tests on these materials

have been completed in other oxidizing environments at relevant

temperatui'-s, and (c) results in steam are not likely to be greatly

different then air. The volatility was based on the fractional release of

individual elements at various times and temperatures. The

temperature range for these experiments and corresponding assigned

volatilities was 700-1200°C. The test durations varied from 1 to 20 hours.

The experimental results were put into the form of fractional

release, the fraction of each element present initially that was

volatilized from the sample. Elements could then be compared on that

basij. First, it was seen 'that the fraction of the initial amount of

molybdenum in PCA, molybdenum in HT-9, and vanadiun> in Vl5Cr5Ti that was

released for the same temperature and time appears similar. Thus

molybdenum and vanadium were assigned relative volatilities of I.00.
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For each alloy, the relative volatility of others elements were based

on their fractional release compared with the fractional release of eitl.er

molybdenum or vanadium, averaged over the scoping testa. Thus, for example

it was found that, on average, the fractional rate of chromium release f*-ĉ .

PCA is 10% of that of molybdenum from PCA, These ratios of fractional

release rates form the basis for assigned volatilities of elements from the

candidate alloys, Table 5.4.2-4.

The relative volatilities for some elements had to be estimated from

others on the basis of the positions in the periodic table because existing

tests were not sensitive for those elements or the elements are not present

in unirradiated material samples. For example, scandium isotopes are very

important in V15Cr5Ti, but scandium is not initially present in the alloy;

therefore, the previous scoping tests in air did not determine scandium

behavior.

An attempt was made to associate the scoping test findings with oxide

or elemental vapor preserves. However, no correlation war? Cc ad; the vapor

pressures vary by over ten orders of magnitude, and experimental results of

fractional release varied only by one or two.

Some tests have been conducted on the two steels in impure helium
(49-50)

conditions. The early findings do not show marked relative

difference among elements from the comparison in air. Because these tests

were performed on irradiated samples, some trace elements could be

detected. Specifically, silver in HT-9 and arsenic in PCA appear very

volatile. Because the amounts present are so small, such trace elements

are not expected to be significant contributors to accidental exposure.

However, «-.hey may be relevant to w&jte management.

Given the fractional release data, the volatility of an element in a

specific transient could vary appreciably. However, the intent of this

comparison is to examine behavior over all tranrients. Since the relative

volatilities were assigned averaging over all test conditions, it is fslt

they are accurate within an order of magnitude. The major uncertainties

are the specifics of a given transient and the behavior of these materials

in nonair environments.
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TABLE 5.4.2-4. ASSIGNED RELATIVE VOLATILITIES FOR RELEVANT ELEMENTS FOR
THE STRUCTURAL MATERIALS (Mo 5 1.0)

Element

Ca

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Nb

Mo

Tc

Ta

W

PCA

—

—

1.00

(1.00)

0.10

0.50

0.08

(0.07)

0.05

(1.00)

1.00

(1.00)

(1.00)

(1.00)

( ) = Estimate, assume Ca, Sc = Ti;

HT-9

—

—

(1.00)

(1.00)

0.08

0.80

0.05

(0.33)

0.60

(1.00)

1.00

(1.00)

(1.00)

(1.00)

Fe < Co < Ni;

5.4.2.2.2 Activation Hazard—Physical Pathways

V15Cr5Ti

(0.50)

(0.50)

0.50

1.00

0.20

—

—

—

—

__

—

—

(1.00)

—

Nb, Tcs Ta, W = Mo.

The chemical pathway comparison of the accidental s t ruc tura l
act ivat ion hazard i s not , by i t se l f , a suff icient comparison of act ivat ion
hazard because (a) there are large uncertaint ies in the r e l a t ive

t ranspor tabi l i ty of elements, and (b) there appear to be nonchemical means

of mobilizing mater ia l . These physical means include sputtering of the

f i r s t wal l , disruption vaporization of f i r s t wall, and neutral beam

vaporization of f i r s t wa l l . The vacuum chamber containment would have Co

be breached for release of these ac t iva t ion products to the reactor
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building, but that is a credible scenario. For these reasons, i t appears

necessary to also compare structural materials on the basis of

stoichiometric activation product release.

Thus, this comparison is based on the relative public health effects

per unit volume of first wall, assuming all isotopes are mobilized at the

stoichiometric rate: F l 2 = PHE = ̂ PHEe

5.4.2.2.3 Relative Vulnerable Tritium Inventory

The amount of tritium normally contained in the structure varies

considerably among materials and can reach significant values.

Unfortunately, reasonably possible thermal transients could 'bake out" this

tritium in a short period of time, less than an hour, because of fairly

high diffusion rates of tritium in metals- As discussed in

Subsection 5.4.2.3, the tritium diffusion rate in Li»O is sufficiently

high to drive out most of its tritium in a thermal transient. Tritium in

metals would respond faster.

Since most of the tritium in metals is vulnerable, the appropriate

comparison is simply the relative amount of tritium in the blanket

structural material. This refers to the equilibrium tritium values,

without any contribution from radiation trapping. If the radiation

environment causes trapping of tritium, it is not clear that such

trapped-tritium would be vulnerable in the time scales and temperatures of

prime interest. Thus, any radiation-trapped tritium is not to be counted.

5.4.2.2.4 Index 1 Results

The tritium inventory calculations have been performed on a consistent

basis, as outlined in Subsection 6.6. The calculated partial pressure of

tritium in Che blanket determines the tritium inventory in the structure.

In addition, the contribution of tritium from the plasma in the first wall

has been calculated and added to the above contribution. For the reference

conditions, it was found that an HT-9 first wall would have tritium

inventories of 19 g (tokamak) or 4 g (mirror). The V15Cr5Ti first wall
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inventory was calculated to be 5.6 (tokamak) or 0.7 (mirror). The tritium

parameters for PCA have not been calculated but are assumed for present

purposes to be similar to HT~9.

The activation calculations are described in Subsection 6.12. The PHE

JS are based on the radi

loading and two years operation.

7
values are based on the radiological concentration for 5 MW/m" wall

The results for the structural source term characterization are given

in Tables 5.4.2-5 and 5.4.2-6. The scoring scheme was explained in

Table 5.4.2-3.

Taking the volatility of elements into account, PCA was found to

have 7.7 times more health effects than V15Cr5Ti; HT-9 has 9.0 times more

than V15Cr5Ti. The comparison without including volatility shows that PCA

is 23.4 times worse than V15Cr5Ti while HT-9 is 7.7 times worse. In either

case V15Cr5Ti is clearly the most attractive candidate. The separation

from PCA to V15Cr5Ti (factor of 23.4) is less than that calculated in

reference 5 (factor of 100) because the present activation calculations

indicated about an order of magnitude lower amount of Co produced in

the steel. In no case did impurities play a significant role, being under

1% of the calculated health effects.

The impact of "low-activation" steels was examined. Use of Modified

HT-9 versus HT-9 decreases health effects by 9% when volatility is

neglected but increases them by 11% when volatility is included. A BHP

comparison was also performed and showed that the Modified HT-9 increases

health effects by 15% (without volatility) and by 26% (with volatility).

The primary problem is the addition of tungsten, which produces copious

amounts of isotopes of tantalum, tungsten, and rhenium, which were assumed

to be as volatile as molybdenum.

Use of Tenelon versus PCA as a "low-activation" steel was even worse.

The health effects without volatility dropped 15% from PCA to Tenelon but

increased 141% when the volatility of elements was included. Again the BHP

comparison makes Tenelon look even worse. Tenelon increases BHP
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TABLE 5.4.2-5. INDEX SCORES FOR STRUCTURE SOURCE TERM CHARACTERIZATION,
INDEX 1, FOR MIRROR BLANKETS

Blanket:

Li/Li/V15Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/Ke/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Activation-
Chemical

( F u )
a

2.11xlO"3

1.89xlO~2

2.llxlO~3

1.89xlO~2

2.11xlO~3

1.89xlO~2

1.89xlO"2

1.89xlO~2

1.89xlO~2

1.89xlO"2

1.62xlO"2

1.89xlO~2

1.89xlO~2

1.62xlO"2

1.89xlO"2

1.62xlO~2

Activation-
Physical

(F 1 2)"

4,00xl0~3

3.08xl0"2

4.00xlO"3

3.08xl0~2

4.00xl0"3

3.08xl0"2

3.08xl0~2

3.O8xlO~2

3.08xl0"2

3.08xl0"2

9.37xlO~2

3.08xl0"2

3.08xl0~2

9.37xlO~2

3.08xl0"2

9.37xlO~2

Tritium
Inventory
(F13) (g)

1.2

3.7

5.7

3.9C

2.7C

3.8

6.7C

142.7

4.7

4.5

4.5C

6.7C

32.7

32. 7C

12.7

12.7°

Index
Score

1.00

0.56

0.84

0.56c

0.92c

0.56

0.50C

0.18

0.54

0.54

0.40c

0.50c

0.33

0.19c

0.43

0.29c

a. Public health effects per cc of first wall times volatility.

b. Public health effects per cc of first wall.

c. Modification cases for which the tritium inventory was not calculated,
values shown are based on simple extrapolations of other blankets.

5-101



TABLE 5.4.2-6. INDEX SCORES FOR STRUCTURE SOURCE TERM CHARACTERIZATION,
INDEX 1, FOR TOKAMAK BLANKETS

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Activation-
Chemical

<rn>«

2.11xlO"3

i.89xlO"2

2.11xlO~3

1.89xlO"2

2.11xlO~3

1.89xlO~2

1.89xlO~2

1.89xlO~2

1.89xlO"2

1.89xlO~2

1.62xlO~2

1.89xlO~2

1.89xlO~2

1.62xlO~2

1.89xlO~2

1.62xlO""2

Activation-
Physical

<Fia>b

4.00xl0~3

3.08xlO~2

4.00xl0"3

3.08xl0~2

4.00xl0~3

3.08xl0"2

3.08xl0~2

3.08xl0"2

3.08xl0~2

3.08xl0~2

9.37xlO~2

3.08xl0~2

3.08xl0"2

9.37xlO~2

3.08xl0~2

9.37xlO"2

Tritium
Inventory

6.1

18.7=

10.6=

18.9=

7.6=

18.8

22.7=

207.7

19.8

19.9

19.9=

22.7=

60.7

60.7=

27.7

27.7=

Index
Score

1.00

0.52=

0.92°

0.52=

0.97 =

0.52

0.49=

0.18

0.51

0.51

0.37=

0.49=

0.35

0.21c

0.47

0.33=

a. Public health effects per cc of first wall times volatility.

b. Public health effects per cc of first wall.

c. Modification cases for which the tritium inventory was not calculated,
values shown are based on simple extrapolations of other blankets.
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by 59% without volatility or by 174% with volatility. For the

manganese-steel, Tenelon, the problem is that the higher amounts c-£

manganese lead to greater hazard from Mn and Mn than the

nickel-related isotopes that are reduced by elimination of nickel.

Overall, use of the "low-activation" steels has a small impact on the

accident-related source term, which could be either positive or negative.

For relative comparison purposes, substitution of Modified HT-9 and Tenelon

for HT-9 and PCA could increase the Index 1 score by 0.00 to 0.12 for HT-9

concepts and decrease the score by 0.00 to 0.04 for PCA concepts. In both

cases the range depends on how one would renormalize the figures-of-merit.

Because Index 1 is 10% of the total safety score, "low-activation" steels

has only about a 1 point (out of 100) impact.

The relative ranking of structures for activation appears fairly

certain. Impurity levels are not significant drivers and health effect

calculations are fairly well known. In fact, a BHP comparison of Vl5Cr5Ti,

HT-9, and PCA produced an almost identical partial index scoring, 0.50,

0.18, 0.04 for health effects versus 0.50, 0.14, 0.06 for the BHP

comparison. The health effect calculations should be made more accurate by

obtaining more and better dose factor information, more to determine the

absolute level of impact than to change the relative comparison.

The volatility of various elements requires much more research. While

improved understanding is not likely to change the relative vanadium to

steel comparison, it could significantly influence (a) the absolute level

of release, (b) the relative comparison of "low-activation" steels to

reference steels, and (c) provide input to alloy development on which

elements are most significant to accident-relevant radioactivity.

The tritium inventory in the structure for many concepts was dominated

by the first wall inventory, which is caused by tritium implantation. It

is generally acknowledged that implantation and the resulting tritium

inventory (and tritium flux through the wall, Index 9) are very uncertain.

For the reference case, the main impact of the tritium comparison was to

hurt the FLIBE concept, which has a very high tritium partial pressure,
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hence structural inventory. If the implantation inventory in the steels

were found to increase, then V-alloy concepts would look better and FLIBE

would benefit relative to the other HT-9 blankets. If the implantation

inventory in V15Cr5Ti were to increase, then HT-9 concepts would look more

attractive. In either case the uncertainty is of order 0.3 for Index 1,

which equals 3 points for the total Safety Figure-of-Merit.

5.4.2.3 Breeder/Multiplier Source Term Characterization, Index 2.

The hazard from the breeder and multiplier divides into activation

products (and beryllium toxicity) and tritium. Unlike the structural

material case where the release pathways and overall behavior are

qualitatively similar, the comparison among breeder/multipliers is more

conceptually difficult because of the diverse nature of the options.

Lithium is a reactive liquid metal; 17Li83Pb is a less reactive liquid

metal that highly activates. FLIBE is a fairly inert molten salt that

highly activates. Neither of the solid breeders considered, Li 0 and

LiA102» highly activate. LiJ) is less chemically stable, while

LiAlO requires toxic beryllium as a neutron multiplier. These wide

differences in behavior makes the comparison difficult and, given the major

uncertainties involved, makes a clear preference less likely. The

following sections indicate the comparison methodology among activation

products and tritium, respectively, summarized in Table 5.4.2-7.

5.4.2.3.1 Activation and Chemical Toxicity Hazard

Because there are insufficient data for public health effect or dose

calculations for most of the relevant isotopes in the breeders in this

study, the Biological Hazard Potential (BHP) was selected as the next best

means to compare the hazard inherent in the activation product inventory

and beryllium toxicity. The BHF is defined by the inventory of isotopes

(INV.) and the Maximum Permissible Concentration (MPC.) of each isotope

in the air in public areas:

BHP =2.
i
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TA5LE 5.4.2-7. SCORING SCHEME FOR BREEDER/MULTIPLIER SOURCE TERM
CHARACTERIZATION, INDEX 2a

Relative Vulnerable Activation and Chemical Toxicity Hazard (50% of Index)

Basis; F2i - Biological hazard potential of the isotopes of each
element times the relative volatility of that element.
The chemical toxicity of beryllium is included.

F2l = T ^ ^ e x Ve>

Relative Vulnerable Tritium Inventory (50% of Index)

Basis: F22 = Total tritium inventory in the breeder times the
vulnerable fraction.

Index Score

I2 (TMR) = 2.713 - 0.0620 ln(F21) - 0.0616 ln(F22)
I2 (TOK) = 2.555 - 0.0574 ln(F21) - 0.0588 ln(F22)

a. Index arbitrarily divided between activation/chemical toxicity and
tritium because the possible release pathways and conditions differ too
much to know how to combine them.

Because there is a TLV for public exposure for beryllium,

10 ng/m -air, it can be directly included in the BHP calculation. It is

emphasized that such an approach is not fully satisfactory. First, the

basis for the beryllium exposure standard is not explicit and not equal to

the MPC isotope basis of 500 mrem/yr from continuous inhalation exposure.

Until there is as good a health-effect-to-exposure relationship for

beryllium or other chemical toxins as there is for radioisotopes, any

comparison between chemical toxicity and radiation exposure will not be

fully accurate. For the present time, the inclusion of beryllium with a

TLV of 10 ng/m in the BHP is the best available comparison basis. At

the end of the study, a new report was published that calculates a

risk value for beryllium of 6x10 risk of cancer death for breathing

1 pg/m for 70 years. If correct, the TLV may be 600 times too high.

The potential impact of this is discussed with Index 2 results.

The other aspect of the activation/chemical toxicity comparison is the

relative vulnerability. One could take the approach that all the activity
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present is vulnerable or that any activity in a liquid is vulnerable.

However, for public exposure to occur, the material would seem to have to

become airborne, either gas aerosol, or particulate. The

activation/chemical toxicity comparison is judged via the BHP for each

material, adjusted for the relative ability of each element to become

volatilized:

Fn, =]£(.INV. /MPC.) V =Z)BHP • V
2 1 e i i e l e e e e

w h e r e

INV. = the inventory of the i isotope,
X €1

of element e

MPC. = the MPC of the i isotope

V = relative volatility of the e

e
element

y;
i (INVie/MPCi) = BHP of the e t h element = BHPe

As in the case of the structural material comparison, the relative

volatilities for breeder and coolant were generally based on their behavior

in air. Relative volatility was based on what percent of material exposed

to air could be volatilized. The assigned volatilities are listed in

Table 5.4.2-g.

For lithium, the prime pathway for mobilization is chemical

combustion. The primary activity in the lithium comes from the presence of

corrosion products and alkali impurities. For comparison purposes the

inventory of corrosion products considered was all of those entrained in

the fluid and one-quarter of the deposited material. Fortunately,

there are experimental data on the ability of different elements to become

airborne during a lithium-air fire. ' * Generally, about 10% of

the lithium spilled becomes volatile, hence alkalis were assigned a

relative volatility of 10. The simulated corrosion products were found to

be preferentially retained in the lithium pool. The volatilities in

Table 5.4.2-8 reflect the experimental findings.
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TABLE 5.4.2-8. ASSIGNED RELATIVE VOLATILITIES FOR BREEDERS, MULTIPLIERS,
AND COOLANTS

Relative Volatilities8

Material

Lithium

17Li83Pb

FUSE, Li2O, LiA102

Beryllium

Helium

Nitrate Salt

Water

a. Volatile Elements = Alkalis, Halogens.

Alkalis—10
Mn—1
V, Fe, Co—10"1

Ni, Cr—10~2

Mo, others—10~3

Alkalis—10"1

Pb, others—10"*3

Volatile elements—10~2

Others--]0~3

Be—1.0
Volatile elements—10
Others—10~3

Entrained Material—102

Oxidized sputter products—1
Unoxidized sputter products—1
Wall oxide~l
Ar—10 2

Volatile element:1?—10~*
Others—10""2

Entrained material—102

Wall oxide—50

For 17Li83Pb,

information.
(54)

recent test i:; air provides volatility
,4The maximum lithium aerosol concentration was 10

lower than for a lithium-air fire. Since 17Li83Pb is only 0.7 weight
2

percent Li, the fractional release was 10 lower than for a lithium-air

fire. Thus, the assigned relative volatility for alkali release from

17Li83Pb is 10 , one-hundredth of the value for alkali release from

lithium case. The Pb aerosol concentration was about the same as the
— 3

Li aerosol, leading to a Pb volatility of 10

FLIBE and the solid breeders will not chemically react with air.

FLIBE will not react with water. For these cases, generally volatile

elements are assigned a volatility one-tenth that of lithium from 17Li83Pb,
— 2

i.e. 10 . Generally nonvolatile elements are assigned a volatility

equal to that of lead from 17Li83Pb, noting that lead itself does not react

with air.
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For the case of helium coolant, all the corrosion/sputter products

entrained are already in mobile form, hence they are assigned a volatility

of 100. Sputtering is important for the helium case because the corrosion

pathway is so small. Recent tests show that the oxide layers on steels in
(49 50)

helium are quite adherent even during mild thermal transients. '

This agrees with helium experience in fission reactors wnere oxide loss is

not noted for operating temperatures below 650°C. Thus, assuming the
(49 50)

weight gain/loss measurement ' is accurate to about one percent, the

assigned volatility for the wall oxide is 1. Because there will be an

oxide film, sputter products cannot go directly from the base alloy into

the helium, but will lodge in the oxide layer. For those elements

that may not oxidize in the low oxygen partial, pressure environment,

e.g. nickel, the sputtered ion will remain as an unoxidized atom in the

oxide layer, releasable to helium only if the oxide layer is lost or the

atom is sputtered again, which is unlikely. Hence, unoxidized sputter

products are assigned a volatility equal to that of the oxide layer. For

elements that may oxidize, e.g. chromium, the sputtering process would

basically add to the corrosion rate by adding another transport mechanism

away from the base metal. Sputtered, oxidized atoms in the scale are no

different from corroded atoms in the scale and are assigned a volatility

of 1.0.

A major issue for the Nitrate Salt is the presence of noble gas
39 41

products, Ar and Ar. Argon solubility data for this salt has not

been found. However it should be quite low. Noble gas solubilities for

the LiF-NaF-KF salt have been measured. All are quite low and follow

Henry's Law. If the Nitrate Salt were found to have the same behavior as

LiF-NaF-KF, then the amount of argon generated in the Nitrate Salt over

five years operation would be three orders of magnitude above saturation.

Thus, one expects virtually all argon to be removed from the salt at the

tritium processing step, down to at least the saturation level with a

saturation pressure of slightly over 1 atm of argon. In the event of a

spill, it is anticipated that all of the remaining argon would be released

from the salt. The decomposition of KN0, and NaNO, has been
(57)

measured^ and found to be quite high. At 519°C, the highest

temperature reported, the mass loss rates in vacuum of sodium and potassium
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2 . . .
are 10-20 mg/m -s. It is interesting to note that the lithium reaction

rate in air is 10 g Li/m -s with a corresponding volatilization rate of
2

lithium in a fire of 1000 mg/m -s. Hence the sodium and potassium

volatilization rate from the salt of 519DC is as high as 1% of the rate for /

lithium volatilization in a lithium fire. The maximum salt operating

temperature is 450°C for the mirror version and 405°C for the tokamak

version with 480QC structural/coolant interface temperature. Although no

thermal transient calculations have been done for this salt, it is not

unreasonable to believe the salt temperature could rise to 5!9°C;

therefore, a volatility of 0.1, one-hundredth of trhs lithium from Li-^jr

fire nase, is assigned.

Other key elements i the salt are carbon and chlorine. After 5 years
3

these activation products could rise to about 10 wppm in the salt.

Carbon is soluble in the salt at these levels and would be in the form of

carbonates. * Thus, the carbon will not tend to be as mobile as the
_2

nitrates themselves; a volatility of 10 is defined. The chlorine

behavior is not known but is arbitrarily assigned a volatility of 0.1, the

same as the alkalis.

_ „ . .. . (59,60) , . ... (59,61) , .
Beryllium oxidation and volatility have been

studied, but assigning a relative volatility/ is not straight forward.

Assuming vaporization into a vacuum and vapor pressure data from

reference 61, the beryllium vaporization rate ranges /from 0.6 Mg/m -s
2 /

at 700°C to 15 g/m -s at 1284°C, the melting point./ Oxidation of the

surface will lower these values. In one test, beryllium pieces in

air ignited in the 1200-1300°C range, producing "large amounts of airborne

beryllium oxide smoke" and temperatures up to 2750°C. For comparison

purposes, it is assumed that beryllium could reach 1000-1200°C in a thermal
/ 2

transient, which corresponds to loss rates of 6-400 mg/m -s. These
2

values compare to 1.0 g Li/m -s for lithium volni-ility and thus giveassigned volatilities of 0.06-4. A single value of V = 1 . 0
2 e

(•*• 100 g/m -s) is used in the compar. jon, but is uncertain by at least

an order of magnitude. Should beryllium ignition occur, volatility would

be several orders of magnitude higher.
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Corrosion products in water systems are a well-known prohlem for

As discussed in Reference 5, a good assumption ir> terms of

reliability is that the outer portion, one-half of total oxide thickness,

of the oxide layer could be dislodged in the event of a water blowdown.

Hence, the assigned volatility is 50 for the wall oxide. All of the

entrained corrosion products would be simultaneously released to the

building. The violent flash to steam would cause mobilized corrosion

product to be initially airborne.

5.4.2.3.2 Relative Vulnerable Tritium Inventory

The second part of the breeder comparison rs the relative amounts of

vulnerable tritium that is present. "Vulnerable" is defined as that

fraction of the tritium that could be released in airborne form in

reasonably-likely chemical or thermal transients. As discussed below, for

most of these breeders, it appears that most of the tritium should be

considered vulnerable.

For lithium, the possibility of chemical combustion to the point of

lithium depletion means that all the tritium in lithium is vulnerable.

Such tritium would likely to be initially in the LiOT form. Later

conversion to the T O form is conceivable as the LiOT deposits and cools.

In the event of a 17Li83Pb spill, the sjmall amount of tritium normally

in the alloy would seem to be vulnerable, especially in the event of water

or air presence. The T O form is more likely in the presence of oxidants.

The small tritium inventory in FLIBE would also likely be vulnerable,

as in the 17Li83Pb case, because of the extremely low solubility.

Obviously, the solid breeders are not subject to spills; different

scenarios are relevant. For cases where hydrogen gas is not normally added

to the purge stream, there appears to be a significant surface inventory of

tritium caused by kinetics limitations on release from the surface.

Accidental intrusion of various gases could, in principle, strip such

tritium from the surface, for example, a moisture leak into the system.
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Accidental temperature rise could also do so. Calculations of the behavior
(62)

of diffusively-held tritium with the TMAP code indicate that the

diffusivity of tritium in Li 0 is high enough for the tritium in Li 0

to bake out in the event of a thermal transient, e.g., loss of

cooling. The lower diffusivity of tritium in LiAlO- causes much of

the tritium diffusively held in LiAlO- to not appear vulnerable.

Specifically, for the simple transient where cooling stops but purge flow

continues, the entire inventory in Li.O was found to be released in about

an hour. The tritium in LiA10_ is less mobile. In a four hour period,

those calculations indicate that about 102 of the inventory would be

released. The value of four hours is consistent with the time scale

taken to be of interest in the thermal transient comparisons, Index 5.

The above discussions are summarized in Table 5.4.2-9. Given the

sCate-of-knowledge, the only breeder tritium inventory that appears

invulnerable is most of the diffusively-held tritium inventory in LiAlO .

An unresolved issue, which surfaced late in the study, is the tritium

inventory in the beryllium multiplier in LiA10_ and FLIBE concepts, see

Section 6.6. Meaningful estimates of the tritium inventory could not be

made because of highly uncertain diffusion parameters as well as the

possibility of beryllium cracking. Any tritium in beryllium was therefore

not included in the evaluation, but remains a future research need.

5,4.2.3.3 Index 2 Results

As for Index 1, the ground rules for the tritium and activation

calculations are found in Subsections 6.6 and 6.12. It should be noted

that although tne activity concentration will fall off as the distance from

the first wall, the activation calculations, hence BHP's, are based on

material exposed at the first wall. For present purposes, this is not

believed to have a significant impact. The figures-of-merit are based on

the activity concentration times the volume of material in the blanket.

The resulting scores are listed in Tables 5.4.2-10 and 5.4.2-11.
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TABLE 5.4.2-9. FRACTIONS OF TRITIUM CONSIDERED VULNERABLE IN VARIOUS
BREEDERS

Breeders

Lithium

17Li83Pb

100%

100%

Vulnerable
Fractions Comments

Assumes oxidants present

Low inventory leads to top
score anyway

FLIBE

L12O

LiA102

100%

100% (solid inventory)

100% (purge stream

inventory)

100% (surface inventory)

Low inventory leads to top
score anyway

Bakes out in thermal
transient; oxidants could
strip surface inventory

Oxidants could strip
surface inventory

10% (diffusion inventory)

100% (purge stream
inventory)

Only slowly released in
thermal transients
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TABLE 5.4.2-10. INDEX SCORES FOR BREEDER/MULTIPLIER SOURCE TERM
CHARACTERIZATION, INDEX 2, FOR MIRROR BLANKETS

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be'

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Activation-
Chemicala
Toxicity

5.3xlO15

5.3xlO l S

1.4xlO15

1.4xlOl<>

8.2xl01 5

8.2xlO15

l.OxlO15

1.3xlO16

9.8x10 l 2

2.3xlO l f i

2.3x10 l 6

8.0xl01 4

3.1xlO i 6

3.1xlO16

2.7xlO16

2.7xlO16

Vulnerable
Tritium

(g)

336

336

0 .1

0 . 1 b

233b

233

0 .1 D

0.4

132

3.4

3.4b

0 . 1 b

30

30 b

150

150b

Index
Score

0.11

0.11

0.69

0.69b

0.10b

0.10

0.68b

0.46

0.56

0.30

0.30b

0.73 b

0.15

0.15b

0.06

0.06b

a. Biological hazard potential of blanket material adjusted by relative
volatility of elements involved.

»
b. Modification cases, breeder tritium inventory estimates were scaled
from blankets with the same breeder.
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TABLE 5.4.2-11. INDEX SCORES FOR BREEDER/MULTIPLIER SOURCE TERM
CHARACTERIZATION, INDEX 2, FOR TOKAMAK BLANKETS

Blanket

Li/U/Vl5Cr5Ti

Li/Li/KT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/VI5Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Activation-
Chemical
Toxicitya

6.0xl01 5

6.0xl01 5

1.6xlO15

1.6xlO15

6.3xlO15

6.3xlO15

1.4xlO15

1.6xlO16

6.1xlO12

3.5xlO16

3.5xlO16

7.9xlO14

3.7xlO16

3.7xlO16

2.8xlO16

2.8xlO16

Vulnerable
Tritium

<«>
490

490b

0 . 1 b

0 . 1 b

330b

330

0 . 1 b

0.5

135

4 .8

4 .8 b

0 . 1 b

209

209b

230

230b

Index
Score

0.10

0,10b

0.68b

0.68b

0.12b

0.12

0.69b

0.46

0.58

0.27

O.27b

O.72b

0.05

0.05b

0.06

0.06b

a. Biological hazard potential of blanket material adjusted by relative
volatility of each elements.

b. Modification cases, breeder tritium estimates were scaled from blankets
with the same breeder.
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The BHP comparison included some surprises resulting from the level of

impurities assumed and the relative volatilities. For lithium, the sodium
22 24 42L

and potassium impurities contribute Ha, Na, and TC, 96% of the

calculated BHP. These were sufficient to overwhelm any contributions from

corrosion products. Corrosion rates of 200 kg/yr (LiPb/HT-9),

20 kg/yr (Li/HT-9), 200 g/yr (LiPb/V), and 10 g/yr (U/V) were used to

estimate the amount of structural metal in the liquid metal and any

contribution to BHP, or any of the other radiological figures-of-merit used

in Indices 10 and 11. At most, corrosion products contribute 1% to the

total. This situation could change if the level of impurities were

substantially reduced or if corrosion were higher. Lithium is also less

attractive since the lithium and presumably sodium and potassium impurities

are easily volatilized in the event of combustion. As shown in

Table 5.4.2-12, lithium has a lower BHP per m than all other breeders and

coolants, other than water and helium. However, it is also seen that the
3

BHP per m for lithium is one of the highest, behind the Nitrate Salt and

LiAlO , once volatility is included.

The table indicates the influence of including volatility in the

comparison. One unexpected item was revealed in the activation numbers.
39 41Most breeders had sufficient potassium impurity so that Ar and Ar

were present in significant amounts. For the purposes of evaluating

accident source term, these argon isotopes were not̂  included because the

argon would net likely buildup in each material but would steadily leave the

material via normal processing. Thus argon is assumed to be released

operationally rather than be retained and potentially released all at once

in a transient. This seems a good assumption for fluids, lithium, 17Li83Pb,

and Nitrate Salt, but could be quite poor for solid breeders. If so, then

the present comparison does not sufficiently penalize solid breeders.

Table 5.4.2-12 shows how the BHP is reduced when the argon isotopes are

assumed gone. One reason these isotopes are so significant is because they

should be 100% releasable, unlike all other elements of interest. Keeping

potassium and sodium to low levels in breeder materials would be a

significant source term improvement.
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TABLE 5.4.2-12. BIOLOGICAL HAZARD POTENTIAL (BHP) PER m3 OF BREEDER,
COOLANT, AND BERYLL::JMa

Substance

Lithium
17Li83Pb

FLIBE
No Be tox ic i ty
Low Be tox ic i ty
High Be tox ic i ty

Li20

LiA102

Beryllium
No Be tox ic i ty
Low Be tox ic i ty
High Be tox ic i ty

Nitrate Salt
Helium

With PCA
With HT-9

Water
Wit-h PCA

With HT-9

BHP
With Ar
Without

Volatility

3.2xlO12

2.4xlO15

2.9xlO13

2.9xlO13

4.6xlO13

2.1xlO13

9.1xlO15

8.5xlO13

8.5xlO13

2.7xlO14

4.1xlO15

6.3xlO9

1.7xlO9

5.8xlO10

2.9xlO10

BHP
With Ar

With
Volati l i ty

6.7xlO13

1.3xlO15

2.7xlO11

2.9X1011

1.7xlO13

3.4xlO i4

6.7xlO14

7.4xlOU

l.OxlO12

1.8xlO14

1.7xlO17

6.3xlO9

1.7xlO9

2.9xlO12

1.5xlO12

BHP
Without Ar

With
Volatili ty

1.8xlO13

4.0xl012

2.7xlOU

2.9xlOU

1.7xlO13

3.2xlO10

8.9xlO13

3.5xlO11

6.5xlO11

1.8xlO14

2.4xlO14

6.3xlO9

1.7xlO9

2.9xlO12

1.5xlC12

Isotope
Contributors'3

Over 10%

Na22,
Na22,
As?*,

p l 8
Be, F
Be
Na2.2,

Na24

Na24

Na24

Na24

p o 2l0

18*

Na24

Mn

Be, *aw

Be
Na22,

Mn54

Mn5 4 ,

M n 5 4

C o
5

5 4 8 ;

Na24

CO58 co^°
Mn56

F e55
Co60>

F e55

a. BHP with and without including Ar 3 9 and Ar4 ; with and without
including relative volatility. The evaluation uses BHP without Ar isotopes
with volatility effects.

b. Isotopes contributing a', least 10% to the EHP without Ar isotopes with
volatility effects.
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The Nitrate Salt is a special case because sodium and potassium are

prime constituents rather than impurities. If one includes the argon

isotopes then the BHP (with volatility) measure is two orders of magnitude

higher for Nitrate Salt than the next worse material, 17Li83Pb. Although

the Nitrate Salt is not penalized in Indices 2 and 3 for the argon

isotopes, since they are assumed lost operationally, this salt is strongly

penalized in the area of effluents, Index 9.

The tritium part of the breeder/multiplier evaluation is directly

based on the calculated breeder inventories. Tritium assumptions are

explained in Section 6.6 while calculation details are described in the

appropriate design sections. One interesting result is that the

LiA10~/He design operates at a higher temperature than the other LiAlO

designs and hence has a substantially lower tritium inventory. As

mentioned in Sections 6.3 and 6.6, it was believed necessary to add

hydrogen to the solid breeder purge stream to prevent a breeder surface

inventory.

The use of beryllium entails two special uncertainties. First is the

issue of the level of chemical toxicity and how to include it with

radiological concerns. Three BHP cases were calculated: (a) without any

penalty for beryllium chemical toxicitys (b) with the low value of toxicity

that is 600 times lower than established TLV, and (c) with the higher value

of toxicity, the established TLV (reference case). With the exception of

the FLIBE/Be blanket, the range of cases had only a 0.02 point impact on

Index 2, which equals 0.2 points of the total Safety Figure-of-Merit. The

low sensitivity is caused by LiAlO and beryllium (with high value of

chemical toxicity) having similar BHP's. Thus, reducing the beryllium

contribution to BHP by ^50%, which varies by four orders of magnitude

among breeders, has a small impact. LiAlO /Be could be significantly

improved if both beryllium toxicity were found to be lower and LiAlO,,

activation from impurities were lowered by orders of magnitude. FLIBE/Be

is an exception (as would be Li 0/Be) because FLIBE contributes

only ^1% to the reference BHP. Either of the alternate beryllium cases

mentioned above would improve the FLIBE/Be Index 2 score by 0.32.
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The second area of uncertainty is the potential tritium inventory in

beryllium, not included in the evaluation. If the tritium inventory in

beryllium were found to be significant, beryllium-containing concepts could

be penalized in the future,

5.4.2.4 Coolant Source Term Characterization, Index 3.

The coolant comparison is quite similar to the breeder comparison.

Again, the comparison is divided into activation products and tritium. The

activation products can originate from corrosion (water, lithium,

17Li83Pb, Nitrate Salt), sputtering (helium), or constituents of the

coolant itself (l7Li83Pb, Nitrate Salt). Because two of the coolants are

also breeders, they have a fairly large tritium inventory, which is

therefore a relevant basis for comparison. The general scheme for the

coolant comparison is indicated in Table 5.4.2-13.

5.4.2.4.1 Activation Hazard

As in the case of the breeder comparison, the coolant activation

comparison is judged via the biological hazard potential (BHP) of the

TABLE 5.4.2-13. SCORING SCHEME FOR COOLANT SOURCE TERM CHARACTERIZATION,
INDEX 3

Relative Vulnerable Activation Hazard (50% of Index)

Basis: F31 = Biological hazard potential of the isotopes of each
element times the relative volatility of that element.

y
F31 = e ( B H Pe x ve>

Relative Vulnerable Tritium Inventory (50% of Index)

Basis: F32 = Total tritium entrained in the coolant

Index Score
I3(TMR) = 2.909 - 0.0687 ln(F31) - 0.0587 ln(F32)
I3(TOK) = 2.871 - 0.0671 ln(F31) - 0.0549 ln(F32)
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activation products, adjusted for their relative volatilities. The

relative volatilities for the coolants was listed with the breeders in

Table 5.4.2-8.

5.4.2.4.2 Relative Vulnerable Tritium Inventory

The coolant case is similar to the breeder case. For the two liquid

metals, all of the tritium inventory i» LaKen to be vulnerable.

The relative ease of tritium removal from the Nitrate Salt is a

disadv^n?iga in terms of vulnerability. The normal removal scheme is that

the tritium will oxidize to T20 quickly in the salt and then be drawn

off. In the event of a salt spill, the modest pressure (few hundred kPa)

of the salt will drop to atmospheric. This can be expected to cause

release of the tritium normally entrained in the salt.

The violent blowdown of helium or water would result in all entrained

tritium being vulnerable.

Thus, for the coolants in the study, all tritium entrained in coolants

should be considered vulnerable.

5.4.2.4.3 Index 3 Results

The calculations for the coolant are completely parallel to those for

the breeder/multiplier. The activation figures-of-merit are based on the

first wall activity times the volume of coolant within the blanket.

Actually, the activity would be diluted by the ratio of coolant in the

entire coolant loop divided by the volume within the blanket. However, the

total coolant activity is the same in either way of viewing the situation;

hence, the comparison is not affected. The index scores are listed in

Tables 5.4.2-14 and 5.4.2-15.

Since some of the breeders are also coolants, most of the Index 2

comments are equally valid here. For lithium and 17Li83Pb coolants,

impurities are significant in activation. Nitrate Salt activation is
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TABLE 5.4.2-14. INDEX SCORES FOR COOLANT SOURCE TERM CHARACTERIZATION,
INDEX 3, FOR MIRROR BLANKETS

Blanket

Li/Li/Vl5Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Activation

5.3xlO15

5.3xlO15

1.4xlO15

1.4xlO15

-8.4xl0l2(?)

8.4xlO12

8.4xlO12

8.4xlO12

8.4xlO12

8.4xlO12

3.1xlO13

1.2xlO16

1.2xlO16

1.2xlO16

7.4xlO14

1.4xlO15

Tritium
Inventory

(g)

336

336

0.1

0.1b

Lowb

Low

Lowb

Low

Low

Low

Lowb

500b

500

500b

58

58b

Index
Score

0.08

0.08

0.65

O.65b

1.00b

1.00

1.00b

1.00

1.00

1.00

0.91b

0.00b

0.00

0.00b

0.32

0.28b

a. Biological hazard potential of coolant material adjusted by the
relative volatility of each element.

b. Modification cases, coolant tritium inventory estimates were scaled
from blankets with the same coolant.
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TABLE 5 . 4 . 2 - 1 5 . INDEX SCORES FOR COOLANT SOURCE TERM CHARACTERIZATION,
INDEX 3 , FOR TOKAMAK BLANKETS

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9

17Li83Pb/l7Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/VI5Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT~9

LiAlO2/He/HT-9/Be

LiAlO2/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Activation

6.0xl015

6-OxlO15

l.6xlO15

1.6xlO15

-v-8.4xlO12(?)

8.4xlO12

8.4xlO12

8.4xlO12

8.4xlO12

8.4xlO12

3.1xlO13

1.5xlO16

1.5xlO16

1.5xlO16

7.4;:1O14

1.4xlO15

Tritium
Inventory

(K)

490

490b

0.1b

0.1b

Lowb

Low

Lowb

Low

Low

Low

Lowb

900b

900

900b

50

50b

Index
Score

0.09

0.09b

0.65b

0.65b

1.00b

1.00

1.00b

1.00

1.00

1.00

0.91b

0.00b

0.00

0.00b

0.36

0.31b

a. Biological hazard potential of coolant material adjusted by the
relative volatility of each element.

b. Modification cases, coolant tritium inventory estimates were scaled
from blankets with the same coolant.

5-121



controlled by its sodium and potassium. Water activation levels are

determined by corrosion; the values in this study are based on the detailed

water corrosion examination in References 2 and 5. Corrosion and

impurities in helium are so low that only sputtering remains as a

significant source of activation products in a helium coolant, the values

used in the study are based on those of Bickford.

As one expects, helium is the best coolant in the source term

comparison, nil tritium and lowest level of activation products. Nitrate

Salt is the worst, having the highest level of tritium and of activation

products. Because water and helium activation levels are determined by

structural-foaterial-relevant processes, corrosion and sputtering, the score

for those coolants is determined by which structural material is used. The

modification case of Li/He/V15Cr5Ti would likely be better in this respect

than Li/He/HT-9j but no calculations have been done.

5.4.2.5 Results.

The source term characterization scores are summarized in

Tables 5.4.2-16 and 5.4.2-17. The relative comparison does not

significantly differ from mirror concepts to among tokamak concepts.

It is interesting to divide all the materials by what process is

controlling the level of activation relevant for accident analysis. In the

first category are those materials dominated by isotopes caused by primary

constituents: V15Cr5Ti, HT-9, PCA, Nitrate Salt, FLIBE, and beryllium

(chemical toxicity). It was found that the "low-activation" steels have a

small influence in accident-relevant activation, which may be either

positive (likely for Modified HT-9) or negative (likely for Tenelon).

Among the structural materials in this study, only V15Cr5Ti is a low

activation material with a several point (̂ 4 out of 30 in source term)

advantage over HT-9.

In the second category are those materials where activation relevant

for accidents is dominated by impurities, lithium, 17Li83Pb, Li_0,

LiA102, and beryllium (nonchemical). 17Li83Pb actually would belong in
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TABLE 5.4.2-16. SUMMARY OF SOURCE TERM CHARACTERIZATION SCORES, INDICES
1-3, FOR MIRROR BLANKETS

Blanket

Li/U/V15Cr5Ti

Li/Li/HT-9

17U83Pb/17Li83Pb/Vl5Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

l.iA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/HT-9/Be

Index 1
Structure

1.00

0.56

0.84

0.56

0.92

0.56

0.50

0.16

0.54

0.54

0.40

0.50

0.33

0.19

0.43

0.29

Index 2
Breeder/

Multiplier

0.11

0.11

0.69

0.69

0,10

0.10

0.68

0.46

0.56

0.30

0.30

0.73

0.15

0.15

0.06

0.06

Index 3
Coolant

0.08

0.08

0.65

0.65

1.00

- 0 0

1.00

1.00

1.00

1.00

0.91

0.00

0.00

0.00

0.32

0.28

Total
Sourcea

Terra

11.9

7.5

21.8

19.0b

20. 2b

16.6

21.8

16.4

21.0

18.A

16.1b

12. 3b

4 . 8

3.4b

8.1

6.3b

a. Total Source Term = JJ I W , ranges from 0 to 30.
i=i i i

b . Modification cases for which tritium inventories were not calculated,
values used were roughly scaled from the most similar blanket for which
tritium inventories were available.
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TABLE 5.4.2-17. SUMMARY OF SOURCE TERM CHARACTERIZATION SCORES, INDICES
1-3, FOR TOKAMAK BLANKETS

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

l.iA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

3
a . Total Source Term = V I W

Index 1
Structure

1.00

0.52

0.92

0.52

0.97

0.52

0.49

0.18

0.51

0.51

0.37

0.49

0.35

0.21

0.47

0.33

. ranees from

Index 2
Breeder/

Multiplier

0.10

0.10

0.68

0.68

0.12

0.12

0.69

0.46

0..58

0.27

0.27

0.72

0.05

0.05

0.06

0.06

0 to 30.

Index 3
Coolant

0.09

0.09

0.65

0.65

1.00

1.00

1.00

1.00

1.00

1.00

0.91

0.00

0.00

0.00

0.36

0.31

Total
Sourcea

Term

11.9

7.1b

22. 5b

18.5b

20.9b

16.4

21.8b

16.4

20.9

17.8

15. 5b

12. lb

4.0

2.6b

8.9

7.0b

b. Modification cases for which tritium inventories were not calculated,
values used were roughly scaled from the most similar blanket for which
tritium inventories were available.
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the first category except for the fact that lead-related isotopes appear

far less volatile than some caused by impurities. For the breeders, the

key impurities are generally sodium and potassium. Significant

improvements for fusion could be made by having cleaner lithium

and Li.O. Impurity reduction in 17Li83Pb will help only to a point

because of the lead activation. Lithium and 17Li83Pb improvement is

limited eventually by corrosion products. LiA10? and beryllium

improvement is limited by beryllium chemical toxicity. In fact, the

breeder 3HP for the LiAlO /Be is about two-thirds from LiAlO,. and

one-third from beryllium. Hence, the concept could be significantly

improved only if both LiAlO impurities were reduced and beryllium

toxicity were found to be lower than currently assumed in setting Threshold

Limit Values for industrial practice.

In the third category is the material dominated by corrosion products,

water. It is interesting to note (here and under maintenance, Index 10)

that PWR maintenance exposure is quite significant and water is the

second-best coolant from the activation standpoint. Helium has nil

activation problems, while lithium, 17Li83Pb, and Nitrate Salt appear worse

than water.

In the fourth category is the material whose activation is dominated

by sputtering, helium. Actually, sputtering is present at similar levels

in any design with any coolant. However, for all other coolants than

helium, some other process appears to con ribute greater amounts of

activation products than sputtering. In other words, sputtering products

form the lower limit of coolant contamination, and only helium approaches

the lower limit.

>
The rationale and discussion of tritium calculations is detailed in

Section 6.6. Among breeders and coolants, lithium generally has the

highest inventory, and FLIBE, the lowest. Lar.er, under the effluent

discussion, Index 9, the situation is reversed. The relatively high

tritium solubility in lithium hurts here in the source term evaluation but

makes tritium control far easier, helping in the effluent evaluation.
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Several areas of source term uncertainties and sensitivities should be

briefly mentioned. In the following discussion, the sensitivity will be

put in terms of the total Safety Figure-of-Merit (SFM) on the 0-100 scale.

Thus, a sensitivity of 1 point equals 1% of the total SFM. Note that

because almost all of the components of the SFM involve parameters varying

by orders of magnitude, a 1% SFM change does not mean the blanket design is

1% safer. In absolute terms a 1% SFM change could well be significant.

Given the uncertainties in a relative comparison, a 1% SFM change is only

moderately significant.

Use oi" "low-activation" steels was found to be a 1 point impact. Low

impurity lithium compounds could be a several point improvement, the key

impurities being sodium and potassium. Beryllium chemical toxicity is only

a 0.2 point impact except for FLIBE/Be where it is a 3.2 impact. Late in

the study some minor changes were made in the structural fractions in the

I.iA102/NS and Li/He/HT-9 designs. These are not expected to

significantly alter the results here.

The tritium parameters are more uncertain than activation. They

appear to be uncertain by several SFM points, although the relative

comparison is less uncertain. The most uncertain and sensitive tritium

issues are the first wall implantation-relevant inventory, the Nitrate Salt

tritium inventory, and the importance of tritium versus activation in the

source term. In the first case, implantation inventory is poorly

understood. If the inventory of one structural material were found to vary

by orders of magnitude relative to others, up to 5 SFM points could be

changed. However, a change in implantation understanding that did not

change the relative inventories would not change the comparison, results.

The Nitrate Salt tritium inventory is quite high (500 g, 900 g) and

could be lowered. An order of magnitude improvement could increase its

score by about 1.5 points with about 2 points additional improvement

possible if its structural inventory fell by a corresponding amount, giving

a total of 3.5.
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The final issue is the relative importance between tritium and

activation iv» the source term part of the evaluation. The reference case

is a 50-50% split. Since many of the tritium inventories appear low, a

lower weighting for tritium might be appropriate. To examine the potential

change of scores if source term tritium were lower weighted, the limiting

case of devoting none ol the source term score to tritium was examined, see

Table 5.4.2-18. It is seen that the impact is larger than any of the other

uncertainties examined for source term characterization. Overall, the

Li/He and Li/Li concepts would most benefit from devoting more weight to

activation, +2.6, +1.5 points respectively. Most hurt would be

LiPb/LiPb (-5.0) and LiAlO /He (-4.4). The basic reason is that lithium

has the highest tritium inventory among b^-jders and would be the most

helped by ignoring tritium in the evaluation; the opposite is true for

LiPB/LiPb and LiA102/He.

TABLE 5.4.2-18. CHANGE IN TOTAL SOURCE TERM CHARACTERIZATION SCORE IF
TRITIUM WERE IGNORED FOR SELECTED MIRROR BLANKETS

Blanket

Li/Li/V

Li/Li/HT-9

LiPb/LiPb/V

Li/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/NS/HT-9/Be

LiA102/H20/HT-9/Be

Reference
Score

11.9

7.5

21.8

16.6

16.4

21.0

18.4

4.8

8.1

Tritium
Ignored

13.4

7.0

16.8

15.2

14.6

23.6

14.0

3.6

7.6

Change

+1.5

-0.5

-5.0

-1.4

-1.8

+2.6

-4.4

-1.2

-0.5
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5.4.3 Fault Tolerance

Based on current understanding of fusion reactors and early

comparative risk assessments, several specific blanket-relevant potential

accidents appear to be significant contributors to total accident risk,

hence important enough for consideration j.n design and concept evaluation.

The second part of the safety evaluation, fault tolerance, attempts to

gauge how tolerant the various blanket designs are to various reference

potential accidents. Only those accidents relevant to blanket concept

choice were considered in this study.

The overall philosophy is that blankets should be inherently safe,

depending only on passive features to survive transients. The basic intent

of the fault tolerance evaluation is to measure how well each design does

in avoiding the need for active protection systems. To the extent that a

design deviates from a perfect fault tolerance score, increased active

protection systems appear to be required.

5.4.3.1 General Approach

The purpose of the fault tolerance evaluation is to measure the

relative risk of the blanket concepts because of specific potential fault

conditions. Where the probability of the transient varies among blankets,

e.g., coolant-tube break, both the probability and consequence parts of the

risk are considered. Where the probability of the transient is

blanket-independent, e.g., seismic events, only the consequence parts of

the risk are considered.

The fault tolerance part of the evaluation is subdivided into five

indices. Ideally, a probabilistic treatment would determine how much each

transient contributes to total risk. Information and manpower resources in

this study precluded that level of detail; rather, the potential transients

were logically grouped into five categories and given equal weighting.

For each fault tolerant index, there are one or more potential

transients. Appropriate design philosophy and goals corresponding to each
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were identified early in the study and were listed in the BCSS interim

report. The design teams therefore had goals to work toward. Through

the design process there has been interaction between designers and safety,

helping to lead to the final design version. Failure to meet one of these

goals does not, in itself, constitute a fatal flaw for a design. However,

in each case it necessitated an evaluation of whether a concept inherently

had a fatal problem. These cases are described later on a case-by-case

basis.

For each index, the response of the various blankets to the specific

transient was compared. Those blankets clearly meeting the corresponding

design goals were given the top index score of 1.0. For cases where there

is no absolute criterion, the blanket(s) best meeting the identified design

philosophy were scored 1.0. In like fashion, blankets that inherently did

not meet the goal were scored 0.0. Remaining blankets were scored relative

to the best.

The basis for the blanket-to-blanket comparisons was a combination of

experimental data, analytical analysis, and engineering judgement. Because

BCSS resources did not allow any transient calculations, heavy use was made

of past studies, calculations, and engineering judgement.

The following subsections sequentially go through the five fault

tolerant indices. For each index, the relevant transients are first

mentioned along with the corresponding design philosophy or goals. Next,

the evaluation scheme is detailed, explaining the relevant figures-of-merit

and other bases for comparing the blankets. Then, supporting evidence and

analysis for each blanket performance is given. Finally, the information

is assembled and that index evaluation is summarized.

In most cases, there was no difference between the evaluation if.sues

among tokamak blankets and the evaluation among mirror blankets. For these

cases, no distinction between them is made in this presentation. In the

areas of fault tolerance to external forces and to near-blanket system

interaction (indices 6 and 7), the differences between the limiter and

plasma disruptions in a tokamak and a choke coil and rapid plasma loss in a

mirror causes differences in the evaluation.
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As seen in the individual subsections to follow, the coolant choice

appears most important to fault tolerance. The coolant choice determines

the basic thermal-hydraulic and geometric aspects of the design, which are

key determinants to how the design would respond to several transient

conditions. Because detailed stress analysis and crack propagation studies

were not available, some potential differences among structural material

choices may have been missed. However, the afterheat, physical properties,

general chemical behavior, and influence on design parameters as functions

of structural material choices were considered.

5.4.3.2 Fault Tolerance to Breeder-Coolant Mixing, Index 4

One of the possible types of primary coolant losses is into the rest

of the blanket, i.e. the breeder or multiplier zone. The water and

salt-cooled designs use coolant tubes separating coolant and breeder. The

helium-cooled designs instead have the breeder material placed in tubes or

plates. However, for the liquid-metal self-cooled designs, there is no

such separation. Except for the self-cooled designs, the surface area and

number of pieces in the reactor separating the coolant and breeder are

large, and failure is somewhat likely, hence the motivation for this index.

5.4.3.2.1 Design Philosophy

The design philosophy is that the first wall and blanket should be

capable of withstanding complete severing of a coolant tube or breeder

container, without (a) propagation of failure to other components,

modules, or structures or (b) loss of radioactivity from the module and

primary coolant system in excess of that normally entrained in blanket

fluids. No new radioactivity should be mobilized. Relevant issues include

possible coolant-breeder chemical reactions, resulting pressures and

temperatures, mitigation potential, and the probability of occurrence.

5.4.3.2.2 Evaluation Scheme

The choice of structural material was not relevant in this index

primarily because no distinction in the study was made among the crack
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propagation resistance of the various materials. Known differences among

structural materials like afterheat, activation inventory,

oxidation/chemical behavior, and thermophysical properties are not relevant

to this index.

The evaluation scheme is built on two sets of utility points, for

probability and for occurrence, of this transient. Blankets were given

utility points from 0 to 2 for the relative probability, corresponding to

the scheme in Table 5.4.3-1. A 0 indicates that the transient cannot exist

for tb'.s concept. A 1 indicates the probability is very low because of the

use of double wall piping. A 2 indicates the probability is modestly high;

a single barrier separates the coolant and breeder.

Blankets were also given utility points based on the consequences of

the transient, Table 5.4.3-1. A 0 indicates no transient exists for this

TABLE 5.4.3-1. SCORING SCHEME FOR FAULT TOLERANCE TO BREEDER-COOLANT
MIXING, INDEX 4

Relative Probability (0 to 2 utility points)

0 - No probability of occurrence, breeder and coolant are the same
fluid system.

1 - Low probability of occurrence, double wall separates breeder and
coolant.

2 - Moderate probability of occurrence, single wall separates breeder
and coolant; transient likely during reactor lifetime.

Relative Consequences (0 to 3 utility points)

0 - Design goal met, no transient exists

1 - Design goal met, continued operation possible.

2 - Design goal met, but requires reactor shutdown; potentially
requiring changeout and corresponding occupational exposure and
waste generation.

3 - Design goal not met, module fails.

Relative Risk (0 to 6 utility points)

Relative Risk = Relative Probability x Relative Consequences.
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design. A 1 indicates the module completely meets the design philosophy,

even to the point of allowing some continued operation in the event of

failure. A 2 was given to those designs where the design philosophy

appears to be met, but reactor shutdown appears necessary. Such a shutdown

could lead to a sector changeout and corresponding occupational exposure

and waste generation. A concept clearly failing the design philosophy

receives a 3 and is a candidate for having a potential fatal flaw.

5.4.3.2.3 Liquid-Metal Cooled Concepts

The liquid-metal cooled designs score the best possible: 0 on relative

probability and 0 on relative consequence. As MHD understanding and

modeling improves, the effect of a channel-to-channel wall tearing should

be examined. Any perturbation in the blanket geometry could influence

current-flow paths, which could influence MHD forces and liquid metal flows.

5.';. 3 • 2.4 Helium-Cooled Concepts

The helium-cooled designs all have a single-wall separating coolant

and breeder, meriting a relative failure probability of 2. Because the

pods are initially at full helium pressure, they will survive failure of a

breeder plate or tube wall. A breeder wall failure would lead to helium

coolant (5.0 MPa) entering the breeder zone, slightly increasing its

pressure (4.9 MPa initially). While this would not be a desirable

operating condition, limited operation would be possible, so helium-cooled

blankets score a 1 on relative consequence.

The designs were also checked to see if they tolerated a loss of

breeder zone pressure, which would increase the pressure gradient between

coolant and breeder. The solid breeder plates should withstand this

crushing force. The liquid breeder tubes would have to withstand a

buckling force. As indicated in the helium design sections, the tubes were

found to have about a 20% margin in avoiding buckling.

Beryllium use entails three general chemical reaction questions.

First is the question of beryllium in contact with impure helium coolant or
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LiA10_. At sufficiently high temperature, oxygen will cause oxidation of

beryllium with resulting swelling. At lower temperatures, the oxide layer

on the beryllium will protect the interior from this oxidation process.

The temperature at which extensive swelling occurs, "breakaway swelling,"

is 850°C, see Chapter 6. The beryllium temperature in the LiA10»/He/Be

concept, where beryllium rods are in contact with helium coolant, is at or

below 550QC, far below the "breakaway swelling" point. The same is true

for the FLIBE/He/Be concept, where beryllium balls are in contact with the

helium coolant. The other beryllium designs, LiAlCL/NS/Be and

LiA109/H,0/Be, do not have beryllium in contact with the coolant.

Thus, beryllium-helium compatibility should be acceptable from the safety

viewpoint in all designs.

It should be noted that the latter two designs use beryllium in

contact with LiAlO at temperatures as high as 1000°C. It is not known

if the combination is compatible, but this seems plausible and is assumed

in the study. An appropriate R&D item would be further experiments and

analysis on beryllium compatibility with helium impurities and relevant

solid breeders, including behavior during abnormal thermal transients.

Tha second beryllium question is contact with FLIBE. Normally in the

FLIBE/He/Be design the two are not in contact. A breeder tube break would

not cause much FLIBE to contact the beryllium because the FLIBE is at lower

pressure than the helium coolant. However, even if FLIBE-Be contact were

to occur there should be no problem since the FLIBE is kept in the reducing

state by addition of excess beryllium directly to the salt.

For the above reasons, present helium-cooled designs do not appear to

have any chemical reaction problems among coolant-breeder-multiplier.

The third issue is the beryllium-air reaction. As mentioned in the

breeder source term characterization, subsection 5.4.2.3, beryllium can

ignite in air, especially when in powder form. However, high temperatures,
>1200°C, may be required. Because carbon dioxide was used for all

beryllium-containing designs aa the building atmosphere, no penalty was

associated vith beryllium-aii reactions. This is a similar position to not
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directly penalizing lithium-air reactions, a more serious issue. If carbon

dioxide reacts with beryllium or if air is used, one should consider

beryllium reactivity. The most worrisome case would be when beryllium is

used in powder form (LiAlO /NS/ile, LiAlO /HO/Be) rather than as bulk

pieces (FUBE/He/Be, LiA102/He/Be).

5.4.3,2.5 Salt-Cooled Concepts

The Nitrate Salt-cooled designs also have a single wall, meriting a

relative failure probability of 2. The issue is the chemical compatibility

of NS-LiAlO , NS-Be, and NS-17Li83Pb. In the first case, no chemical

reaction is expected thermodynamically between Nitrate Salt and LiAlO .

However, the high temperature, up to 1000°C, in the solid breeder zone

would cause rapid decomposition of the salt. Experimental studies with

these salts to date ' are not sufficient to determine how the salt

would behave. The assumption used here is that some decomposition would

occur with some volatile products introduced into the breeder zone and

possibly some pressure increase.

The second case is NS-Be. Qualitative scoping tests at 500°C have

been conducted with wood, graphite, and beryllium exposed tc the

salt, as follows:

"in the case of wood, a sliver of fir weighing ^10 mg was
attached to the end of a length of platinum vire and lowered to
the surface of the molten salt. The wood immediately burst into
flames and was completely consumed."

"Three experiments were conducted with graphite. To test for an
immediate reaction a 100 mg piece of graphite was immersed in the
molten salt. No reaction was evident over a period of
^5 minutes. The graphite was then washed with water to remove
residual salt and reweighed. There was a gain in weight of about
2 mg. The same piece was then dropped into the molten salt and
left there for four hours. When checked the piece had
disappeared either by reaction with the salt or by break-up into
small particles. There was a layer of dark particles on the
bottom of the crucible. In the final graphite experiment two
rods 4.6 mm in diameter were tested at the same time in the same
crucible."

"One of the rods was 23 mm in length and was completely immersed
in the molten salt at >500cC for 1 1/2 hours. The initial

5-134



weight of the rod was 625 mg and the weight after testing was
632 mg. The second rod was about 100 iron in length. It was
suspended so half its length was submerged in the salt and half
in the atmosphere. The submerged portion of this rod looked much
the same as the shorter rod, however the portion exposed to the
atmosphere and particularly the area at the salt/atmosphere
interface had changed diameter significantly. The weight of the
rod before testing was 2.7444g after testing was 3.224g."

"A special stainless steel fixture was built to clamp the ends of
a beryllium wire securely. The dimensions of the wire were
^0.36 mm in diameter by 37.3 mm long and it weighted 6.7 mg. A
cutter was built into the assembly so the wire could be broken at
its center to provide an oxide free beryllium surface within the
molten salt bath. The wire was exposed to t<540oC molten salt
for 60 hours then the wire was broken remotely. No reaction was
noted. The weight of the wire after testing was unchanged at
6.7 mg. The cutting operation stretched the wire approximately
1 mm.

"In summary, wood reacted immediately and violently with the
molten salt. Graphite exhibited no fast reaction, but a possible
slow, longer term reaction* Beryllium showed no reaction
whatsoever with the molten salt."

It should be noted that temperatures in a blanket would be higher (up

to 1000°C) than the 500°C test condition and that the surface area for

reaction would be substantially higher. Thus, blanket conditions could

lead to more substantial reactions. Given the above information, the

LiAlCL/NS/Be blanket is judged to require shutdown in the event of salt

tube breakage, likely requiring changeout and corresponding occupational

exposure and waste generation. Therefore the blanket receives a

consequence score of 2. Additional information could change this to a 1

or 3.

A 17Li83Pb-Nitrate Salt scoping testing has been performed.

Gram-scale quantities of NS and 17Li83Pb have been reacted at 450°C. In

one test 17Li83Pb was added to excess NS and temperatures rose only 20°C.

In the second test NS was added to excess 17Li83Pb and temperatures

rose 68°. In both cases the reaction products included Li 0 and PbO.

Both lithium and lead participate in the reaction. Gas bubbles were

observed although the reaction was mild. Sparks and glowing were observed

in the second test where excess 17Li83Pb was used.
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Thermodynamically, a 1 to 1 mixture of Li from 17Li83Pb with NaN03

should produce a temperature rise of about 100°C if all heat were confined

to the reaction products. However, if a 5 to 1 mixture of 17Li83Pb with

NaNO, is assumed, thermodynamics predict a 1100°C temperature rise. The

difference is the ability of excess Li atoms to further reduce NO- to

NO- to Li20. The experimental finding agrees that the 17Li83Pb rich

reaction is the more serious case. Although the experimentally observed

temperature rises for gram-scale quantities were not serious, the fact that

the reactions went to completion and the high thermodynamic temperature

rise for 17Li83Pb-rich reactions do not promote optimism. Based on the

existing information, the 17Li83Pb/NS blanket is judged to fail the design

goal because of potentially substantial chemical reaction. Therefore, the

blanket receives a consequence score of 3. Additional information could

change this to a 1 or 2.

5.4.3.2.6 Water-Cooled Concepts

The water-cooled designs use double-wall tubing, which should

substantially lower the probability versus a single-wall design; they are

given a 1 on relative probability. A single-wall design, like STARFIRE,

could experience failures on the order of once per year. Although

use of a double-walled design reduces the probability of failure, it does

not reduce the probability to zero because (a) potential common mode

failures exist, and (b) the design concept calls for continued operation if

only the inner tube or outer tube fails. Indeed, there is no provision to

detect only an inner or outer tube failure, since the intent is to maximize

availability by continuing operation unless breeder-coolant contact occurs

as the result of failure of both the inner and outer tube for a single

double-wall-tube assembly. The outer and inner tube are each designed to

withstand full coolant pressure so that an inner tube failure of one tube

does not automatically lead to failure of the outer tube. The pod geometry

is designed to survive accidental pressurization by the water; thus, it

meets the design goal. However, continued operation is not possible,

leading to a 2 on relative consequences. Water would enter and highly

pressurize the tritium system, normally at ^0.1 to 0.6 MPa pressure.
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Also, it would possibly slowly dissolve the LiAlO,. A Li

concept would be worse since the Li2O would more actively react with

water.

5.4.3.2.7 Index 4 Results

The resulting index scores for the concepts are listed in

Table 5.4.3-2. The self-cooled designs have no risk in this area and get a

perfect index score of 1.0. Only 17Li83Pb/NS appears to fail the design

goal. The remaining designs havt intermediate scores based on the above

discussion of single versus double barrier (probability) and the

possibility for continued operation. It should be noted that this

potential transient greatly influenced the water-cooled design. A

single-wall, flat box water-cooled design, like STARFIRE, was initially

considered in this study. Analysis of the STARFIRE design indicated

that the module would fail if a coolant tube broke. The present

water-cooled design avoided failing the design goal by adoption of

double-wall tubing and a pod geometry.

Future work relevant to this transient should concentrate on four

issues. First, researchers should acquire and use additional probability

failure rate information. Second, transient codes that examine those

transients should be verified by experiment, particularly in the area of

pressure drop and flow through solid breeder material. Third, crack

propagation studies should be conducted on the reference fusion alloys,

particularly in the irradiated state. Fourth, additional understanding of

relevant chemical reactions is needed.

5.4.3.3 Fault Tolerance to Cooling Transients, Index 5

Several cooling transients are possible—LOCA (loss of primary

cooling, large break), LOFA (loss of coolant flow), and LOSP (complete loss

of site power). All blankets require cooling during operation. Past

studies have shown, e.g. References 2-3, 5-6, 69-70, that typical blankets

will only survive several seconds without cooling if the plasma stays on.
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TABLE 5 . 4 . 3 - 2 . INDEX SCORES FOR FAULT TOLERANCE TO COOLANT-BREEDER MIXING,
INDEX 4

a
Blanket

Li/Li

17Li83Pb/17Li83Pb

Li/He

17Li83Pb/He

FLIBE/He

Li20/He

LiA102/He/Be

17Li83Pb/NS/Be

LiA102/NS/Be

LiA102/H20/Be

Relative
Probability

0

0

2

2

2

2

2

2

2

1

Utility Points

Relative
Consequence

0

0

1

1

1

1

1

3

2

2

Relative

Risk

0

0

2

2

2

2

2

6

4

2

Index
Score

1.00

1.00

0.67

0.67

0.67

0.67

0.67

0.00

0.33

0.67

a. Within the limits of the analysis in this study, the selection of the
structural material was not relevant for this index.

b. Relative risk = relative consequence times relative probability.

c. Index score = 1.0 - (relative risk points/6).
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This appears true for both tokamak and mirror blankets, although relatively

few mirror cases have been studied. The only likely exceptions are

materials with very high melting points and high thermal conductivity like

TZM , which are not being considered in this study. The differences in

the available time to action between mirror and tokamak are not

particularly relevant and thus the basic plasma shutdown need is

blanket independent—unimportant to this study. It is therefore assumed in

this study that either a mirror or tokamak plasma can be safely shutdown on

the order of a few seconds following a blanket cooling transient. However,

it should be emphasized that such plasma shutdown systems are only at a

very early stage in reactor design. Comniercial reactors, perhaps even

long-pulse ('̂ -minutes) test devices of mirrors and tokamaks, will require

such systems.

Given the plasma shutdown assumption, the blanket response to these

transients is a strong function of choice of structural material, coolant,

breeder, and basic geometry. The structural material is particularly

relevant since it is generally the dominant source of afterheat. The

breeder is of interest because of its influence on thermal-hydraulics,

sometimes (a) serving as a heat transfer medium, (b) serving as a heat

sink, (c) being an additional source of afterheat, or (d) influencing heat

transfer from structure to other blankets or other ultimate heat sinks.

5.4.3.3.1 Design Philosophy

The reference LOCA is assumed to be a loss of primary coolant from at

least one entire blanket sector. Where there are dual coolant loops, this

applies to only one loop. The design philosophy is that blanket modules

should be capable of withstanding a major loss of coolant accident without

(a) significant structural failure or (b) loss of radioactivity from the

module and primary coolant system in excess of that normally entrained in

blanket fluids.

The reference LOFA is assumed to result in primary coolant flow

stoppage within at least one blanket sector, most likely due to pump

stoppage or flow blockage. Where there are dual coolant loops, this
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applies to only one loop. The design philosophy is the same as that of the

LOCA, Unlike the reference LOSP case, auxiliary systems like purge flow

and breeder circulation are assumed to be working.

The reference LOSP, loss of site power, is assumed to cause complete

loss of electricity at the site, i.e. a station blackout. The design

philosophy is that the first wall and blanket should be capable of

withstanding complete loss of site power for four hours without failure of

components or structures. The motivation for four hours is that the power

recovery occurs for current plants within four hours for 77% of LOSP

events. A concept requiring auxiliary power generators is less

satisfactory than one that does not need backup power. The common theme in

this index is that it is desired that blanket concept designs be inherently

safe with respect to cooling transients, i.e. be able to survive severe

transients with only passive design features, not active engineered safety

systems.

5.4.3.3.2 Evaluation Scheme

The probability of these transients is assumed independent of blanket

choice. Since a large LOCA would occur outside of the blanket area, the

amount of piping involved, hence the failure probability, is only weakly

dependent on coolant choice. Interestingly, the data base for pipe

failures do not show a dependence on pressure. Rather, pipe failure

data per length of pipe for water, helium, and sodium vary by only

an order of magnitude, helium being the best. Perhaps this reflects

similar quality goals. In any case, given the existing pipe failure data

and the similarities in pipe-lengths external to the blanket, it is not

possible to differentiate among large-break LOCA probabilities for the

various concepts. The possible initiators to large LOCA where coolant

choice is relevant, e.g. seismic events, are covered separately in Index 7.

Likewise, pump redundancy (a LOFA probability factor) could be used

equally well, with associated costs, for any coolant. Flow blockage (part

of the LOFA probability) may be coolant dependent, but cannot be assessed
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here. The primary concern is that corrosion products in the liquid metal

systems could deposit and block flow. Corrosion-related penalities are

addressed in other indices relating to the associated activation concerns.

The chance of loss-of-site-power is blanket independent.

Based on the above, the probability of these transients appears fairly

blanket-independent; the relevant cooling-transient comparisons are

associated only with consequence. Relevant measures include the allowable

time to action before damage or radioactivity release, mitigation schemes,

and afterheat levels. For most types of blanket concepts, there are

adequate transient codes to calculate the actual blanket response to these

transients. For example, the ATHENA code can handle helium and water

and will shortly have lithium capability, initially for flow in constant

magnetic fields. The main uncertainties in this area are the behavior and

associated modeling of liquid metal or molten salts in a magnetic field,

either due to fluid flow variations or magnetic field variations or both.

Another type of uncertainty is that associated with lack of property data,

especially for 17Li83Pb.

Extensive use was made of past studies in the evaluation. Because

past results for somewhat different geometries are not quantifiably

transferable to this study and its exact designs, quantified blanket

responses to the reference transients were not obtainable. Furthermore,

the focus of the study is less on exact detailed designs and more on

inherent characteristics of the various concepts. Also, designers had

inadequate time to fully consider transient behavior in their reference

BCSS designs. For all these reasons, the intent for this index was to

evaluate whether each blanket design could meet the stated design goals,

based on past studies and engineering judgment. For each transient,

blankets with a high chance of meeting the design goals in their basic

current configuration were given two points. Blankets that appeared

capable of meeting the goals (a) with some redesign, (b) by removing a key

uncertainty, or (c) are border-line cases were given one point. Blankets

that appeared unable to meet the design goals without active protection

systems were given zero points. Since there did not seem to be any cases
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where active emergency systems could not be used to solve these problems,

no blanket concept was deemed to have a fatal flaw. The scoring scheme is

summarized in Table 5-4.3-3.

5.4.3.3.3 Liquid-Metal Cooled Concepts

Overall the liquid-metal cooled designs appear fairly tolerant to

cooling transients. ' ' The low afterheat in the Li/Li/V

concept allows it to survive several hours (LOCA) or even days (LOSP,

LOFA), based on past results. ' 17Li83Pb has a volumetric specific heat

1.5 times lower than lithium so a 17Li83Pb concept would be somewhat worse

than lithium but still meet the design goal. The afterheat in 17Li33Pb

does not appear to be a significant driver. Neither concept depends

on natural circulation, which is unlikely if the magnets are on, but at

least the Li/Li concept should be designed for flow up through the blanket

in order to get any benefit possible, especially if magnets are off. The

Li/Li/V and LiPb/LiPb/V blankets get perfect scores for this index.

TABLE 5.4.3-3 SCORING SCHEME FOR FAULT TOLERANCE TO COOLING TRANSIENTS,
INDEX 5

LOCA—Loss of primary cooling, or LOFA—Loss of primary coolant flow
(0 to 2 utility points for each transient)

2 - Blanket meets design goal.

1 - Blanket has the potential to meet the design goal, likely with

some redesign.

0 - Blanket does not meet design goal, requires emergency cooling.

LOSP—Loss of site power (0 to 2 utility points)

2 - Blanket meets design goal of four-hour survival without active
means.

1 - Blanket has the potential to meet design goal, especially with
some redesign.

0 - Blanket does not meet design goal, requires emergency backup
power.
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The HT-9 concepts are somewhat poorer. lining a 300°C temperature

increase to define the time to failure, the HT-9 concepts still survive at

least four hours for the LOFA and LOSP cases. ' 6 j The LiPb/HT-9

concept would experience s_ch a temperature rise in a LOCA after

3 hours; similarly a different Li/316SS concept lasts only

2 hours. Therefore the Li/Li/HT-9 and LiPb/LiPb/HT-9 designs are seen

as borderline cases in the event of LOCA, but they clearly pass the LOSP

and LOFA design goals. An auxiliary volume associated with the surge tank

could provide enough additional liquid metal to achieve the design goal.

It should be mentioned that the time scale for survivability for LOCA

and LOFA is approximately 4 hours, as for LOSP. However, it has

deliberately been left somewhat vague. One reason is that almost all of

the calculations to date do not model the details concerning heat being

rejected to an ultimate heat sink, which is the building at shorter times,

at longer times, outside the building. Thus at longer times (several

hours), the calculations become more uncertain. Therefore, the primary

intent is for the design to appear to survive several hours without special

active systems.

5.4.3.3.4 Helium-Cooled Concepts

The behavior of the helium-cooled designs appears to be a strong

function of the breeder material because of the breeder's role as heat

sink, heat removal medium, and heat transfer agent. Basically one expects

to find that He/liquid-metals have more tolerance than He/solids, and this

is in fact the case.

For LOCA transients, a key advantage ot helium is that it is

single-phase. Thus, as the coolant loop depressurizes, no pump cavitation

':akes place. Instead there is a steady loss of cooling capacity as the

pressure drops. Since cor wed use of depre3surized cooling was found to

be adequate for higher afterheat fission-fusion hydride blankets, it

is expected to work well for all of the helium-cooled blankets in this

study.
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For LOFA and LOSP transients, a key disadvantage of helium is that it

is gaseous and thus has a very low specific heat capacity. Based on the

He/Li/steel cases in Reference 5, the He/Li and He/LiPb designs should

still survive a LOFA or LOSP, the liquid metals being good heat sink3.

This is .lso in agreement with the finding that the Li/Li and LiPb/LiPb

designs can meet the LOFA and LOSP design goals.

The He/solid cases do not appear capable of meeting the LOFA and LOSP

design goals. A Li-O/He/Inconel design experienced first wall melt in

2 1/4 hours with a 1.2 MW/m wall load. Even though a HT-9 version
2

would have less afterheat than Inconel, the Reference 5 MW/ra wall

loading in this study makes it probable that the Li.O/He and LiAlO /He
. (5) 7

designs would fail in about an hour. Another calculation puts first

wall failure at about one hour for LiAlO /He. No credit was given for

purge stream circulation during a LOFA.

The FLIBE/He design appears to be in-between the liquid metal and

solid breeder cases, but no calculations have been done. Fortunately, the

activation cf flourine adds only a modest amount of afterheat: 0.53% of

operating power at shutdown and 0.022% of operating power at
(78)

5 minutes. On the negative side, its heat conduction is poor, about

1 W/m°K, even slightly lower than the solid breeuers. On the positive

side, one should get some cooling from the continued circulation of flibe,

either pump d (LOFA) or natural (LOSP). Since FLIBE/He transient

calculations have not been done, one can only say that it is a borderline

case for LOFA and LOSP.

One possible solution for LOFA and LOSP transients is natural
(79)

circulation, which appears to work for small size HTGR's. However,

an HTGR has a much easier geometry for heat transfer by natural circulation

than does a fusion blanket. In the absence of any calculations, it does

not appear promising to depend on natural circulation for a helium-cooled

blanket.
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5.4.3.3.5 Salt-Cooled Concepts

No cooling transient calculations have been done for any Nitrate Salt

designs; however, one can estimate their behavior from other coolant

cases. Similar to the water-cooled designs, the salt-cooled designs depend

on use of dual coolant loops to protect against LOFA and LOCA. Thus even

if one cooling loop fails, another is still operating and capable of

adequate removal of afterheat, perhaps indefinitely. Dual cooling loops

may work for the salt and water cas°s because the manifolding restrictions

are lax enough to provide two sets of cooling lines to each b* iket module

whereas this appears excessively difficult for helium or • iquid-metal

cooled designs.

Rough examination of density change with temperature indicate

sufficient buoyancy to drive natural circulation. A rough estimate of the

required coolant velocity and pressure drop for afterheat removal is

compared with an estimate of the pressure head available due to temperature

(density) differences in the coolant. Since the available head greatly

exceeds the required head, it appears that natural convection cooling is

feasible even though the analysis is approximate.

Afterheat in the coolant itself reaches an equilibrium value of
3

^0.25 W/cm . This will account for more than half of the afterheat in

the blanket and coolant loop, since the most highly activated parts of the

structure should produce roughly 0.1 W/cm and the entire coolant
3

inventory will generate heat at 0.25 W/cm . During reactor operation the
3

heat removed in the coolant is ^170 W/cm • Near the first wall, the

coolant velocity is 5 m/s during operation. Thus, to maintain the 75°C

coolant AT, a coolant velocity of 0.7 cm/s or ^1 cni/s would be required.

The Nitrate Salt Reynold's number is less than 100 in the blanket

coolant tubes at 1 cm/s and well within the laminar region throughout the

loop. The resulting pressure drop in the blanket coolant tubes is

1-40 Pa. Velocities in the coolant loop external to the blanket are lower

than in the coolant tubes near the first wall but turns, entrances, etc.,

and much longer flow paths cause most of the coolant loop pressure drop to
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occur outside the blanket. Based on the above estimates of afterheat and

the pressure drop in the blanket coolant tubes, a total loop pressure drop

of ^100 to 200 Pa is expected to be adequate to remove the afterheat at a

coolant AT of 75 to 100°C

Sandia data ' indicates that a temperature change of 100°C
3

results in a density change of 70 kg/m in the draw salt. Thus a simple

loop oriented vertically with one vertical leg 100°C hotter than the other

would have a potential pressure difference of "WOO Fa times the height of

the vertical legs, in meters. Since the coolant generates most of the heat

in the system, the ideal loop would have heat exchangers continuously along

the down leg.

According to this estimate, a ten meter high loop with 100°C AT

would have an available pressure difference of 7000 Pa. This compares

rather well with the 100-200 Pa pressure difference required to remove the

afterheat. Several deficiencies in this analysis are apparent. However,

since the estimated available pressure exceeds the required pressure by

more than an order of magnitude it is believed that the removal of

afterheat by natural convection in Nitrate Salt blankets is feasible.

For all three transient cases with this salt, a prime concern is

thermal decomposition at elevated temperatures, potentially leading to a

severe pressure-increase in the loop and/or degraded cooling ability as the

salt's composition changes. For evaluation purposes it is assumed that the

above cooling methods keep the salt sufficiently cool to avoid these

problems. If decomposition is rapid at low (^600°C) temperatures, then

not only would the salt concept score lower in Index 5, but it might have a

fatal flaw. It would not be acceptable if a mild temperature increase

caused rapid pressure buildup in the coolant. Data presented in

Reference 57 suggests that this is indeed the case.

5./».3.3.6 Water-Cooled Concepts

Dual coolant loops appear to be acceptable solutions to LOCA and LOFA

transients for water-cooled designs. However, dual loops do no;: help if
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site power fails (LOSP). A possible solution is natural circulation.

Analysis of the STARFIRE design indicated that natural

circulation was not established and the design experienced multiplier

melting at about 70 minutes after shutdown. PWR work on "feed and

bleed" is relevant. This technique refers to adding more water to

the system and bleeding steam from it to remove heat. The amount of water

5 3
required is large. At 15 MPa, about 6 x 10 kg (^800 m ) of water
would boil to remove 1% of operating power (40 MW ) for four houra.

3
Since the coolant loop holds about 500 m , then excess, passive storage

3
of 200-300 m of water would be needed. To avoid the need for an active

high-pressure injection pump, that volume of water would need to be stored

above whatever pressure one would try to operate in "feed and bleed" mode.

Normal operating pressure is 15 MPa. If one trys to operate "feed and

bleed" above 15 MPa, then (a) the water would need to be stored at very

high pressure, (b) the design would ha''e to withstand the higher pressure,

and (c) a mass-energy balance; must be sustainable. Based on Reference 80,

it appears one cannot operate such a mass-energy balance above 15 MPa,

rather a lower pressure is used. If one trys to operate "feed and bleed"

below 15 MPa, there is no passive arrangement to perform the "bleed" part.

That is, any passive valving to allow steam loss below 15 MPa would also

attempt to work during normal operation. Normally the technique calls for

operator-controlled values, which is an active system. Finally, it should

be mentioned that cooling fails if steam pockets develop somewhere within

the blanket. For these reasons, the water-designs appear to fail the

design goal for LOSP protection.

5.4.3.3.7 Index 5 Results

The results for the cooling transient evaluations are listed in

Table 5.4.3-4. In most cases, the design appears to neet the design

approach. The poor thermal characteristics of the solid breeders made

those cases more difficult. Overall, the designers depend strongly on

inherent features of the design, especially natural circulation and/or

using dual coolant loops.

For liquid-metal cooled designs, the toughest cooling transient to

protect against is the LOCA transient since it involves loss of the main
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TABLE 5.4.3-4. INDEX SCORES FOR FAULT TOLERANCE TO COOLING TRANSIENTS,
INDEX 5

-

Blanket

Li/Li/Vl5Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/Vl5Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

UA102/He/HT-9/Be

LiA102/He/PCA/Be

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

17Li83Pb/NS/HT-9/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

LOCA

2

1

2

1

2

2

2

2

2

2

2

2

2

2

2

2

Utility Points

LOFA

2

2

2

2

2

2

2

1

0

0

0

2

2

2

2

2

LOSP

2

2

2

2

2

2

2

1
i.

0

0

0

2

2

2

0

0

Indexa

Score

1.00

0.83

1.00

0.83

1.00

1.00

1.00

0.67

0.33

0.33

0.33

1.00

1.00

1.00

0.67

0.67

a. Index score = one-sixth times the sum of the individual LOCA, LOFA, and
LOSP utility points.

b. See Table 5.4.3-3 for explanation of scoring scheme.
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heat sink. For all otter coolants a breeder would remain in the event of a

LOCA so that something may serve as a heat sink other than the

afterheat-producing structural material.

For helium-cooled designs, LOCA's are relatively easy to protect

against. Instead, LOSP's and LOFA's are the toughest problems. It appears

that the liquid-metal breeders designs can cope with these transients but

that solid breeders cannot, without the help of an active protection system.

For the salt and water-cooled designs the use of dual, parallel

coolant loops is taken zo provide adequate protection from LOCA and LOFA

transients. The toughest problem appears to be LOSP. The key approach

would seem to be natural circulation, which may be viable for the salt but

may not be credible for water because of its two-phase, pressurized nature.

In the general area of cooling transients, several R&D-type issues are

relevant. First, as is stated elsewhere, magnetic effects on liquid metal

flow is a key R&D item. However, it is vital that those studies include

transient fluid flow and transient magnetic field cases. Likewise,

transient code capability for these cases is required. Second, the

behavior of Nitrate Salt during a transient involving thermal transients

needs further study. Excessive decomposition could be a fatal flaw.

Third, modeling and some experiments are needed to better determine the

ability for natural circulation to cool the various blankets. Experiments

are needed in the molten salt cases to study buoyancy and thermal stability

and in the liquid metal cases to study the hindrance from the magnetic

field. Fourth, the thermal emissivity of structural material after

operation is important in loss-of-coolant cases. The emissivity of these

cases is poorly known and should be studied using representative metal

surface conditions: plasma-side walls (clean, low emissivity), liquid

metal-corroded walls, and helium impurity-oxidized walls.

The use of "low-activation" steels could have an influence if the

afterheat levels for the first several hours differed appreciably from the

reference steels. Specific calculations have not been rfone, but it is

known that manganese, e.g. Tenelon, leads to several times higher afterheat
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levels at shutdown than iron. Tungsten, e.g. modified HT-9, may pose a

similar problem. Thus, "low-activation" steel3 are not expected to help in

cooling transients, but rather to hurt. It is possible that a

"low-activation" steel version blanket would not meet the cooling transient

design goals even though the reference version would. Thus the impact of

"low-activation" steels could be 0 to 6 SFM points negative.

Use of a low-activation alloy like V-alloy does help, as indicated in

the index scores. Use of a low-activation ceramic like SiC would totally

solve afterheat problems (and most other radiological problems).

5.4.3.4 Fault Tolerance to External Forces, Index 6

Several externally-caused forces may accidentally occur. For BOSS

purposes, these are plasma disruption (tokamak), rapid loss of plasma

(mirror), off-normal magnetic fields due to magnet disturbances, and

seismic events. The probability of these initiators occurring is blanket

independent, unless first wall choice somehow influences the frequency of

plasma disturbances. Therefore, only the relative consequences due to the

transients are relevant for the comparison in this study.

5.4.3.4.1 Design Philosophy

The overall design philosophy is that blanket structures should be

capable of withstanding external forces without (a) significant structural

failure or (b) loss of radioactivity from the module and primary coolant

system. Additional specifics are indicated in the following sections.

5.4.3.4.2 Evaluation Scheme

The index is equally divided into thermal, electromagnetic, and

mechanical coupling of the external forces with the blankets. This type of

separation directly highlights the material and geometrical properties

relevant to the various external forces. The only external force directly

giving a thermal effect is a plasma disruption. The eddy currents in

hiankets caused by electromagnetic transient? can only cause modest
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temperature increases . Both plasma disturbances and co i l - r e l a t ed

t rans ients give electromagnetic forces. Finally, seismic events cause a

d i rec t mechanical impact to the blankets .

The evaluation scheme is summarized in Table 5.4.3-5, more detai led

discussions are given in the following subsections. Basically, 0 to 2

u t i l i t y points a re assigned for each concept for each of the three types of

external coupling-thermal, electromagnetic, and mechanical. The primary

thermal coupling in a tokaraak would come from a major plasma dis rupt ion .

The relevant figure of merit is the re la t ive thermal s t ress generated in

the f i r s t wall normalized by the s t ructural mate r ia l ' s yield s t rength .

Rapid mirror plasma losses do not appear to have a significant thermal

influence on bla..kets so the issue of thermal coupling does not appear

relevant for mirror blankets.

TABLE 5-4.3-5 SCORING SCHEME FOR FAULT TOLERANCE TO EXTERNAL FORCES,
INDEX 6

Thermal Impact of Plasma Distribance (2 u t i l i t y points)

Mirror - Transient causes n i l thermal impact, a l l blankets get 2 points

Tokamak - Blankets get 0 to 2 points on basis of re la t ive values for
a Ea

the figure of meri t : k(i-v)o
y

Electromagnetic Impact of B-field Disturbance, plasma or coil induced
(2 utility points)

Mirror - All blankets get 2 points

Tokamak - All blankets get 0 points

Mechanical Impact of Seismic Disturbances (2 utility points)

Blankets get 0 to 2 points on basis of relative values of figure of
merit;(b' Ms

a. Bs/k(l-v)av is the relative thermal stress divided by the yield
stress, see text.

b. M, is the mass of a blanket sector.
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The electromagnetic fields in the vicinity of the blanket can be

directly perturbed from either a plasma disturbance or magnet coil

transient calculations. However, significant variances among blankets were

not found.

A seismic event would cause direct mechanical shaking of the blanket.

In lieu of detailed dynamic seismic force calculations, the relevant

figure-of-merit is the total blanket mass.

5.4.3.4.3 Mirror Plasma Loss

The reference plasma dump has a time scale of 100 msec. The plasma

would escape tc the end cell, with nil thermal impact on the blanket. The

magnetic impact is potentially important- Following a rapid plasma dump, a

10 ram first wall will experience a pressure of about 0.04 MPa in the

direction toward the plasma. The pressure in a one meter thick 17Li83Pb

blanket is predicted to be 0.3 MPa. The pressure for a blanket of 10%

steel is predicted to be 0.1 MPa. All of these results are pressures small

in comparison to operating conditions. The stresses corresponding to these

pressures are of order 8 MPa. Further, since the EM pressure loading as

well as the blanket geometry are radially symmetric, there is no net load

transferred to the support of the blanket.

It is important to realize that a rapid plasma loss for mirrors is not

a likely event. They are hypothetical, not having been observed in mirror

experiments. Because such a transient does not have a direct thermal

impact to the blanket, mirror blankets should not and are not relatively

ranked in the thermal-coupling area. All blankets get the best score of 2

utility points for thermal-coupling. Likewise, it appears that the direct

magnetic coupling is minor. All blankets get the best score of 2 utility

points for magnetic-coupling.

Basically, a hypothetical rapid plasma loss appears to pose a small

risk, low probability and low consequences. The issue should not be

forgotten since the predicted pressures are not totally insignificant.

Future reactor designers should at least consider the problem. For the
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above reasons, this issue does not influence the relative comparison.

Future work is needed to verify that any variance among blankets,

potentially influenced by the presence of liquid-metals, is not sufficient

to make this transient a significant risk.

5.4-3.4.4 Tokamak Plasma Disruption

Inadequate examination of the impact of tokamak plasma disruptions on

the various blankets has been performed in this study. For comparison

purposes the impact is divided into thermal and magnetic. The

state-of-knowledge indicates that the risk from both thermal or magnetic

effects is significant. In lieu of detailed thermal effects calculations,

the most appropriate basis to judge the relative thermal effects is a

thermal stress figure of merit: Ea/k(l-v)a , where these physical

properties of the first wall structural material are relevant: Young's

modulus (E), thermal expansion coefficient (a), thermal conductivity (k),

poisson's ratio ( y), and yield stress (o ). The result is HT-9 is

midway between PCA and V15Cr5Ti, which vary by a far tor of three.

Actually, several slightly different figures of merit are relevant, '

but the rank ordering is always V15Cr5Ti(best), HT-9, and PCA. The

2 thermal-coupling utility points are assigned on this basis. Coolant and

bree " >r choice is not relevant.

The magnetic impact appears significant. The stress analysis of both

the liquid-metal-cooled and the helium-cooled blankets are based on a

static pressure of the order of 0.6 MPa on the first wall directed towards

the plasma. This pressure causes stresses in the blankets in two ways.

First, the pressure causes additional bending of the first wall aad the

blanket over and above that due to coolant pressure. Typically this causes

additional bending stress of 50 MPa in the liquid-metal-cooled-designs and

a maximum of 152 MPa at the base of the lobe for the helium-cooled

designs. When added to the stresses due to the coolant pressure, the total

stresses are within the allowable limits for both designs. Secondly, this

pressure causes additional stresses due to the global bending of the

blanket and these stresses are critically dependent on how the blanket is

supported. Based on one support configuration (not necessarily the optimum
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configuration), the maximum additional stress in the liquid metal cooled

blanket occurs at the first wall near the inboard support and equals

-169 MPa. When added to the stresses due to coolant pressure, dead weight

of the coolant and structure and seismic loading, the total stress is still

within the allowable bending stress limit. The torque due to the EM

loading causes a shear stress of only 14 MPa in the first wall. This

analysis also shows that a radial thrust of 11 MN per sector has to be

supported by the inboard wall support. A parallel analysis for the helium

cooled designs has not been carrL t out. However, since the pressure

loadings due to the disruption and the first wall areas are similar, a

thrust of similar magnitude will also come on the supports of the heliura

cooled designs. This thrust is not negligible and will require careful

design of particularly the inboard wall supports where available space is

limited in both designs. It should be remembered that all disruption

stress analyses to date have been based on a static pressure whereas in

reality the pressures are applied and removed dynamically in tens of ms.

The resultant dynamic stresses could be higher or lower than those computed

so far dependent on the mass, stiffness and damping of the blankets.

However, based on the stress analyses conducted to date there is no basis

to conclude that the liquid-metal-cooled blankets are more critical than

the helium-cooled designs as far as EM loading because of disruptions are

concerned.

Given the level of analysis to date, variance of magnetic-coupling

risk among blanket concepts has not been discovered. Since this problem

appears quite significant, all blankets were given 0 utility points in this

area.

5.4.3.4.5 Coil-Related Magnetic Transients

Plasma disturbances are not the only potential soutce of

magnetic-coupling to a blanket and associated structures. Failures of the

various magnets may provide another source of magnetic disturbance. No

analysis of any such coupling wa^ performed for this study, but it is felt

that any impact would not be highly blanket dependent and is not included

in the evaluation.
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Another issue is the possibility of any induced stresses on

ferromagnetic HT-9 piping either during normal or off-normal conditions.
(82)

Although such forces do exist, based on previous work they appear to

be quite manageable and are not included in the evaluation.

5-4.3.4.6 Seismic Events

Li'.ke the case of a magnetic field, a seismic disturbance has the

potential to couple with several parts of the reactor and plant

simultaneously. A preliminary examination of the level of the problem
(2)

started with the STARFIRE reference operational-basis earthquake with

ground shaking of 0.13 g horizontal and 0.09 g vertical. A conservative

estimate to determine blanket survivability is to then apply a 4.4 g

acceleration in all three directions simultaneously. At least one blanket,

17Li83Pb/17Li8^?b/V, does not meet this conservative criterion, indicating

that a problem might exist. A detailed dynamic structural analysis would

be needed to verify that heavier designs could withstand seismic loading.

Such an analysis is b.-yond the scope of this study.

Since it appears that a problem exists, it is relevant to grade

blankets in this area. The chose figure of merit is simply the total

blanket mass.

5.4.3.4.7 Index 6 Results

Details of EM interactions and stress analysis can be found in

Chapter 6. Based on the above discussions, the individual utility points

for each blanket for thermal, electromagnetic, and seismic coupling have

been determined and are summarized in Tables 5.'1.3-6 and 5.4.3-7 along with

the corresponding Index 6 scores.

5.4.3.5 Fault Tolerance to Near-Blanket System Interactions, Index 7

The blanket does not exist by itself; it is surrounded by several

other components and potentially interacting systems. These include the

reflector (if separate from the blanket), shield, near-plasma components,
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TABLE 5.4.3-6. INDEX SCORES FOR FAULT TOLERANCE TO EXTERNAL FORCES,
INDEX 6, FOR MIRROR BLANKETS

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/Vl5Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

L7Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

HA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

l.iAlO2/NS/PCA/Be

LiA102/H20/HT-9/Be

HA102/H20/PCA/Be

Ut i l i ty Pointsa

Thermal Electromagnetic

22

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

Seismic

1.51

1.48

0.42

0.38

1.67

1.60

0.00

1.66

1.93

2.00

2.00

1.00

1.98

1.98

1.81

1.81

Index
Score

0.92

0.91

0.74

0.73

0.95

0.93

0.67

0.94

0.99

1.00

1.00

0.83

1.00

1.00

0.97

0.97

a. See Table 5.4.3-5 for explanations of scoring scheme.

b. Index score = sum of utility points divided by six.
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TABLE 5.4.3-7. INDEX SCORES FOR FAULT TOLERANCE TO EXTERNAL FORCES,
INDEX 6, FOR TOKAMAK BLANKETS

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9

I7Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/KT-9

FLIBE/He/HT-9

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

l7Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Thermal

2

1

2

1

2

1

1

1

1

1

0

1

1

0

1

0

Utility Points

Electromagnetic

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Seismic

1.56

1.51

0.05

O.OC

1.75

1.67

0.21

1.77

1.93

2.00

2.00

1.00

2.00

2.00

1.87

1.87

Index
Score

0.59

0.42

0.34

0.17

0.63

0.45

0.20

0.46

0.49

0.50

0.33

0.33

0.50

0.33

0.48

0.31

a. See Table 5.4.3-5 for explanations of scoring scheme.

b. Index score = sum of utility points divided by six.
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primary heat exchangers/steam generator, magnets outside the shield, and

the reactor building. The following subsections, 5.4.3.5.1-6, describe

these and limits the scope of the evaluation. subsections 5.4.3.5.7-8

indicate the design goals and evaluation scheme. Results appear in

subsection 5.4.3.5.9.

5.4.3.5.1 Potential Interactions

The number of possible interactions between the blanket and

surrounding systems is large, too large for all to be fully considered in

this study. There are three reasons for this. First, the allowable

manpower to analyze the interactions is limited. Second, many of the

issues and mechanisms involved are not understood. Third8 the BCSS is

focused on blanket choice comparisons. These near-blanket system

interactions are only relevant to the extent that it appears that there is

a considerable difference in how blankets might interact with other

components. This is particularly of interest in the cases where the

potential interaction carries sufficient associated risks that the

particular blanket choice forces some major change in the near-blanket

systems. The approach for the BCSS has been to screen the possible

interactions and then to focus the evaluation on only the most critical

near-blanket systems. The following subsections contain brief discussions

of the possible interactions.

5.4.3.5.2 Reflector and Shield

Early in the BCSS, some of the blankets had a separate reflector. The

final designs, however, have evolved to where none of the concept designs

uses a reflector with a coolant different from the blanket coolant. Hence

there are no reflector-blanket interactions.

The shield is a low pressure, low temperature system, but several

interactions may be of interest. First, ito potential role as a heat-sink

in the event of blanket cooling loss is sometimes significant, but this has

already been covered in Index 5. Since the shield normally removes a few

percenc of the total heat load, it would only represent a very modest

additional heat source on the blanket/reflector should shield cooling loss
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occur. The probability for a shield cooling loss is likely to be

blanket-independent and not relevant to this study.

Second, if a shield were to fail, it could interact with the blanket

via shield-coolant/blanket-raaterial chemical interactions. The worrisome

cases are when water is the shield coolant with reactive metals, lithium or

vanadium, in the blanket. Recent work indicates the Vl5Cr5Ti

oxidation is rapid for temperatures over 650°C coupled with oxygen partial

pressures over 10 Pa. This oxidation causes formation of a eutectic

V 0 -Cr 0. oxide that is molten above ^655OC and causes

significant vanadium volatility. Thus, such a pressure-temperature

combination could lead to both V15Cr5Ti wall failure and radioactivity

mobilization. The MARS and STARF1RE shields have water at under 100°C and

about 100 kPa pressure. It is possible that a shield water leak could lead

to oxidizing potential over 10 Pa in the vacuum chamber. The uncertainty

is whether the cold water would cool the first wall below 650°C, initially

at or above 750°C, sufficiently fast. The chance of a oxidation transient

occurring is likely controlled by the exact details of a given

blanket-shield arrangement as well as the time history of the leak.

Another complication is the issue of how the plasma would behave as steam

enters. In a mirror, a loss of plasma would not further heat the first

wall, so no special problem exists. In a tokamak, a steam-triggered

disruption could further heat the first wall with associated increased

oxidation of the wall and/or could directly fail the wall.

If the first wall fails either from wall oxidation (if Vl5Cr5Ti) or

from an induced plasma disruption (tokamak), then the steam may interact

with the rest of the blanket. In the case of the self-cooled blankets,

first wall failure causes lithium or 17Li83Pb to mix with water. In the

case of Li/He or 17Li83Pb/He, a second failure of the breeder tube is

necessary before water-liquid metal reaction could occur.

Third, shield failure could cause pressurization of the plasma

chamber. Depending on the exact boundary of the plasma chamber vacuum

boundary, the location of the break, and volume and type of shield coolant,

such a transient may pressurize and fail the vacuum chamber. Table 5.4.3-8

summarizes the possible reflector and shield interactions with the blanket.
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TABLE 5.4.3-8. REFLECTOR AND SHIELD INTERACTIONS WITH THE BLANKET

Blanket Type Reflector/Shield Potential Interactions Comment

All

All

Reflector is
integral with
blanket

Water-cooled
shield

None

Shield as heat source

Shield as heat sink

Chemical reactions

Plasma disruption
triggered, f irst
wall fails

Vacuum chamber
pressurization

Building pressurization

None

Not evaluated,
minor problem

Evaluated for
blanket cooling
transients,
Index 5

Concern for
Li, V15Cr5Ti
blankets

Concern for
tokamak

Concern

Evaluated in
Index 8

5.4.3.5.3 Near-Plasma Components/Mirror

Of all the components near the blanket, it appears that the most

important interactions are those between the blanket and near-plasma

components. The higher importance stems from several factors. First,

ignoring any design restrictions on these components imposed by blankets,

these components are more difficult to design. Thus, it is more important

to know if blanket choices further restrict the limiter or choke coil

design than it is to know if the shield would need to be redesigned. For

example, nonwater-cooled shields are certainly feasible, sut nonwater-

cooled limiters are more problematical. Second, the mere proximity of the

limiter and choke coil to the plasma and to the blanket raises the

probability of interactions among the three. For example, a leak from a

limiter could likely lead to a plasma disruption, thereby subjecting the

blanket to the limiter coolant and the plasma disruption.
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Several interactions appear plausible between blanket and near-plasma

components in a mirror, summarized in Table 5.4.3-9. Relevant components

include Che restive part of the choke coil and its shielding, the direct

converter, and the he • ~ ^.a^er. The first issue is the possibility of

thermal shock to the fii •<*• -all from an impinging jet of water. For a leak

of the direct converter or halo scraper, there is only about a 0.001%

chance that a line-of-sight from the leaked jet to part of the first wall

would occur. In addition the water would have to travel tens of meters.

As indicated later, thermal shock is only possible if some condensed water,

rather than sceam, strikes the wall. Thus there is a nil probability that

a leak of the direct converter or halo scraper could thermal shock a

blanket first wall. For the case of the choke coil and its shielding, the

solid angle subtended by the first wall is larger so that there is a 5%

chance that a line-of-sight from a leaked jet to part of the first wall

would occur. The water would have to travel a distance of meters. It

appears to be low probability that such a leak could thermal shock a first

wall.

Second, any intrusion of a fluid could disturb the plasma, thereby

leading to a blanket impact. However, in a mirror plasma losses do not

appear to impact the blanket, removing this type of possible interaction.

Third, intrusion of water could pressurize the plasma chamber. The
3

volume of the plasma chamber of MARS appears to be about 700 m .

Assuming sufficient heat transfer from the first wall to steam, about

500 kg of water is needed to over pressurize the chamber. This is of the

same order as the amount of water in the entire choke coil and associated

shielding so that such a single leak would not be expected to over pressure

the chamber. The direct converter and halo scraper have 1-2 orders of

magnitude more water, initially at i*300°C and 22 MPa; a leak could

pressurize the chamber.

Fourth, as explained for t^e case of shields, an oxidizing environment

could oxidize and fail a V15Cr5Ti first wall and the issue is whether the

first wall can be cooled fast enough. Further analysis would be required

to answer this question with key aspects of (a) how large a leak occurs,
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TABLE 5.4.3-9. MIRROR NEAR-PLASMA COMPONENT INTERACTIONS WITH BLANKETS

Blanket Type

All

Component

V first wall

Li bearing

17Li83Pb
bearing

Water-cooled
direct converter
and halo
scraper

Water-cooleu
choke coil and
shielding

Water-cooled
direct converter

Water-cooled
choke coil and
shielding

Water-cooled
components

Water-cooled
components

Potential Interactions

Over pressure of plasma
chamber

Thermal shock of first
wall

Over pressure of plasma
chamber

Thermal shock of first
wall

Oxidation and failure of
wall, volatility

Oxidation and failure of
wall, volatility

Violent chemical
reaction

Mild chemical reaction

Comment

Concern

Nil
probability

Unlikely,
insufficient
water

Very low
probability

Concern

Concern

T^ssible if
lithium
released

Possible if
..7T-!83Pb

(b) how long does it take for the oxygen potential Co reach at least iO P",

and (c) does the blanket first wall cool below 650°C in that amount of time?

Fifth, should a Li/Li blanket wall fail while water is in the vacuum

chamber, lithium-water reactions could occur. The same would be true for a

Li/He blanket if the lithium breeder tubes also failed. This should/must

be avoided since the Li-H 0 reaction is quite exothermic and could lead

to temperatures over 1000°C, depending on the amount of material available

for reaction, the geometry, and any heat sinks. 17Li83Pb-water reactions

are milder than Li-KLO but still of some concern based on recent tests at
(86)HEDL, which are discussed in the steam generator subsection,

5.4.3.5.7.
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5.4-3.5.4 Near-Plasma Components/Tokamak

The key near-plasma component in a tokamak is a limiter, and several

limiter-blanket interactions appear possible, see Table 5.4.3-10. The

first issue is the possibility of thermal shock of the first wall from a

jet of water from a leak of limiter water coolant. Because of the tokamak

geometry, any limiter leak is aimed at some part of the first wall, in

contrast to the mirror case. Using a criterion based on Reference 83 of

a =

wher

(0.1

a

d

q

qd)
k(l-n) * C

i
max

= stress

= wall

heat

thickness

flux

to determine if a thermal impulse fails the wall and a wall thickness of
fi 2

5 mm, it is found that heat fluxes of order 4 - 12 x 10 W/m are

TABLR 5.4.3-10. TOKAMAK NEAR-PLASMA COMPONENT INTERACTIONS WITH BLANKE'iS

Blanket Type Component Potential Interactions Comment

All

V first wall

Elemental
Li bearing

Water-c jled
limiter

Helium-cooled

limiter

Lithium-cooled

limiter

Water-cooled
limiter

Water-cooled
limiter

Overpressure of plasma
chamber

Thermal shock of first
wall

Overpressure of plasma
chamber

Thermal shock of first
wall

Oxidation and failure of
wall

Chemical reaction

Concern

Concern

Very low
probability

Concern(?)

Concern

Concern
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required to thermal shock the wall. The above expression is valid for

short durations, under about 0.2 sec for these materials. The lower end of

Cha range corresponds to 316SS and the higher one to Vl5Cr5Ti.

A second criterion was based on Reference 81:

where

t = time

K = thermal diffusivity

Ac the longest time period (generally a few msec) for which the expression

is valid and assuming a 5 mm wall, one finds that heat fluxes of 1 x 10
ft *)

(316SS) to 3 x 10 (V) W/m could cause thermal shock. Overall, heat
6 7 ?

fluxes for short times of 10 - 10 W/m are cause for concern.

Based on heat flux expressions from References 84 and 85] it appears that

fairly cold water (^lOO'C) from a limiter leak striking a hot first wall

can achieve such a heat transfer. Steam or helium could not achieve

sufficiently fast heat transfer, but lithium might. The chance of a

blanket coolant thermal shocking a limiter wall seems lower since the

temperature difference is lower than between limiter coolant and blanket

first wall.

The second issue is whether a fluid would disturb the plasma, thereby

leading to a blanket impact. In a tokamak such a disruption could lead to

thermal and/or magnetic effects on the first wall leading to either

elevated temperatures or wall failu-ie or both.

Third, intrusion of water could pressurize the plasma chamber. One
3 . . .

sector of the limiter has about 2 x 10' kg water associated with it,
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sufficient to raise pressures to 600-800kPa as the first wall heats the

water/steam to 300-500°C. A helium or lithium-cooled limiter could not

cause this problem.

Fourth, an oxidizing environment in the vacuum chamber could oxidize

and eventually fail a V15Cr5Ti first wall, also causing radioactivity

mobilization. As in other cases the issue is how rapid 10 Pa oxygen

partial pressure is reached versus first wall cool-down.

Fifth, there are Li-H 0 and 17Li83Pb-H 0 reaction concerns if

liquid metal in the blanket were released. The probability of this

occurring if a water-cooled limiter ruptures appears high enough to merit

special concern. Because of the possibility of thermal shock, adverse

plasma disruption effects, and severe wall oxidation (if V15Cr5Ti), leak of

cold (<100°C) limiter water could well cause blanket first wall failure

(initially at ,>600°C for steels, ̂750 for V-alloy).

3.4.3.5.5 Primarjr Ji^^

In principle any steam generator or intermediate heat loop transient

is of concern to the blanket since it might imply loss of heat removal

function. For evaluation purposes, however, this is not considered here.

Rather, one can consider it to be a case in-between LOCA and LOFA, which

were already considered in the cooling transient evaluation, Index 5.

Other than loss of heat removal, some special issues should be mentioned,

see Table 5.4.3-11.

The Li/Li blankets use a sodium intermediate loop in order to avoid

the possibility of radioactive, primary-loop lithium combining with

steam/water in a steam generator, similar to LMFBR policy. To be

consistent, one might make the case that if having water next to a primary

Li(or Na) loop, but away from the nuclear island, is unacceptable, then

having water in the nuclear island with lithium in the blanket is

unacceptable. In any case, use of a sodium loop takes the Na-H 0 steam

generator problem out of the reactor building so that any chemical reaction
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TABLE 5.4.3-11. STEAM GENERATOR INTERACTIONS WITH BLANKETS

Blanket Potential Interactions Comment

All

Li/Li with
Na intermediate loop

17Li83Pb/17Li83Pb

All helium-cooled

designs

Li/He/HT-9

H/He/V

All salt-cooled
designs

All H20-cooled

designs

Loss of heat removal
function

2 reactions,
external to reactor
buildings

17Li83Pb-H20 reactions

Pressure increase in helium

reactions

2 reactions
V-H2O oxidation

Pressure increase in salt

None

Indirectly accounted
for in cooling
transient
evaluation, Index 5

From blanket
perspective, only
serves as one of
many ways to lose
cooling

Concern

Pressure relief
valve required

Concern

Concern
Concern

Pressure relief
valv required

None

cannot harm the blanket. From the blanket perspective, the intermediate

loop Na-H_O react:

generator function.

loop Na-H_O reaction only serves as one of many ways to lose steam

In future design studies, designers should consider eliminating the

intermediate loop and using a double-wall steam generator instead. The

double-wall with leak detection reduces the probability of interaction.

Here it is important to draw a distinction from the LMFBR case. In

LMFBR's, a primary loop sodium/water interaction would mobilize highly

activated sodium. In fusion, a primary loop lithium/water iteration would

only mobilize lithium impurities, corrosion products, and tritium. The

increased risk of eliminating the intermediate loop for lithium self-cooled
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designs may be warranted given the savings in economics ("̂ 4% decease in

COE) and engineering complexity.

The 17Li83Pb/17Li83Pb blankets do not use an intermediate loop, so a

steam generator break leads to 17Li83Pb-H_O reactions. A recent test at

HEDL used a steam-generator-type geometry. Steam at IMPa, 350°C was

injected into 200 kg of 17Li83Pb at 500°C at a rate of about 5 g/s for

325 s. The temperature rose to 87O°C and may have started to level off,

perhaps because of lithium depletion. The lithium content fell from 0.0068

weight percent to 0.0022 weight percent. Material collected from the

aerosol and from the top of the reaction chamber included LiOH, Li 0,

and Pb.

(87)
These results are consistent with recent modeling. The results

indicate that thermodynamics allow a Li + H_0 steam generator temperature

over 2000°C for possible reaction zone pressures; 17Li83Pb + H O

temperatures are thermodynamically limited to about 1200°C. Kinetics

calculations indicate that reaction zone temperatures for Li + H O could

be high enough to melt steel. More detailed, more realistic calculations

are needed to determine if fault propagation is possible for a Li + H O

case. Similar kinetics calculations for 17Li83Pb + H O indicate upper

temperatures of 1100°C, too low to melt near-by tubes.

The maximum 17Li83Pb + H O temperatures lie somewhere between 870°C

(experiments) and 1100°C (modeling). These temperatures are those

projected for the liquid metal reaction zone. If nearby tubes are

subjected to these temperatures for long times they may fail, although it

should be emphasized that nearby tubes would still be cooled, removing heat

from the reaction zone and lowering nearby tube temperatures. At this time

it is not known if propagating tube failures are possible or likely in a

17Li83Pb-water steam generator. Thus the viability of that combination is

unknown. If failure propagation is found to be reasonably likely, it

appears that the 17Li83Pb cooled blanket would have to have an inarmed iate

loop with associated economic and thermal efficiency penalities*
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In summary, the reference cases are to use an intermediate loop with

lithium-cooled blankets and not to use an intermediate loop with

17Li83Pb-cooled blankets. The key issues include the possibility of fault

propagation following a single water tube break and the radioactivity

consequences of metal-water interactions. Given what is known at the end

of the BCSS, it appears that the pressure response in the steam generator

is about the same, regardless of the liquid-metal being sodium, lithium, or

17Li83Pb. The primary loop radioactivity is higher in sodium (LMFBR) and

17Li83Pb but lower in lithium. Future analysis might conclude that a

primary 17Li83Pb steam generator had higher risk than a primary lithium

steam generator, possibly leading to the conclusion of having an

intermediate loop for a 17Li83Pb-cooled blanket, but not for a

lithium-cooled blankett the opposite of the reference BCSS case.

The helium-cooled designs operate with about 5.2 MPa pressure helium.

The steam pressure is 8.3 MPa. Thus a steam generator leak could raise

pressure in the helium coolant. A simple pressure relief valve system

should be an acceptable passive safety safeguard. One would also probably

use some active detection means to monitor for leakage into the helium and

shutdown if the leakage were too high. The He/Li/HT-9 and He/Li/V blankets

are special cases. At any given time there may be some level of leakage

from helium coolant to lithium breeder so that they may be a pathway from

steam generator to lithium. However, the time to respond appears long

( hours?) and the amount of moisture (and associated Li + H-0

consequences) involved is likely to be small. Thus the steam

generator-lithium breeder risk seems fairly low. The He/V case has an

additional worry, attack of the V15Cr5Ti by steam or air. If V15Cr5Ti

operating temperatures are above 650°C as seems likely, then oxidation

appears a concern for even modest oxygen partial pressures, perhaps as low

as 10 Ps>. This is one motivation for the Li/He/V15Cr5Ti design using a

double wall steam generator, to reduce the probability of water in-leakage.

The only special steam generator concern for the Nitrate Salt blankets

is pressure. The salt is initially at 0.4 MPa with steam at 10.4 MPa. As

in the case of helium designs, a pressure relief valve system should

fulfill the need for passive safety. The salt does not react with water.
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5,4.3.5.6 Magnets and Building

The resistive portion of the choke coil magnet Eor the mirror is

considered with near-plasma components. The electromagnetic interaction

between all magnets and blankets is considered under external forces,

Index 6, and is not repeated here. The possibility of missile generation

from any magnet failure cannot be ruled out at this time, but in any case

would have blanket-independent failure probability. If missiles were

generated, the blanket transient would be a loss of coolant into the vacuum

chamber, considered under near-plasma components in this index; or a loss

of coolant into the breeder zone, considered under coolant-breeder

interactions (Index 4 ) ; or a major loss of cooling, considered under

cooling transients (Index 5). Further examination of missiles is beyond

the scope of this study. If magnets were to experience a cryogen release,

the building would be somewhat pressurized; this is discussed in Index 8.

Thus, other than choke coil involvement via the release of coolant into the

plasma chamber, magnet interactions are either not considered or considered

in other indices.

The building, in a sense, transmits a seismic disturbance to the

reactor and blanket. The seismic issue is evaluated under external forces,

Index 6. The possibility of blanket-dependent failures to the containment

function of the reactor building is considered in Index 8. Magnet and

building concerns are summarized in Table 5.4.3-12.

TABLE 5.4.3-12. MAGNETS AND bUTLDING INTERACTIONS WITH BLANKETS

Component

Magnets

Building

Interaction

Electromagnetic

Missile damage

Cryogen pressurization
of building

Seismic forces

Blanke t-dependen t
failure modes to
containment function

Comments

Discussed in Index 6

Resulting damage translates into
transients considered elsewhere

Discussed in Index 8

Evaluated in Index 6

Evaluated in Index 8
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5.4.3.5.7 Design Philosophy.

The first two design goals were established early in the study. The

third came later. The first design goal is that the first wall and blanket

should withstand failures in nearby components. These include limiters,

choke coils, and shields. This prevents failure propagation. The second

design goal deals with chemical reactions and says that lithium-water

reactions, in or near the blanket should be eliminated by design. For

liquid-lithium modules, this eliminated the option of water-cooled blanket

modules. Early in the study it was agreed that v;ater-cooled shield,

limiters, divertors, or choke coils may be acceptable with a liquid lithium

module, provided that the probability of substantial lithium-water reaction
-4

is ^10 per year or lower. A third design goal needed to be added

later in the study after Eb&G experiments indicated the seriousness of

V15Cr5Ti-air reactions. The third design goal is that Vl5Cr5Ti-steam

reactions should be eliminated by design whenever the V15Cr5Ti temperature

is above 650°C and the equivalent oxygen partial pressure is over 10 Pa

(10 atmosphere). These matters will now be discussed.

5.4.3.5.8 Evaluation Scheme

Via the above discussion, the wide-ranging area of near-blanket system

interactions has been considerably narrowed with cooling, electromagnetic,

and building concerns being evaluated elsewhere and minor issues being

eliminated from further attention. The remaining problems are all

associated with the plasma chamber, specifically chemical reactions,

chamber pressurization, and thermal shock.

The technical issues associated with blanket/plasma chamber/limiter

and blanket/plasma chamber/choke coil chemical reactions and accidental

pressurization are exceedingly complex. Tables 5.4.3-13 and 5.4.3-14 list

factors influencing the risk of simultaneously using water and the highly

reactive metals, lithium and Vl5Cr5Ti.

The key issues with V15Cr5Ti are temperature and oxidizing potential.

EG&G experiments indicate that 100 kPa (one atmosphere) air in contact with
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TABLE 5.4.3-13. PROBABILITY FACTORS INFLUENCING THE RISK OF SIMULTANEOUSLY
USING REACTIVE METALS AND WATER IN A FUSION REACTOR

Scenario: Water-cooled component failure induces liquid-metal-cooled
component failure

—Probability of water leaking from water-cooled component

—Probability of water reaching the liquid metal-cooled
component given a water leak

—Probability of liquid metal-cooled component failing given
contact of water

Scenario: Common cause failure of both components

—Probability of one initiator failing both components, e.g.,
plasma disruption or seismic event

Scenario: Liquid-metal-cooled component failure induces water-cooled
component failure

—Probability of liquid metal leaking from liquid-metal-cooled
component

—Probability of liquid metal reaching the water-cooled
component given a liquid metal leak

—Probability of water-cooled component failing given contact of
liquid metal

All Scenarios:

—Probability of activated material being mobilized given
reactive metal-water reaction

—Probability of mobilized material being transported away from
the reactor
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TABLE 5.4.3-14. SOME CONSEQUENCE FACTORS INFLUENCING THE RISK OF
SIMULTANEOUSLY USING REACTIVE METALS AND WATER IN A
FUSION REACTOR

—Amount of water that is leakable

—Volume of vacuum chamber

--Amount of liquid metal that is leakable

—Liquid metal choice: lithium vs. 17Li83Pb

—Structure choice: V15Cr5Ti vs. steel, coppera

—Distance between water-cooled component and liquid-metal-cooled
component8

—Water pressure and temperaturea

—Liquid metal-cooled component plasma side temperaturea

—Liquid metal temperature"

—Water-cooled component plasma side temperature"

a. Influences ability of water/steam to fail liquid-metal-cooled component,
e.g., thermal shock (likely if water still in condensed state when strikes
the liquid metal-cooled component) or V15Cr5Ti rapid oxidation.

b. Influences ability of liquid metal to fail water-cooled component, e.g.,
thermal shock (depending on temperatures involved).

Vl5Cr5Ti above 65O°C produces a V 0 -Cr?0 -TiO molten oxide

(m.p. •v-655°C) with substantial V 0 volatility. 100 kPa carbon

dioxide gas exposure only pushed the vanadium oxidation state to V0

(m.p. 1545QC) rather than V 0,. Thus the lower oxidizing potential of

carbon dioxide avoided the formation of molten oxide and caused about an

order of magnitude less vanadium volatility. It is expected that the

primary issue for the steam case is which oxide state, V0 or V 0

is reached. This should be a function of steam pressure and temperature,

but the function is unknown at present. Based on the carbon dioxide and

air results, steam with oxygen partial pressures below M.0 Pa at M35O°C

should not produce the V Or specie, allowing a V15Cr5Ti wall to
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survive. Steam with oxygen partial pressure ,>IOO Pa at >650°C is

likely to produce the V-CL specie, causing rapid wall failure and

radioactivity mobilization.

The key issue with the steel case is whether exposure to water/steam

would cause a first wall failure. Operational temperatures are

insufficient for rapid oxidation to occur, but thermal shock is another

pathway.

A Li-H 0 reaction in the vacuum chamber would likely have serious,

unacceptable, consequences.

Although a 17Li83Pb-H 0 reaction should be avoided, its consequences

are orders of magnitude less serious than the Li-H 0 case. Similarly,

the Li90-H,0 reaction should be avoided but is mild compared with

lithium. The breeders LiAlO and FLIBE do not react with water, but

LiAlO- does apparently dissolve.

ft is beyond the scope of this study to consider all the above

complexities in this evaluation. Initially an attempt was made to consider

some second-order differences among designs, e.g. Li/Li/V versus Li/He/V,

in the evaluation, but this became unworkable. Only first-order

differences, considering whether lithium or V15Cr5Ti are present at all,

were finally included.

The first stage is to determine if any concepts have a fatal flaw,

Table 5.4.3-15. Two cases appear unacceptable, Li/V and Li/steel with a

water-cooled limiter. The reason is that a single failure of the liraiter

cooling might lead to (a) first wall failure, (b) Li + H O reaction,

(c) plasma chamber pressurization and rupture, and (d) radioactivity

transport. All other combinations appear to lack one of these elements.

For example, a LiPb/V blanket with a limiter could experience elements (a),

(c), and (d) but not (b), Li + H O reactions. A Li/V blanket with a

water-cooled choke coil could experience (a) and (b) but there is not

sufficient water to rupture the chamber. For the above reasons,

nonwater-cooled limiters were adopted for Li or Vl5Cr5Ti designs. It
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TABLE 5.4.3-15. INDICATIONS OF WHICH COMBINATIONS SHOULD BE JUDGED AS
HAVING A FATAL FLAW

Blanket

Li/V

Li/V

Water-Cooled
Component

Limiter

Choke Coilc

Fatal Flaw?

Us

No

Li/steel Limiter Yes

Comments

Assumes Twal^ >650°C

Water supply not adequate
to pressurize vacuum chamber,a

design makes FW thermal shock
unlikely; V-wall failure possible

FW can be thermal shocked'3

Li/steel

LiPb/V

LiPb/V

Choke Coil

Limiter

Choke Coil

No

No

No

Design makes FW thermal shock
unlikely

V-wall failure possible

Water supply not adequate

LiPb/steel Limiter

LiPb/steel Choke Coil

No

No

to pressurize vacuum chamber,a

design makes FW thermal shock
unlikely; V-wall failure possible

Only mild reactions

Only mild reactions

a. Issue is whether water can pressurize and rupture vacuum chamber as well
as raise oxidation high enough to push V15Cr5Ti to final oxidation state,
V2O5, which melts >650°C.

b. Issue is whether water leak necessarily fails FW.

c. Choke coil refers to the resistive part and its associated shielding.

should be noted although passive means to eliminate these flaws have not

been found (other than removing water or lithium), active protection
(88)

schemes appear possible. For example, it has been proposed that the

water inventory be dumped rapidly to an external tank if one detects water

leaking into the vacuum chamber, requiring several active measures to work.
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The second stage is a relative comparison among concepts. The scoring

scheme for mirror blankets is given in Table 5.4.3-16. All designs use

water in the choke coils (and associated shielding), direct converters,

halo scrapers, and shields. As explained above, the evaluation is only

based on the first-order questions of which reactive metal, vanadium or

lithium, is present. 17Li83Pb should probably be slightly penalized, but

its risk appears much lower than lithium or vanadium*

The scoring scheme for tokamak blankets is given in Table 5.4.3-17.

The final designs all employ water-cooled shields. However, at early

stages of the study, some were helium-cooled and the evaluation scheme had

been established to account for the benefit of completely removing water

from the nuclear island.

5.4.3.5.9 Index 7 Results.

Given the above evaluation scheme, the scores are straightforward.

Table 5.4.3-18 lists the scores for the mirror blankets. Although water is

present in the direct converter, halo scraper, choke coil and its

associated shielding, and the shields, no one single failure could

obviously lead to large scale Li-H 0 reactions. Given the level of

analysis in this study, tagging any mirror case as having a fatal flaw ie

not defendable. However, future reactor designers must seriously consider

the risk of water in these components, especially for blankets with

reactive metals. From the safety perspective it is strongly recommended

that no water be used in any of these components if lithium or V-alloy is

used in the blanket. A softer version of this recommendation is

appropriate for 17Li83Pb.

Table 5.4.3-19 lists the scores for the tokamak blankets. Because a

somewhat plausible case can be made that a single failure of a water-cooled

limiter could lead to H O - Li reactions if lithium or V is in the

blanket, use of a water-cooled limiter with lithium was judged a fatal

flaw. Of the elemental Li-bearing blankets, Li/Li/V and Li/He/HT-9 are

official tokamak cases for evaluation. Fatal flaw was avoided by use of a

lithium-cooled limiter. Such a limiter would also appropriate for Li/He/V
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TABLE 5.4.3-16. SCORING SCHEME FOR METAL-WATER REACTIONS IN FAULT
TOLERANCE TO NEAR-BLANKET SYSTEMS INTERACTIONS, INDEX 7,
FOR MIRROR CONCEPTS

Relative Consequence (0 to 2 utility points)

2 - Both reactive metals, vanadium and lithium, present.

1 - One reactive metal present.

0 - Neither reactive metal present.

Relative Probability

All concepts are approximately the same. All have water-cooled choke coils,
direct convertors, halo scrapers, and shields.

Relative Risk (0 to 2 utility points)

Relative Risk = Relative Consequences.

TABLE 5.4.3-17. SCORING SCHEME FOR METAL-WATER REACTIONS IN FAULT TOLERANCE
TO NEAR-BLANKET SYSTEMS INTERACTIONS, INDEX 7, FOR
TOKAMAK CONCEPTS

Relative Probability (0 to 2 utility points)

2 - Shield and limiter are both water-cooled.

1 - Shield is water-cooled.

0 - Neither shield nor limiter are water-cooled.

Relative Consequence (0 to 2 utility points)

2 - Both reactive metals, vanadium and lithium, present.

1 - One reactive metal present.

0 - Neither reactive metal present.

Relative Risk (0 to 4 utility points)

Relative Risk = Relative Probability x Relative Consequence.
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TABLE 5.4.3-18. INDEX SCORES FOR FAULT TOLERANCE TO NEAR-BLANKET SYSTEM
INTERACTIONS, INDEX 7, FOR MIRROR BLANKETS

Blanket

Li/Li/Vl5Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/KT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H2n/PCA/Be

Utility_ Points

Relative Consequence

2

1

1

0

2

1

0

0

0

0

0

0

0

0

0

0

Index
Score

o.ob

0.5

0.5

1.0

o.ob

0.5

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

a. Index Score = 1 - 1/2 (utility points).

b. Neither of these cases is a fatal flaw since a single failure would not
automatically lead to a substantial chemical reaction.
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TABLE 5.4.3-19. INDEX SCORES FOR FAULT TOLERANCE TO NEAR-BLANKET SYSTEM
INTERACTIONS, INDEX 7, FOR TOKAMAK BLANKETS

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/Vl5Cr5Ti

i 7Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

a. Index score = 1 - 1 / ?

Ut i l i ty Points

Relative
Probability

1

1

1

2

1

1

2

2

2

2

2

2

2

2

2

2

(relative risk

Relative
Consequence

2

1

1

0

2

1

0

0

0

0

0

0

0

0

0

0

points) .

Relative
Risk

2

I

1

0

2

1

0

0

0

0

0

0

0

0

0

0

Indexa

Score

0.0

0=5

0.5

1.0

0.0

0 .5

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0
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and Li/Li/HT-9. The LiPb/LiPb/V case is interesting* Use of a

lithium-cooled limiter with this case defeats a main value of using I.iPb in

the blanket. A 17Li83Pb-cooled limiter looks significantly more difficult

to design than a lithium-cooled limiter. A helium-cooled may be a better

idea, if feasible.

Elimination of water-cooled limifcers for lithium blankets designs

removed a fatal flaw but still leaves water in the shield. Future reactor

designers must seriously consider the risk posed by use of water,

especially with reactive metals. From the safety perspective, it is

strcngly recommended that no water be used in any component in the nuclear

island if lithium or V-alloy is present. A softer version of the

recommendation is appropriate for l7Li83Pb.

5.4.3.6 Fault Tolerance of the Reactor Building to Blanket Transients,

Tndex 8

Reactor accidents generally cannot harm the public unless

radioactivity or chemical toxins escape from the reactor building.

Therefore, a fusion reactor building will have some type of containment

function. The probability of containment failure is a very important part

of total reactor accident risk. Since the blanket choice can greatly

influence the containment failure probability, the potential of blanket

accidents to impair the containment, function is a valid and important part

of blanket comparisons and is the subject of Index 8.

5.4.3.6.1 Design Philosophy

Several design goals were established. First, the concept design

should prevent severe accidental pressure sources from compromising reactor

building containment integrity. Such accidents include loss of primary

coolant, e.g. water over pressure, and rupture of magnet helium integrity.

Second, concepts should be designed to prevent fires from chemical spills,

e.g. lithium-air reactions. Such fires could damage building equipment,

pressurize the building, and cause expensive (economic and occupational-

radiation exposure) cleanup. Third, concept design should prevent concrete
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reactions, e.g. lithium-concrete reactions. Again, . uch reactions could

pressurize the building, fail concrete and/or cause expensive cleanup.

5.4.3.6.2 Evaluation Scheme

The building issues divide into those directly associated with

(a) duilding atmosphere choice and over pressurization and (b) building

floor and equipment. For the former, the key designs are building

atmosphere choice and blanket fluid choices discussed in

subsection 5.4.3.6.3. For the latter, only blanket fluid choices are

relevant, discussed in subsection 5.4.3.6.4. The general scoring scheme is

indicated in Table 5.4.3-20 and explained below.

5.4.3.6.3 Building Atmosphere and Pressurization

The possible overpressures caused by various transients are strong

functions of the chosen blanket fluids and building atmosphere. These

TABLE 5.4.3-20. SCORING SCHEME FOR FAULT TOLERANCE OF REACTOR BUILDING TO
BLANKET TRANSIENTS, INDEX 8

Relative Probability (0 to 2 utility points)

2 - Coolant spill causes high pressure or equipment damage.

1 - Breeder spill causes high pressure or equipment damage.

0 - Neither -̂>olant nor breeder can cause high pressure ^r equipment

damage.

Relative Consequences (0 !:o 3 utility points)

3 - High pressure (̂ 100 kPa) in building (water).

2 - High pressure in building if secondary failure occurs (lithium).
1 - Equipment damage or very difficult cleanup required (l7Li83Pb,

Nitrate Salt, FLIBE).

0 - No serious damage or difficult cleanup required (Helium).

Relative Risk (0 to 6 utility points)

Relative Risk = Relative Probability x Relative Consequance.
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differences should be considered in both the safety and economic

evaluations of the various blanket concepts. This discussion details the

calculation of the maximum building over pressures for design purposes for

the various BCSS concepts.

The calculation of overpressure from release of helium coolant or

water coolant is straightforward and explained in Reference 5. For water,

overpressure scales approximately as (mass of water/volume of

building) 0.85. The result for the STARFIRE case is 80 kPa, which is
(2)

within the 70 to 100 kPa range indicated in the STARFIRE report. The
(4)analysis for MARS indicated an overpressure of 19 kPa from release of

the water coolant for the shield/reflector/direct converter systems. For

helium coolant, the overpressure scales approximately linearly v;ith the

mass of helium and inversely with building volume, with a more complicated

dependence on initial helium temperature.

The cryogenic helium release case must be considered since all reactor

designs must include magnets. If the blanket fluids cannot cause

overpressures higher than that resulting from a t-rŷ gen release, the

building overpressure design can ignore the blanket fluid choice. There is

one possible exception. If common-mode failures between cryogen and

blanket can be ruled out so that cryogen releases do not involve

radioactivity, then the building can simply release the expanding helium

rather than confine the pressure. For BCSS purposes, we can not rule out

cryogen releases that simultaneously involve radioactivity. Therefore, it

is assumed that the building must be able to confine cryogen-related

overpressures.

For a STARFIRE size building, equilibrium calculations^5'24'

indicate a final overpressure of ^2.4 kPa/Mg He released. Here, it is

assumed that the overpressure scales fnversely linearly with building

volume. A transient calculation for the specific FED design

indicates a final overpressure of -v-2.5 kPa/Mg He in failed coils or

^1.4 kPa/Mg He released.
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Appropriate cryogen system design for a tokamak should limit the

amount released to that associated with one TF coil. The BCSS tokamak base

case is a tokamak with 10 TF coils rather than 12 as in STARFIRE. The

total TF liquid helium is assumed to be the same as for STARFIRE. The

release of one TF coil helium causes "W kPa overpressure. There could be

an initial underpressure, depending on the transient, before the final

state is reached. For MARS, a value of 4 kPa overpressure for an end cell
(4)

magnet cryogen system rupture is expected.

(RQ—Q1)

Existing overpressure results for a lithium fire using the
(92)LITFIRE code in a STARFIRE-size building range from 100 to 220 kPa

with the lower value more recent. Temperatures in the lithium reaction

zone could reach 1260°C. Lithium-water or lithium-concrete reactions

could cause similar pressures, although the modeling is not sufficiently

advanced to know details.

Because of the litliium-air fire problem, use of another gas was

desired. Experiments indicate that the Li-CO reaction is even worse

than Li-air, so carbon dioxide gas is not an option for lithium cases.

Another approach would be to use fire-suppression techniques. From the

safety perspective, helium or another inert gas would be beet. Considering

economics, nitrogen was chosen. (Section 5.4.4 includes some

activation-relevant discussions.) Nitrogen does react with lithium, but

only mildly. 10-kg of lithium at 530°C, when exposed to nitrogen, just

cooled down. 10-kg of lithium at 840°C reacted with nitrogen to form

Li_N and the temperature rose to 960°C. Thermodynamically the free

energy change for Li + N going to Li_N is unfavorable above about
(5) . . . .

1000°C, inherently limiting the reaction. Because the highest lithium

temperature (600°C) in the BCSS is only modestly above the 530°C data

point, it is felt that lithium-nitrogen reactions pose only a minor risk.

Although V15Cr5Ti does not react with air to cause a pressure increase

and thus influence containment, it should be mentioned that an air leak

into a V15Cr5Ti structure while it is above 650°C could lead to

catastrophic failure. Use of nitrogen or carbon dioxide should solve this

problem.
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Unless elemental lithium (or sodium) is present, no significant

reactions or overpressures are expected with FLIBE. Nitrate salt could

pose a problem if reactive materials were available, but which materials

are relevant and the corresponding resulting pressures are unknown. For

now, if known reactive materials like lithium are avoided, possible

building overpressures from use of Nitrate Salt should be modest.

Localized pressures in the blanket, however, could still be high due to

salt decomposition.

The 17Li83Pb case is also not fully known. The major concern is water

by itself or as part of concrete. H is generated from the 17Li83Pb/

water reaction, at ^0.25 moles H per kg of 17Li83Pb reacted.
3 ^

Thus, 170 m of 17Li83Pb would have to completely react with water for

the level of hydrogen to reach the 4% lower hydrogen inflammability limit

in the building. This is unlikely. There is insufficient 17Li83Pb to

reach the 18% lower hydrogen detonation limit in the building. 17Li83Pb
, . . . . (54, 93, 94) . ,. . _(65)

appears fairly inert in air. A recent experiment

showed that 17Li83Pb is not inert in carbon dioxide. In fact,

17Li83Pb-carbon dioxide reactions appear to be worse than 17Li83Pb-air

reactions. In the BCSS, nitrogen was used as the cover gas for 17Li83Pb.

For these reasons, 17Li83Pb does not appear to present a building

overpressure problem; although, like Nitrate Salt, localized high pressures

might be possible.

The final question is what happens in those cases where the steam

generator is located in the building. Appropriate design, including check

valves, could probably reduce the problem, but it might be worse than the

cryogen release case. The special case of a lithium/steam generator is

ruled out: the intermediate sodium loop will go from the lithium primary

loop to a steam generator outside the reactor building. The special case

of a 17Li83Pb/steam generator is less clear, particularly since a recent

HEDL experiment indicates some volatilization of Pb from the 17Li83Pb-water
(86)

reaction.

Without water and lithium being present, the cryogen release case is

limiting. If substantial amounts of pressurized water aie present, the
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overpressure from water/steam blowdown dominates* If elemental lithium (or

sodium) is present along with air, water, or carbon dioxide, that case

dominates* Selection of helium, solid breeders, molten salts, or 17Li83Pb

does not appear to cause overpressure concerns for the building beyond that

from the cryogen release case. The major possible exception is Nitrate

Salt in the presence of reactive materials. The calculated maximum

overpressures are listed in Table 5.4.3-21 for the cases discussed above.

5.4.3.6.4 Concrete _and Equipment _Prote_ct_ion

With the exception of helium, t spill of other blanket fluids would

entail nontrivial problems. Since all will be activated, some occupational

exposure and waste disposal are likely to result.

TABLE 5.4.3-21. MAXIMUM OVER-PRESSURES (kPa)a

Starfire
Building

One TF Coil

End Cell

One Helium Coolant Loop

One Water Coolant Loop

Shield/Reflector/Direct
Converter Water

Lithium Fire (Lithium-Air
Reaction)

FLIBE

Nitrate Salt

I7Li83Pb

5<5>

80<5>

100

0

low b

0

Mars
Building

4(4)

6

97

19(4)

100

0

lowb

0

a. 1 kPa = 0.145 psi; numbers in parentheses are reference numbers.

b. Depends on which reactive materials are present.
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Hot lithium could easily damage any equipment it spilled on, but it

should be fairly easy to clean up. After lithium solidified, some <ould by

physically removed in pieces, the remainder could be steam-cleaned.

17Li83Pb or FLIBE could also damage any equipment they fell on.

Proper cleanup technique is not known, especially for 17Li83Pb.

Development of proper solvents to remove trace amounts of these materials

would be welcome. Disposal catch pans would be useful for highly

vulnerable places outside of the blankets. However, a solvent appears to

be required to remove 17Li84Pb , FLIBE if they fell between blanket

sectors. The 17Li83Pb might self-weld.

Nitrale Salt could damage equipment. Water could serve as a cleaning

solvent.

A small water spill should be fairly easy to clean* However, a large

water/steam release could damage unprotected equipment throughout the
(95)

plant, a finding from TMI experience.

5.4.3.6.5 Index 8 Results

The key assumption in the area of how the building reacts to blanket

transients is that the risk of chemical reactions has been reduced or

eliminated by design, especially in the case of lithium. For lithium

designs, a nitrogen atmosphere is used and assumed practical. Air and

carbon dioxide react very strongly with lithium while it appears that

nitrogen reacts only mildly. For lithium and 17Li83Pb, concrete reactions

are taken to be solved by use of a steel liner. To reduce any problems of

hot fluids striking concrete, steel liners were also used with FLIBE and

Nitrate Salt.

Given the above assumptions and design details, the Index 8

evaluations are somewhat straightforward and listed in Table 5.4.3-22. The

Li O/He and LiAlO /He designs are best because no transient has been

identified by which these blankets impact the containment function or

impose a difficult cleanup. The FLIBE/He and 17Li83Pb/He blankets pose a
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TABLE 5,4.3-22. INDEX SCORES FOR FAULT TOLERANCE OF THE REACTOR BUILDING
TO BLANKET TRANSIENTS, INDEX 8

Blanketa

Li/Li

17Li83Pb/17Li83Pb

Li/He

17Li83Pb/He

FLIBE/He

U20/He

LiA102/He

17Li83Pb/NS

LiA102/NS

LiA102/H20

Relative
Probabilitj

2

2

1

1

1

0

0

2

2

2

Uti l i ty Points

Relative
r Consequence

2

1

2

1

1

0

0

1

1

3

Relative
Risk

4

2

2

1

1

0

0

2

2

6

Indexb

Score

0.33

0.67

0.67

0.83

0.83

1.0

1.0

0.67

0.67

0.0

a* The blanket structural choice is not relevant to this index,

b. Index Score = 1 - 1/6 (relative risk points).

difficult cleanup of spilled breeder. In fact it is not clear how one

would remove either highly radioactive material from wherever it spilled,

building ^r vacuum chamber. The Nitrate Salt and 17Li83Pb-cooled blankets

pose a difficult cleanup problem of spilled coolant.

The Li/He blanket has a potential pathway to fail containment if

spilled lithium breeder were to contact concrete that has been covered with

steel. The same holds true for the Li/Li blanket except that a coolant

spill is more likely than a breeder spill. In either lithium case, lithium

fires are assumed eliminated by use of nitrogen gas in the building.

The water-cooled blankets pose a severe pressurization problem for the

containment function of the building.

5-186



5.4.3.7 Summary.

The blanket designs have been examined to see how fault tolerant they

are to breeder-coolant mixing (index 4 ) , cooling transients (index 5)>

external forces (Index 6), and failures of near-by systems (Index 7). The

impact of blanket failures on the containment ability of the reactor

building (Index 8) has also been examined. The resulting scores are listed

in Tables 5.4.3-23 and 5.4.3-24. Some brief comments follow.

For liquid-metal cooled blankets, the main problems are chemical

reactivity of lithium, 17Li83Pb, and V15Cr5Ti. It has been assumed that

nitrogen atmospheres are used with lithium and 17Li83Pb to prevent fires.

This assumption requires that, first, nitrogen-lithium reactions are

mild; experimental evidence supports this. Second, this probaility of air

from outside the building influencing chemical reactions must be

insignificantly small. This probability should indeed by insignificantly

low. For air from outside the building to react with lithium requires

(a) the lithium being spilled, (b) the containment function of the building

being massively failed, (c) a driving force for air to displace nitrogen in

the building being present, and (d) sufficient time occurring to allow the
5 3

oxygen concentration in a volume of 2 x 10 m to raise to near normal

atmospheric levels. Reactor building design will, however, have to

preclude pathways for air to bypass the containment function. For example,

it would not be wise if the RF ducts that lead into the plasma chamber come

from outside the reactor building, as for STARFIRE, as this provides a path

for air from the outside directly into the plasma chamber.

It has also been assumed that the risk reactions with water have been

reduced because of the use of nonwater-cooled limiters and assumed adequate

separation of liquid-metal and water. Even with these favorable

assumptions, use of lithium or vanadium has some penalties in the fault

tolerance evaluation. For heavier blankets, specifically 17Li83Pb, it has

not yet been verified that the blanket could be seismically qualified.
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TABLE 5 . 4 . 3 - 2 3 . SUMMARY OF FAULT TOLERANCE SCORES, INDICES 4 - 8 , FOR
MIRROR CONCEPTS

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9/Be

KLIBE/He/HT-9

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Index
4

1.00

1.00

1.00

1.00

0.67

0.67

0.67

0.67

0.67

0.67

0.67

0.00

0.33

0.33

0.67

0.67

Index
5

1.00

0.83

1.00

0.83

1.00

1.00

1.00

0.67

0.33

0.33

0.33

1.00

1.00

1.00

0.67

0.67

Index
6

0.92

0.91

0.74

0.73

0.95

0.93

0.67

0.94

0.99

1.00

1.00

0.83

1.00

1-00

0.97

0.97

Index
7

0.00

0.50

0.50

1.00

0.00

0.50

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

Index
8

0.33

0.33

0,67

0.67

0.67

0.67

0.83

0.83

1.00

1.00

1.00

0.67

0.67

0.67

0.00

0.00

Total
Faulta

Tolerance

19.50

21.42

23.46

25.38

19.74

22.62

25.02

24.66

23.94

24.00

24.00

21.00

24.00

24.00

19.86

19.86

8

a. Total Fault Tolerance = / I.W., ranges from 0 to 30.

i=4
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TABLE 5.4.3-24. SUMMARY OF FAULT TOLERANCE SCORES, INDICES 4~8, FOR
TOKAMAK CONCEPTS

Blanket

Li/Li/V15Cr5Ti

H/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

HA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Index
4

1.00

1.00

1.00

1.00

0.67

0.67

0.67

0.67

0.67

0.67

0.67

0.00

0.33

0.33

0.67

0.67

Index
5

1.00

0.83

1.00

0.83

1.00

1.00

1.00

0.67

0.33

0.33

0.33

1.00

1.00

1.00

0.67

0.67

Index
_J

0.59

0.42

0.34

0.17

0.63

0.45

0.20

0.46

0.49

0.50

0.33

0.33

0.50

0.33

0.48

0.31

Index
7

0.00

0.50

0.50

1.00

0.00

0.50

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

Index
8

0.33

0.33

0.67

0.67

0.67

0.67

0.83

0.83

1.00

1.00

1.00

0.67

0.67

0.67

0.00

0.00

Total
Fault3

Tolerance

17.52

18.48

21.06

22.02

17.8.?

19.74

22.20

21.78

20.94

21.00

19.98

18.00

21.00

19.98

16.92

15.90

8

a. Total Fault Tolerance = / . I.W., ranges from 0 to 30.

i=4
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For helium-cooled designs, the main issues are reactive metals

(Li/He/V, Li/He/HT-9), cooling transients (FLIBE/He, L^O/He,

LiA10?/He), and breeder container breaks (all). Other than chemical

reactions, no very serious flaws appear likely.- The capacity of these

designs to survive (a) pod depressu^ization, (b) braeder depressurization,

and (c) breeder container failure would have to be verified for a specific

design. The chemical reaction risk of beryllium in the FLIBE and LiAlO

cases seems low because the beryllium is used as bulk pieces rather than

powder.

The main problems with Nitrate Salt involve either salt decomposition

with pressure buildup or salt chemical reactivity with beryllium or

l7Li83Pb. It has been assumed that the salt will not undergo severe

pressure buildup with a modest temperature increase. It would not be

acceptable if a mild (^100°C) temperature increase above operating

conditions caused high pressure increases. The data in Reference 57

suggest that this is the case. Similarly, although beryllium pieces do not

appear to react quickly with the salt, it is feared that beryllium powder

would be more reactive. The viability of the 17Li83Pb/NS concept depends

on demonstration that large-scale mixtures of these materials can produce

only mild consequences. This has been observed for gram-scale quantities

but thermodynaraic considerations and the observation that the reaction goes

to completion are not causes for optimism.

The main problem with water-cooled designs involve its high pressure

and two-phase nature. Although the tube break problem has been largely

solved by design, emergency cooling is needed for loss-of-power transients

because of the difficulty of keeping the water from flashing to steam in

the coolant lines.

Clearly, the fault tolerance results depend on several assumptions;

almost all deal with chemical reactions, either their seriousness or the

practicality of design solutions. Table 5.4.3-25 lists some key potential

serious flaws for blankets in the area of fault tolerance. These have

already been mentioned, and they represent the key uncertainties in the

area of fault tolerance. All blankets except Li?0/He, LiA109/He, and

FLIBE/He appear at least once on the list.
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TABLE 5.4.3-25. LIST OF POTENTIAL VERY SERIOUS FLAWS IN THE AREA OF FAULT
TOLERANCE

Issue Blanket Type Comment

Lithium-air fires

Vl5Cr5Ti-air reaction

Lithium-water reactions

Vl5Cr5Ti-water reactions

17Li83Pb-water reactions

Salt-beryllium reactions

Beryllium-alr reactions

Seismic qualification

Li/Li, Li/He

Li/Li/V, LiPb/LiPb/V,
Li/He/V

Li/Li, Li/He

Li/Li/V, LiPb/LiPb/V,
Li/He/V

LiPb/LiPb/V,
LiPb/LiPb/HT-9

Nitrate Salt decomposition All NS blankets
and/or pressure increase

LiA102/NS/Be

LiA102/NS/Be,
LiA102/H2O/Be

17Li83Pb

Nitrogen atmosphere
assumed to solve
problem

Nitrogen or carbon
dioxide atmosphere
assumed to solve
problem

Assumed reduced by
design, especially
use of non-water-
cooled limiters

Assumed reduced by
design, especially
non-water-cooled
limiters

Assumes steam
generator tube
break does not
propagate

Assume salt
sufficiently stable
to avoid problem

Assume reaction
mild

Assume probability
reduced because of
carbon dioxide
building atmosphere

Assumed do-able
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5.4.4 Normal Radioactivity Effluents,, Index 9

The preceding sections include the parts of the safety evaluation

associated with accident risks. The remaining sections are associated with

expected behavior and corresponding risks: normal radioactivity effluents

(considered here), occupational exposure (Subsection 5.4.5.1), and waste

management (Subsection 5.4.5.2). Normal operation of a fusion facility is

expected to result in a small amount of radioactive effluents being

released to the environment. The subject of this index is a comparison

among blanket concepts on that basis. Several sources and types of

effluents are conceivable, but only one, tritium loss through the steam

generator, has received much attention in this study.

5.4.4.1 Sources of Effluents

A summary of the potential sources of effluents is given in

Table 5.4.4-1. The basic types of radionuclides of interest are atmosphere

activation products, tritium, and coolant activity. These are discussed in

more detail in the following subsections.

5.4.4.1.1 Atmosphere Activation Effluent Source

The building gases that were considered in this study were air, carbon

dioxide, nitrogen, and helium. There was inadequate time for all the

ramifications of cover gas choice to be considered. Some aspects of the

choice are indicated in Sub;•• action 5.4.3.6 where the choice influences the
(2)possible severity of various chemical reactions. Because the STARFIRE

(3 4)
and MARS ' studies selected carbon dioxide as the cover gas, it was

adopted in this study, except for the blankets using liquid lithium or

17Li83Pb. Experimental results indicate that the Li-CO reaction is more

violent than lithium-air. The same is now known to be true for 17Li83Pb

reactions with carbon dioxide and air; carbon dioxide is worse.

Thus, some other gas than air or carbon dioxide should be selected for

liquid lithium and l7Li83Pb blankets to prevent fires. Because of the cost

and perceived difficulty of using helium as the cover gas, nitrogen was

selected.
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TABLE 5.4.4-1. POTENTIAL SOURCES OF EFFLUENTS

Source

Atmosphere
Activation
Products

Tritium permeation/leakage
to steam loop via steam
generator

Tritium permeation/leakage
into the building,
ultimately to the
environment

Coolant activity leakage
co steam loop via steam
generator

Coolant activity leakage
into the building,
ultimately to the
environment

Coolant activity losses
from Coolant Processing

Included in BCSS
Safety Evaluation

NO

YES

SOME

NO

NO

Comments

SOME

Designer choices, N2
and CO2, do not entail
significant risk to
public

Very difficult to limit,
sufficient information
available for analysis

Very design detail
dependent, beyond scope
of this study; two
barriers to release

Appears serious mainly
for water-cooled
systems

Very design detail
dependent, beyond scope
of this study; two
barriers to release

Appears particularly a
problem fcr Nitrate Salt
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It should be noted that it is not an absolute requirement that nonair

gases be used. Even if such gases are used to cover more vulnerable

components, there is no requirement for the nonair gas to be used

throughout the building. The selections of carbon dioxide (solid breeder

and FLIBE blankets) and nitrogen (lithium and 17Li83Pb blankets) had the
(2)

advantages of (a) being consistent with the more recent Tokamak and

mirror design * studies, (b) imposing similar economic and

practicality constraints among the blanket concepts, (c) largely removing

fires as a safety concern, and (d) avoiding significant atmosphere

activation problems, the subject relevant here.

The public doses from building activation can be estimated for some

isotopes from past studies. For the case of nitrogen cover gas in

STARFIRE, the predominant concern is the N (n,p) C reaction.

However, if all C produced is released, the site boundary dose

commitment is of the order of arem/year (see, e.g. Reference 7), i.e.
(2)

totally insignificant. As the STARFIRE report points out, if Lne

nitrogen is not slowly vented continuously during operation, then the C

level would reach the MPC-worker level after about five years.

14
The possible production of C from carbon dioxide gas is orders of

magnitude less than from air or nitrogen. The production of N from air

or carbon dioxide and venting of the building would lead to releases of

order 1-10 mCi/yrr however, th^ si.ort half-life (7.13s) of N would

lead to dose commitments of order nrem/yr or lesss totally insignificant.

Thus, use of either nitrogen or carbon dioxide cover gases with

STARFIRE-type reactor shielding should not lead to significant public

exposures from atmosphere activation; therefore, the building atmosphere

activation source term is not relevant to the BCSS.

5.4.4.1.2 Tritium Effluent Source

No possible fusion reactor effluent has received more attention in the

fusion program than tritium. Adequate tritium control has long been a

major concern. However, much more information is needed to predict with
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confidence the complete control of tritium effluents. The most recent study

of the various tritium effluents is the GEIS technical report, which

divided sources into these general areas: (a) plasma, vacuum, and fueling

systems, (b) blanket tritium removal system, (c) building atmosphere

cleanup and waste handling, and (d) permeation and leakage from the

coolant. These are summarized in Table 5.4.4-2 and detailed below.

The upper bound, conservative limits for the tritium release rate for

the plasma, vacuum, and fueling systems in the GEIS was 10 Ci/day. A lower

bound was not estimated. For BCSS purposes, this category is not relevant

because the magnitude of releases is blanket independent, not important to

Che blanket comparison.

The tritium effluents from the blanket tritium removal systems appear

Co be smaller, less than 1 Ci/day. Significantly, this was the result

even though the GEIS considered both the LiAlO./H O/PCA and Li/He/316SS

cases, i.e. both liquid and solid breeders. Thesa are two completely

TABLE 5.4.4-2 POSSIBLE TRITIUM EFFLUENT SOURCES

Components

plasma, vacuum,
fueling systems

blanket tritium
removal system

building atmosphere
cleanup, waste
handling

permeation and
leakage from
coolant

Upper Bound Release
Estimate (Ci/d)

10a

la

la

100b

Comment

blanket-independent,
release value could be
significantly lower

could be the most
difficult to solve
in the long run;
blanket-dependent

most

a. Estimates from GEIS, Reference 7.

b. Maximum allowable value in BCSS for transfer to steam generator tritium
Report.aj
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separate types of systems. All solid breeders, LiAlO and Li 0, are

assumed to use a helium purge stream to carry tritium from the blanket to

the tritium processing equipment. The 17Li83Pb self-cooled design concept

uses a similar approach, a helium purge stream to carry tritium from the

17Li83Pb coolant to the tritium processing equipment. The other liquid

breeders, elemental lithium and FLIBE, use completely different

approaches. Because (a) the details of the exact processing scheme for the

various breeders are somewhat undefined, (b) the releases are probably

sinall, near 1 Ci/day, (c) existing studies (the GEIS) do not show a breeder

dependence, and (d) BCSS project resources did not allow much design of t'ue

breeder processing systems, it was decided not to include the tritium

breeder processing pathway in the comparison.

The GEIS also indicated that the category of building atmosphere

cleanup processing and waste material handling should contribute a tritium

effluent of under 1 Ci/day. Dependence on blanket material choice could

come from two sources: (a) differences in leakage from blanket systems to

the building atmosphere and (b) differences in the tritium content and

volatility in waste material generated from the various blanket systems.

The waste material pathway was not considered further in the BCSS because

the effluent contribution appears fair! v- small, because there was not an

adequate figure-of-merit to compare concepts, and because there were not

resources available to try to determine the dependence on blanket material

choice, if any. The atmosphere cleanup pathway would seem to scale

directly as the load on the atmosphere cleanup unit, which in turn would

scale as the leakage from tritium-related systems into the building.

Blanket choice influence on the amount of tritium leakage into the building

stems from either the breeder choice or the coolant system choice. As

discussed above, the breeder system does not seem to have a strong impact.

The influence of the coolant system on the amount of tritium getting into

the building is relevant and discussed below.

Given the above discussion among the possible tritium effluent

sources, the potentially largest and most blanket-dependent effluent

appears to be permeation and leakage from the coolant. The effluent rate

could easily be as high as the 100 Ci/day value adopted as a screening
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value in the early stages of the BCSS. This release category can be

subdivided for further consideration.

Coolant-related releases could come from either the permeation or

leakage mechanisms. Either of these could result in tritium going from the

coolant to either the building atmosphere or the steam cycle (sodium

intermediate loop in the case of the lithium self-cooled design), see

Table 5.4.4-3. Because the GEIS only considered two coolants, water and

helium, and much of the relevant data have been updated since then, the

GEIS discussions are less relevant or valuable to this comparison than they

were in the preceding discussions for noncoolant effluent sources.

For the case of the permeation release mechanism, the actual losses

should depend on the surface area and the possibility of downstream side

tritium recovery, once the coolant, coolant wall material (external to the

blanket), and associated tritium inventory are fixed. The area in the

steam generator appears at least an order of magnitude higher than the

TABLE 5.4.4-3. TRITIUM PERMEATION AND LEAKAGE FROM COOLANT

Release
Mechanism

Downstream
Environment

Permeation Building atmosphere

Permeation Steam cycle, via steam
generator

Leakage Building atmosphere,
via valves, pumps, etc.

Leakage Steam cycle, via steam
generator

Comments

Should be less important than
permeation to steam cycle
because (a) lower surface area
involved, (b) released tritium
could be recovered via building
atmosphere processing, (c) more
flexibility in adding permeation
barriers.

Likely a significant release
pathway.

Likely a significant release
pathway; however, released
tritium could be recovered via
building atmosphere processing.

Possibly a significant release
pathway, especially for water
coolant.
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coolant wall area exposed to the building. Also, since nonsteam-generator

walls are not heat transfer surfaces, one has much more flexibility to add

barriers, if needed, to reduce permeation losses. The GEIS estimates that

99% to 99.9% of the tritium released to the building can be recovered by

building atmosphere processing, or even secondary enclosures. The

traditional view is that tritium that gets into the steam side is lost to

the environment, which is also the case for CANDU reactors. '

Although this view is assumed here, an important area of future research

would be to see if there were cost-effective means to prevent some of the

tritium in the steam cycle from ultimately reaching the environment. For

the above reasons, permeation into the building should be several orders of

magnitude less important than permeation in the steam generator

(lithium-to-sodium heat exchanger in the case of the lithium self-cooled

design), and is not further considered here.

Thus, the one permeation pathway considered in some detail in the BCSS

is the permeation from coolant to steam cycle. Adequate control of this

pathway was not easy in the study for most of the various design teams,

confirming that it is an important area of comparison.

The leakage mechanism is not so easily discussed as permeation.

Although some estimates are possible for the leakage from water and helium

systems, the lack of any operating experience with the liquid metal or

molten salt coolants makes those cases very difficult to evaluate. The

GEIS goes into the most detail for the case of pressurized water—"typical

leakage rates through LWR steam generator tubes may be approximately

45 kg/d." They go on to note that fusion reactors will probably have to do

better because of tritium concerns. Thus they state, "it appears

reasonable tc assume leakage rates near the lower part of the range

estimated for current and projected near-term CANDU reactors, approximately

10 kg/d." Just as for permeation, leakage acroes the steam generator

into the steam side is more important, per amount lost, than that leaked

into the building.

(98)
The EPRI technical risk assessment came to similar conclusions

and adopted 24 kg/day-GWe as the reference value for water leakage into the
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steam generator. This value is used for the BCSS. It should be noted that

primary water coolant would also be lost via leakage directly to the

building atmosphere. Scaling the results from CANDU ' experience

and the INTOR discussions, ' leads to a value of <v.200 kg/day-GWe

from primary coolant to building. The latter pathway would be less

important to atmospheric effluents since most would be recovered by the

building atmospheric cleanup system.

For the case of helium-cooled designs, HTGR experience and analysis

are adopted. The base case is that 1% of the helium coolant will leak into
(99)

the building each year. Standard design practice of using clean

helium back-fill gases with valves and circulator seals is responsible for

this low •» value. Thus as valves leak, clean helium at higher pressure

leaks into the helium coolant. In similar fashion, because the steam

pressure (8-3 MPa) is higher than the helium coolant pressure (5.2 MPa),

leak?ge at the steam generator will be into the helium. It should be noted

that the GEIS assumed 1% helium loss per year into the steam

generator, rather than into the building. This appears to be an incorrect

citing of Reference 99.

Unfortunately, there are not GEIS estimates for liquid metal or salt

systems. However, these should be very small. In all these cases, the

pressure gradient is from a high pressure steam cycle to lower primary

coolant pressure. In the case of lithium, tritium has to leak or permeate

into the sodium intermediate loop and then leak or permeate into the steam

side. Because of the sodium-water reaction, that steam generator is

designed for extremely low leakage. The LMFBR design called for double

wall tubing with leak detection. Thus the tritium leakage pathway should

be small, at least relative to permeation.

The Nitrate Salt case has the least experience. There is no chemical

reaction between the salt and water to motivate very low leakage steam

generators. However, there is a strong motivation due to tritium and

activation products in the salt. Fortunately, the total driving pressure

gradient is very much against salt (0.4 MPa) leaking into the steam

(10 MPa). For BCSS purposes, no salt-to-steam leakage will be assumed.
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In summary, the coolant leakage is somewhat uncertain. The tritium

leakage loss from the water coolant to the environment is taken as 10 kg of

coolant per day. 200 kg/day-GWe of water is assumed lost to the building

atmosphere. The leakage loss from the helium coolant to the building is 1%

of the helium inventory per year. The liquid metal and salt coolants were

assumed to have insignificant leakage losses, relative Co permeation.

5.4.4.1.3 Coolant/Breeder Activity Effluent: Source

Coolant or breeder activity include both the presence of activated

corrosion products as well as activation of the coolant material itself.

Such coolant activity could be the source of radioactive effluents in

several ways: (a) leakage from primary coolant to the steam generator!

(b) leakage from primary coolant to the building atmosphere whereupon a

small fraction would escape from the building, or (c) effluent stream from

coolant processing systems. Similar items are relevant for breeder fluid

activity. It is possible that nontritium effluents from the coolant or

breeder could be more radiologically significant than tritium effluents, as

was mentioned in Reference 7. Three key items must be known to adequately

estimate coolant/breeder activity effluents; (a) the steady state activity

levels, by isotope and chemical form, in coolants and breeder fluids,

(b) location and amounts of leakage, and (c) the details of coolant and

breeder processing systems down to the level of precise chemistry control.

Severe data gaps exist for these items for most of the fluids in this

study. Knowing steady state activity levels requires adequate prediction

of corrosion/sputtering rates, transport, deposition, and processing

systems. The details of most coolant or breeder fluid systems are sparse-

Of all the fluids in this study, meaningful estimates of nontritium

effluents could only be made for helium and water. Thus, it was not

possible to directly compare blanket concepts on the basis of coolant/

breeder radioactive effluents. However, some indirect comparisons have

been included.

First, the steady state activity levels in fluids have been estimated

and are a basis for comparison in indices 2,3,10, and 11, source term

characterization, occupational exposure, and waste management. Thus a
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major aspect of comparing nontritiura effluents among blankets has already

been explicitly included in the safety evaluation. Second, the concepts

that would ba expected to be the best from this activation product effluent

aspect, helium-cooled blitnkets, already appear top safety candidates in the

evaluation. Third, the concept that would be expected to be the worst,

Nitrate Salt, is explicitly treated as a special case in the effluent

evaluation, Index 9, and has been given a zero score

(Subsection 5.4.4.3.3). Overall, except for the special case of Nitrate

Salt, it is not felt that leaving out nontritium effluents has a strong

impact on the final safety evaluation. Given the knowledge available, it

is felt that the effect, if any, on the safety rankings if one could

include nontritium effluents in the comparison would be to (a) further

increase the safety attractiveness of helium designs and (b) decrease the

attractivenese of lithium-cooled steel and 17Li83Pb-cooled concepts..

5.4.4.2 Design Philosophy

The design philosophy for controlling effluents that was adopted

during the early stages of the study was not particularly useful. "Concept

design should minimize normal tritium losses to the environment. Concepts

requiring fewer tritium control barriers/systems are preferable because of

the higher assurance of success and higher flexibility in meeting possible

future standards." Although this design suggestion was initially

written for the case of tritium, it applies equally well to the other

sources of effluents.

The problem with the above statement from the interim report is that

there is inadequate guidance on how the designer should accomplish this

minimization. The early guidance did, however, provide numerical targets.

The screening value for acceptance of alternate blanket concepts was

100 Ci/day. The initial utility function for determining the relative

value was established such that concepts releasing over 10 Ci/day were

given zero points in the comparative evaluation. As discussed in the

following section, the utility function was later relaxed.
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5.4.4.3 Evaluation Scheme

As discussed above, it was decided to evaluate blankets on Che basis

of tritium loss through the steam generator, with the one special case of

activity from the processing of Nitrate Salt. Thus, there are three

aspects to the evaluation scheme, detailed in the following subsections:

appropriate tritium release limits, the utility function to actually

compare concepts, and how to handle the case of Nitrate Salt.

5.4.4.3.1 Tritium Guidelines for Evaluation

Any design guidance or limits on tritium effluents from a fusion

reactor are necessarily speculative. It is not known what future standards

might exist. Neither is it known just how well releases will be controlled

or at what cost. Ideally, the eventual standards will themselves be a

function of the cost versus benefit of controlling tritium releases.

On the other hand, it has long been acknowledged by the fusion

community that adequate tritium control will be required. Since the

blanket choice can have so much influence on the amounts, mobility, partial

pressures, and chemical forms of tritium, blankets have to be compared on

the basis of difficulty of controlling releases. Thuss designers need some

guidance concerning what level of releases is "good" and what level is

"bad."

The original intent of the design philosophy also included the idea

that concepts requiring fewer tritium control barriers and systems are

preferable because of the higher assurance of success and higher

flexibility in meeting possible future standards. However, the concept

designs have all evolved to the point where multiple control features are

necessary. In the concepts with separate coolant and breeder, both the

tritium breeder helium purge system and the coolant must be processed to

remove tritium. The lithium self-cooled concept requires both the primary

and the intermediate sodium coolant loops to be processed for tritium

removal. The 17Li83Pb self-cooled concepts require processing of the

entire coolant stream as it leaves the blanket. All designs also depend on
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various oxide barriers. Thus, the difficulty of controlling tritium has

led all the design teams to use multiple barriers and control systems.

Therefore, the relevant comparison among blankets in the area of control of

tritium loss into the steam generator is simply the rate of loss.

The question then is how well should tritium release be controlled.

Three approaches are summarized in Table 5.4.4-4. First, a more

traditional approach in the U.S. fusion community has been to start with

the 5 mrem/yr maximum individual regulatory dose limits from atmospheric

releases, imposed on LWRs by the U.S. NRC. Using existing dose calculation

codes like TREM and AIRDOS, ' l the maximum individual dose

for releases from a 100 m stack and 500 m exclusion zone is about

0.05 mrem/yr per Gi/day released atmospherically. Thus the corresponding

regulatory limit would be 100 Ci/day, neglecting allotment for nontritium

contribution to dose. Given the desire to design below the regulatory

limit and giving some allotment to nontritium contributions to dose, an

appropriate design goal is approximately 10 Ci/day of tritium released to

the atmosphere. Had a shorter stack of 10 m been used, the regulatory

limit would drop from 100 Ci/day to 10 Ci/day.

Second, a Canadian approach could be used. The Canadian regulatory

limit is 500 mrem/yr with a design goal of 5 mrem/yr. If one uses their

dose experience for releases at their Pickering and Bruce facilities, the

average maximum individual dose is about 0.018 mrem/yr per Ci/day released

atmospherically. This is one-third less than that calculated for the

assumptions of 100 ra stack and 500 m exclusion zone. Using their 5 mrem/yr

design goal and their dose experience, one could design to release

280 Ci/day to the atmosphere assuming no allotment for nontritium

contribution to dose. Using parameters of 100 m stack and 500 m exclusion

zone would result in a 100 Ci/day design goal, assuming no allotment for

nontritium contribution to dose.

Third, one could use a modified, more up-to-date U.S. approach. NRC

limits do not apply to fusion. However, EPA regulations most likely will.

The EPA is currently proposing a limit on maximum individual dose from

atmospheric radioisotope releases of 10 mrem/yr, it may be raised to
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TABLE 5.4.4-4. POSSIBLE TRITIUM RELEASE GUIDELINES

(1) More traditional approach in U.S. fusion community

o Adopt 5 mrem/yr maximum individual regulatory dose linrt from
atmospheric releases^8'

o Assume ill tritium releases are atmospheric

o 100 m stack, 500 m exclusion zone

o Result—100 Ci/day regulatory limit, neglecting nontritiura
contribution to dose limit^'

o Result—10 Ci/day approximate design goal for atmospheric tritium
effluents^

(2) Canadian Approach

o Adopt 500 mrem/yr as maximum individual regulatory dose limit

o Adopt 5 mrem/yr as maximum individual design limit

o Canadian dose experience at their facilities' '

o Result—-280 Ci/day appropriate design goal, assuming no allotment
for nontritium contributions

o Result—100 Ci/day appropriate design goal, assuming 100 m stack,
500 m exclusion zone, and no allotment for nontritium
contributions to dose

(3) Modified fusion U.S. assumptions

o Adopt 10 mrem/yr maximum individual regulatory dose limit from
atmospheric releases*'6''

o Assume 75% of tritium is released to atmosphere, 25% to aquatic
systems

o 100 m stack, 500 m exclusion zone

o Result—267 Ci/day regulatory limit on coolant/steam generator
tritium loss, neglecting nontritium contributions to dose and
other tritium contributions to dose

o Result—30 Ci/day design goal for coolant/steam generator tritium
loss(f)

a. U.S. NRC limit for LWRs is 5 mrem/yr.

b. Based on dose calculations^103'10^ using both the TREM^100^ and
AIRDOS-MIT^102^ codes.

c. Design limit should be lower than regulatory limit to allow for
nontritium dose contribution as well as uncertainty. Note, a 10 m stack
would lead to a 10 Ci/day regulatory limit.

d. Based on References 96, 97.

e- 10 rarem/yr is the current U.S. EPA proposed limit, which may be raised
to perhaps 25 mrem/yr, which would raise the design goal to perhaps ^70
Ci/day.

5- _J4



perhaps 25 mrem/yr. Using parameters of 100 m stack and 500 m exclusion

zone, the limit can be converted to atmospheric tritium release regulatory

limits of 200 Ci/day, without allotment for nontritium contributions to

dose. The GEIS included the assumption that of the tritium getting into

the steam cycle, 75% would be released atmospherically. Thus the

regulatory-based limit for the coolant/steam generator pathway would be

267 Ci/day, without allotment for nontritium dose or noncoolant/steam

generator tritium pathways. Considering doses other than tritium from

coolant/steam generator pathway, an appropriate design goal would be of

order 30 Ci/day to the steam generator.

The preceding discussion indicates that the appropriate design goal

for limiting tritium getting into the steam cycle is uncertain, but appears

to be in the 10-100 Ci/day range. It is interesting to see if CANDUs would

meet the above goals. Normalized to a 1000 MWe size plant, Pickering-A and

Bruce-A experience an average of 71.2 Ci/day tritium effluent, 46.5 Ci/day

to atmospheric, 24.7 Ci/day to aquatic. Thus, CANDUs would fall in the

BCSS acceptable design range.

5.4.4*3.2 Tritium Utility Function for Evaluation

In the BCSS interim report, the initial allowable tritium loss rate

via the steam generator was 100 Ci/day. The initial design goal was

10 Ci/day. The preceding discussion indicates that the appropriate design

limits for tritium effluents are uncertain. "Good" and "bad" values,

however, needed to be established for the BCSS comparison. The upper

bound, "bad," for the utility function should be the highest likely design

limit for the coolant/steam generator pathway. The lower limit, "good,"

for the utility function should be the release rate such that the

coolant/steam generator pathway is an insignificant contributor to total

effluents.

In regards to the upper limit for comparison purposes, several factors

should be noted. First, current total tritium releases from

CANDUs * average 71 Ci/day normalized for 1000 MWe. The discussion

in Subsection 5.4.4.3.1 indicated appropriate design limits of some value
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less than 100 Ci/day via the steam generator pathway. 100 Ci/day is

selected as the upper bound.

In regards to the lower bound, it appears that noncoolant tritium

effluents could be as high as 12 Ci/day, the sum of noncoolant estimates in

Table 5.4.4-2. The lower values for these noncoolant pathways is, of

course, not known. Because it is not known how well noncoolant effluents

can be controlled, nor how low standards will be, it was deemed appropriate

to continue to reward blankets that appear to offer the potential of having

"insignificant" coolant/steam generator releases. "Insignificant" in this

context means that blankets should be rewarded for showing the potential of

coolant/steam generator releases being only 10% of the upper bound

estimates for noncoolant tritium releases, 12 Ci/day. Therefore, blankets

estimated to release 1.0 Ci/day via the coolant/steam generator should be

rewarded.

With 100 Ci/day as the upper bound and 1.0 Ci/day as the lower bound,

the appropriate utility function is therefore

I = 0.0 R > 100 Ci/day

=0.5 log (100/R) 1.0 Ci/day < R < 100 Ci/day

= 1.0 P. < 1.0 Ci/day

where R = release rate in Ci/day via steam generator

Iq = index score for the ninth index

Because the mirror and Tokamak blanket versions are sized to two

different reactors, the values of the total power, inventory, and effluent

differ. This generally causes the use of two utility functions for a given

figure-of-merit, one for the range of mirror versions and one for the range

of Tokamak versions. In the case of effluents, however, the utility

function is independent of plant size and does not differ between mirror

and Tokamak. The reason is that all of the U.S. regulatory guidelines and

limits apply to a giver, site, independent of facility size. A 1200 MWe

reactor is not allowed to release twice as much as a 600 MWe reactor.
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Whether intended or not, this provides a built-in regulatory bias in favor

of smaller reactor sizes.

5.4.4.3.3 Special Case—Nitrate Salt

The above utility function is adequate to compare blankets where the

tritium loss from the coolant/steam generator pathway appears the most

difficult to control. As discussed above, that assumption was made for all

coolants except Nitrate Salt. The corrosion products and radioactivity,

other than tritium, in all other coolants are nongaseous. Nitrate Salt
39 41

activation, howevar, leads to two key gaseous products, Ar and Ar.

Several other isotopes are also produced, but they do not appear to be in

gaseous form*

39 41 .
The calculated inventory of Ar and Ar in the various breeders,

multiplier, and coolant materials is indicated in Table 5.4.4-5. Because

TABLE 5.4.4-5. ARGON ISOTOPE PRODUCTION PER m3 IN BREEDER, MULTIPLIER,
AND COOLANT MATERIALS FOR 2-YEAR IRRADIATION AT THE
FIRST WALL

Material

Lithium

17Li83Pb

FLIBE

Li20

LiA102

Beryllium

Nitrate Salt

Helium

Water

39Ar
(269 yr)

4.9X101

1.3xlO3

3.3xlO~10

3.4xlO2

5.8xlO2

8.3xlO~l

1.7xlO5

0

0

41Ar

(1.83 h)

2.1xlO2

4.1xlO3

3.6xlO"5

l.lxlO3

1.7xlO3

1.6xlO2

4.7x105

0

0
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the reference activation calculations include potassium impurity, a source

of argon isotopes, most materials have some amount of these isotopes.

Because the Nitrate Salt has potassium as a prime constituent, rather then

an impurity, it is seen to have two orders of magnitude more of the argon

isotopes per volume as any other material. The seriousness of these

isotopes was examined via calculation of a required reduction factor,

defined as the yearly dose from instantaneous release of all isotopes as

they are produced divided by 10 mrem/yr (whole body dose) or 30 mrem/yr
3

(skin dose). For ̂ 55 m of Nitrate Salt in the blanket, the required
39 41

Ar reduction factor is 60. The required Ar reduction factor i s

1.7x10 . While Ar (1.83 h) control can be accomplished by insuring

that a 2 day wait occurs before any off-gas is released, the control of
39

Ar (269 yr) appears difficult and must be almost 99% efficient.
3

The next worst case is 17Li83Pb when used as a coolant (360 m in
39the blanket). The Ar required reduction factor is about 3;

Ar, 10 . Again Ar control only requires a holdup: in this case
39it is 36 hours. Either a Ar capture efficiency of 33% or a 3-fold

reduction of potassium impurity in 17Li83Pb is needed. The latter is

probably the easier path; 17Li83Pb will not be penalized in the

evaluation. The other cases do not appear to have a significant argon

problem; however, impurities will have to be kept limited, especially any

elements leading to highly releasable gaseous isotopes.

Because capture and retention of argon from the salt, especially from

the salt processing system, would appear to be difficult and probably

expensive, it appears that activation product control for the

sodium-potassium nitrate salts like Nitrate Salt will be a major

feasibility concern. In the spirit of the 3CSS comparative evaluation, the

Nitrate Salt appears the worst case from the operational effluent viewpoint

and thus merits a zero score for the normal radioactivity effluent

comparison, Index 9.

5.4.4.4 Index 9 Results

The expected tritium effluent for the designs has been calculated with

a consistent set of ground rules, detailed in Subsection 6.6. The most
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important of these are as follows: (a) all tritium being released from

solid breeders is in the highly mobile T form, (b) tritium conversion

kinetics from T_ to T20 in helium breeder purge streams and helium

coolants is two slow to be of much help, (c) all oxidized HT-9 surfaces

have a factor of 100 lower tritium permeation than that calculated

classically ("oxide barrier factor" = 100), and (d) tritium going through

oxidizad metal is not oxidized. It is interesting to note that the tritium
(99)control analysis for HTGRs gave no credit for tritium potentially

being in the oxide form, identical to the assumptions in this study.

It is very important to note that (a) these assumptions are far less

favorable for solid breeders than assumed in past design studies, (b) these

assumptions are based on the most current information and technical

understanding, (c) more data and understanding is still needed, and (d) the

net effect of the high calculated tritium effluents for most of the

concepts (including LiAlO /He, LiA102/H 0, Li 0/He, FLIBE/He, and

17Li83Pb/He) provides a very strong advantage for the Li/He and Li/Li

concepts.

Given the high importance (20%) of the effluent evaluation and the

many uncertainties, special mention is needed of the assumptions, and their

impacts, for the various designs. The reference tritium loss rates and

corresponding index scores are given in Tables 5.4.4-6 and 5.4.4-7.

'.he amount of tritium entering the lithium self-cooled blankets is

controlled by the lithium breeder itself rather than an external source.

There is no separate breeder to be a source of tritium getting into the

coolant. The calculated tritium flux through a vanadium wall is 162 g/day

(mirror) and 168 g/day (Tokamal ). The HT--9 values are almost 3 orders of

magnitude lower, about 0.2 g/day. In neither case does the first wail flux

appear important. This is indeed fortunate for the Li/Li/V blanket,

removing one of the main disadvantages of vanadium versus steels, its

higher permeability. Because both Li/Li/V and Li/Li/HT-9 are assumed to

use a steel heat exchanger, there is no permeability problem for vanadium

there either. Thus, although V is several orders of magnitude more

permeable than HT-9, the estimated tritium loss rate for Li/Li/V and
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TABLE 5.4.4-6. INDEX SCORES FOR NORMAL RADIOACTIVITY EFFLUENTS, INDEX 9,
FOR MIRROR BLANKETS

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/l7Li83Pb/HT-9

Li/He/Vl5Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O./He/HV-9

LiA102/He/HT-9/Be

LiA102/H6/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Tritium Steam Generator
Loss Rate, Ci/day

2

2

10

10

high?

10.2

high?

191b

18

41

41

0(?)c

0(?)c

0(?)c

59

59

Index Score

0.85

0.85

0.50

0.50a

0.00a

0.50

0.00s

0.00

0.37

0.19

0.19a

0.00a

0.00

0.00a

0.11

O.lla

a. Modification cases .for which tritium losses were not calculated, values
and scores used here wera based on extrapolations of other designs.

b. High value partially caused by renormalization of tritium generation
rate late in the study.

c. Tritium effluent may be nil,, but -^Ar control appears sufficiently
difficult to warrant a zero score for this index.
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TABLE 5.4.4-7. INDEX SCORES FOR NORMAL RADIOACTIVITY EFFLUENTS, INDEX 9,
FOR TOKAMAK BLANKETS

Blanket

Li/Li/Vl5Cr5Ti

Li/Li/KT-9

17Li83Pb/I7Li83Pb/Vl5Cr5Ti

I7Li83Pb/I7Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiAlO2/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Tritium Steam Generator
Loss Rate, Ci/day

3

3

13

13

high?

1.6.1

high?

260b

24

44

44

0(?)c

0(?)c

0(?)c

76

76

Index Score

0.76

0.76a

0.44a

0.4^a

0.00a

0.40

0.00a

0.00

0.31

0.18

0.18a

0.00a

0.00

0.00a

0.06

0.06a

a. Modification cases for which tritium losses were not calculated, values
and scores used here were based on extrapolations of other designs.

b. High value partially caused by reriortnalization of tritium generation
irate late in the study.

c. Tritium effluent may be nil, but ™Ar C(mtrol appears significantly
difficult to warrant a zero score for this index
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Li/Li/HT-9 are the same. The lithium-cooled designs use an intermediate

coolant, sodium, providing another stage to remove tritium. Overall,

because the tritium in lithium has a low partial pressure and because an

intermediate loop is used, the tritium effluent from either a Li/Li/V or

Li/Li/HT-9 blanket should be quite small, 2-3 Ci'day in the reference

cases, and should be known with a good degree of confidence. If necessary

the numbers could probably be lowered.

The 17Li83Pb-cooled cases are qualitatively similar to the

lithium-cooled cases with two exceptions. First, there is no intermediate

loop providing another stage to remove tritium. Second, the tritium

solubility is lower so that tritium partial pressures are harder to

control. Both differences mean that the removal of tritium from the

primary coolant is far more difficult then lithium. The result is that the

entire 17Li83Pb primary coolant goes through a helium-purged counter-flaw

separator to strip tritium from the liquid metal. Some heroic scheme like

this appears to be required for 17Li83Pb, and its viability is an

uncertainty. If viable, the concept looks attractive from the effluent

standpoint. If not viable, the concept may not be acceptable. As for the

lithium-cooled designs, the 17Li83Pb designs would not show a dependence on

the blanket structural material between Vl5Cr5Ti and HT-9.

The helium-cooled designs divide into three types. The tritium

entering the helium coolant in Li/He blanket primarily comes from the first

wall, none from the breeder. The tritium entering the helium coolant in

the LiPb/He and Li O/He cases has significant amounts fron. both first

wall and breeder zone. The LiAlO /He and FLIBE/He concepts may also have

tritium from beryllium entering the coolant.

For the reference designs, it appears that the tritium pressure in the

Li/He breeder can be kept low enough so that tritium flows from the helium

into the breeder. The tritium source is the first wall. The calculated

tritium fluxes through the first wall indicated above are assumed the same

for all other blankets. The Li/He/HT-9 uses hydrogen addition in the

coolant to dilute tritium and reduce the effluent. The loss of oxide

layers on the coolant side is acceptable because (a) it allows tritium to
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more readily flow into the breeder lithium and (b) the steam-side oxide

layer in the steam generator is not affected so that the total steam

generator is reduced only from 200 to 100 (none on coolant side) while the

oxide layer on the breeder tubes is reduced to perhaps only 2. If tritium

could be readily oxidised in the helium coolant, hydrogen addition would

not be used and would not be needed; the effluent would drop well below 1

Ci/day. Future research for all helium designs should include some way to

oxidize tritium before it gets to the steam generator so that it will not

permeate, assuming oxidized surfaces. On the negative side, a

substantially higher first wall tritium flux could pose problems. For

example a Li/He/V design could have tritium control problems. Both the

tritium flux through the first wall and the tritium flux into the breeder

would increase. However, unless the tritium partial pressure in the

lithium breeder were able to be correspondingly reduced, the new

equilibrium tritium pressure in the coolant would be substantially higher,

increasing tritium loss into the steam generator.

The Li-0/He and 17Li83Pb/He cases would have tritium in the coolant

from both first wall and breeder zone. Present understanding of solid

breeders indicates that much of the tritium is released from the solid

breeder in elemental form, contrary to past studies. Furthermore, it is

now believed that hydrogen addition to the purge stream is needed to assist

tritium atoms on the solid breeder surface to form HT molecules and leave

the surface. Otherwise, kinetics limitations appear to cause a surface

inventory buildup. For those two reasons, the tritium in all solid breeder

cases is assumed to be 100% in the elemental form with no oxide barriers on

the breeder side. Coolant-side oxide layers are still expected. Both the

Li 0/He and 17Li83Pb/He cases would be dramatically helped if an on-line

tritium catalyst for the helium coolant or improved permeation barriers

were developed. Reducing the tritium from the breeder zone does not solve

the effluent by itself since the first wall source is still present.

Either blanket would be hurt if the first wall flux were found to be

substantially higher. The best defense for either first wall or breeder

zone uncertainties would be a tritium oxidizer in the helium coolant or a

special tritium barrier at the steam generator.
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The LiA109/He/Be and FLIBE/He/Be .nses are similar to the preceding

two cases. The LiAO case is very similar to Li_O in having the same

solid breeder issues. FLIBE, which follows Henry's law rather than

Sievert's, is similar to 17Li83Pb in that the tritium solubility in the

breeder is very low and associated partial pressure very high. Even with

special, untested tritium barriers in the FLIBE/He design, its effluent

rate is still near 200 Ci/day, probably unacceptable. Besides the

uncertainties for the Li 0/He and 17Li83Pb/He cases, the LiAlO /He/Be

and FLIBE/He/Be cases have one more, the presence of unclad beryllium

directly in the helium coolant. Late in the study it was realized that

tritium is generated in the beryllium. Time and data uncertainties did not

permit estimation of resulting inventory in the beryllium or how much

tritium will enter the coolant. Either could be large. Thus the

LiAlO /He/Be and FLIBE/He/Be designs have three possible sources of

tritium entering the coolant: first wall, breeder zone, and beryllium. If

beryllium is found to be a problem, design fixes may be possible; for

example, put beryllium in the LiAlO breeder plates.

It should be noted that one area where PCA may have an advantage over

HT-9 is in tritium control. As explained in Section 6.6, the permeability

of HT-9 is higher than PCA but the "oxide barrier factor" also appears to

be higher so that the net permeation through oxidized HT-9 and oxidized PCA

would be similar. Even if this is true for normal permeation, it may not

be true for implantation-driven permeation through the first wall. For

thoee concepts were first wall flux is a driver, PCA may help versus HT-9.

39
The biggest problem for Nitrate Salt is Ar, not tritium. In fact,

tritium control might be fairly easy in the salt. If tritium entering the

salt from either the breeder zone or first wall oxidizes before the salt

reaches the steam generator (few seconds), then the tritium effluent should

be quite small, perhaps ^1 Ci/day. Beryllium is not an issue here since

it is in the breeder zone. Rapid oxidation of tritium in water coolant is

also assumed. However, significant water-to-steam leakage is expected

whereas salt-to-steam leakage is not possible because of the pressure

differential. If tritium oxidation in the salt is not sufficiently rapid,

then tritium control would be progressively more difficult.
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The bigger potential improvement for Nitrate Salt would be a

replacement for potassium, eliminating the argon problem.

The water-cooled designs benefit from the expected assumed rapid

oxidation of tritium once it enters the coolan!" frosn either the first wall

or breeder zone. As with the salt, beryllium as a source of tritium is not

relevant since it is already in the breeder zone, not in contact with the

coolant. It is assus^d that the economic penalty will be paid to keep

tritium concentration in the water to 1 Ci/liter. The reference

2k xSi/day-GWe water-to-steam loss rate means that substantial tritium leaks

to the steam side. Because hydrogen is added to the water for

corrosion/water chemistry control, there is an equilibrium amount of HT in

the water, which permeates. For the reference design, the water-to-steam

permeation was calculated at about 2 Ci/day.

A generic problem with many of the designs may be to actually operate

the designs as intended. In theory, steel corrosion in PWRs can be kept

very low. However, water chemistry control is tricky and touchy. Actual

operation sometimes leads to corrosion increasing by an order of magnitude

as chemistry slips from optimum or even something is left inside piping

during maintenance. Similarly, actual operation of some of these blankets

to provide tritium control and recovery may also be difficult. The solid

breeder cases will depend on some jurge stream composition. An air or

water leak could cause tritium inventory buildup on the solid breeder

surface. Excess hydrogen in a helium coolant could reduce oxide layers on

walls.

Finally, two alternatives to the reference effluent scores are

proposed. First, if one optimistically believes new tritium control ideas

will be found and workable, e.g. tritium barriers or tritium oxidizers; or

that tritium release limits are too strict, then all designs should get a

perfect index score of 1.00. Second, if one pessimistically believes that

some of the assumptions were not conservative enough, then most designs

have a severe effluent problem. Examples of possible problems include

(a) an order of magnitude or more increase in first wall permeation,

(b) oxide barriers not as good (100 for HT-9) as assumed, or (c) the
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hydrogen dilution trick does not work- In these cases, the Li/Li concept

still appears able to control tritium and would get a perfect index score

of 1.0. There is some reason to believe that Li/He might be able to

demonstrate tritium control; besides, it is less susceptible to the

uncertainties mentioned for the remaining designs. Li/He/HT-9 would be

scored 0.0, but not tagged as having a fatal flaw. All othev designs might

find it difficult to meet public acceptance because of tritium control and

would be scored 0 for the effluent evaluation. The impact of these

optimistic and pessimistic cases will be discussed with the final results.

5.4.5 Occupational Exposure and Waste Management

The preceding sections of the safety evaluation have dealt with

accident risks and operational radioactivity releases. Additional risks to

society are compared here, i.e. occupational exposure and waste management

risks.

The radiological and chemical toxicity of fusion plants will lead to

some level of worker exposure. As seen below, that level can reasonably be

expected to be a function of the blanket concept choice. The occupational

exposure comparison is designed to examine that influence.

The radiological and chemical toxicity of fusion plants will

ultimately have to be either disposed of or reprocessed. Risks associated

with waste management include transportation of material to the

disposal/reprocessing site (if not at the reactor), exposure during

disposal/reprocessing, release of additional radioisotopes or chemical

toxins during disposal processing/reprocessing, risks from waste once

buried, and exposure from reprocessed material.

The complexity of occupational exposure and waste management risk

assessments is well beyond the scope of this study. Rather, existing
(7-9)studies, like the Generic Environmental Impact Study and

MARS, ' have been used to identify appropriate bases of

comparison among the blanket options. These are discussed in the following

subsections.
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5.4.5.1 Occupational Exposure, Index 1Q

Several factors relevant to occupational exposure were indicated in

the early stages of the study and were mentioned in the BCSS interim

report. The basic design philosophy was that

"Work force radiation exposure should be minimized through
increased component/blanket reliability (fewer maintenance
operations needed), increased blanket simplicity (easier and
faster maintenance), lower radiation fields, increased use of
remote maintenance techniques, and lower mobility of
radioactive and toxic chemical contaminants."

Unfortunately, time and manpower resources of design teams to address

occupational concerns was severely limited.

5.4.5.1.1 Sources of Exposure

The number of factors relevant to the comparison was narrowed from

those in the interim report by adoption of the basic analysis in the

Generic Environmental Impact Study (GEIS)

simplifying assumptions, see Table 5.4.5-1.

(7-9)
Generic Environmental Impact Study (GEIS) a;.d by making some key

A significant area in a complete evaluation of occupational exposure

would be the number and duration of needed maintenance operations. This

would be affected by such factors as blanket simplicity, blanket

reliability, module lifetime, and the time actually needed for the

required maintenance operations. These are not well established for

fusion concepts at this time. It was deemed beyond the scope of this

study to identify (a) all the possible needed types of maintenance and the

time required for each, or (b) the probability of different fault

conditions that might require maintenance. Within this area, the only

quantifiable issue was the module lifetime. The qualitative aspects of

blanket simplic.'.ty/reliability are accounted for in the engineering

feasibility evaluation. Likewise, the qualitative nature of potentially

difficult maintenance operations, e.g. cleanup of a 17Li83Pb spill, are

accounted for in the fault tolerance part of the safety evaluation. These

various qualitative aspects are not repeated in the occupational exposure

evaluation.
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TABLE 5.4.5-1. FACTORS POTENTIALLY RELEVANT TO OCCUPATIONAL EXPOSURE

Factor

Blanket simplicity,
reliability

Considered in
BOSS Safety Evaluation?

No

Comment

Module lifetime or
number of sector
changeouts

Time required for
maintenance

Degree of remote
maintenance

Yes

No

No

Activity/dose
levels, near
serviced components

Total tritium
Inventory

Amounts of
operationally
generated wastes

Yes

Yes

No

Difficult to quantify.
Blanket reliability indi-
rectly included in fault
tolerance evaluation, where
the difficult types of
maintenance after accidents
are considered. Considered
somewhat in engineering
feasibility evaluation

Cannot quantify in this
study. Indirectly con-
sidered in engineering fea-
sibility evaluation

Actual degree would be a
tradeoff between occupa-
tional exposure and eco-
nomics. Since this is not
considered in economics
evaluation, the degree of
remote maintenance is
assumed the same for all
concepts (see text)

) indicates it is a
small, 5-7%, contributor

a. Indicated in tVie BCSS interim report.
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A second key area is the degree of remote maintenance. In principle,

occupational exposure could be reduced to zero if human workers were not

near any of the maintenance procedures. On the other hand, remote

operation has an associated economic cost. Thus, the degree of remote

maintenance in a fusion reactor would be determined by a trale-off between

the economic cost and the human occupational exposure costs. Insufficient

prior analysis has been done to know that tradeoff, and the resources

available in this study are too limited to allow that calculation here.

However, to first order, one does not need to know the degree of remote

maintenance to compare blanket concepts. In a sense, increasing the degree

of remote maintenance simply transfers an occupational exposure penalty to

an economic one. Thus, the penalty due to increased occupational exposure

potential of a blanket concept cannot be eliminated, merely transferred.

Because the economic evaluation in this study did not consider remote

maintenance penalities among blankets, the appropriate comparison among

blankets is to include the penalty of increased occupational exposure

potential as occupational exposure. Therefore, the degree of remote

maintenance techniques was assumed fixed among concepts.

& third major area was the actual potential for radiation exposures

i.e., the activity/dose levels near serviced components and the amount of

tritium present. These are considered in the evaluation in the basic

procedure as in the GEIS, coolant piping and component (blanket) i_hangeout.

A fourth area of comparison is the occupational exposure caused by

[jrocessing and handling of operationally-generated wastes. Various

components will become contaminated during reactor lifetime, e.g. resin

beds, pumps, filters, pump oils. These will cause occupational exposure

from either their servicing or disposal. This area was not explicitly

considered in the evaluation because (a) the GEIS found that it contributes

only a small amount, 5-7%, of exposure at PWRs, (b) it could not be

calculated at the present time for fusion, and (c) it is indirectly

accounted for in the matter of the activity levels near coolant piping and

blankets.
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Having limited the large number of occupational exposure issues to a

more manageable value, it is possible to specify the precise details of the

comparison.

5.4.5.1.2 Evaluation Scheme

The basic approach in this study is to follow the approach in the GEIS

study in terms of identifying figures-of-merit. In this spirit, the

evaluation is divided into coolant system exposure, blanket changeout

exposure, and tritium exposure, Table 5.4.5-2.

The discussion in the GEIS indicates that the key determinant in

coolant system exposure is the corrosion product deposition levels in the

coolant piping and steam generator. Only gamma emitters are relevant.

Likewise, the presence of beryllium chemical toxicity in the LiA10_

designs should not be a major factor. The basis of comparison is the

radiation field around the coolant piping. Since it would be desired to do

tnich coolant system maintenance quickly, the evaluation is conducted

assuming one does not fake the time to drain the coolant first. The

activation calculations, Subsection G.12, determine the Remote Maintenance

Rating (RMR) for blanket materials as defined by Maninger and Dorn

for MARS. "The RMR is defined as the radiation dose rate at the surface of

a uniformly activated, think, infinite slab with the same composition and

density as the specific machine component." For occupational

exposure purposes, the RMR is evaluated at one day after shutdown, constant

for ail blankets. As is the case for the issue of the degree of remote

maintenance, the exposure for a specific blanket concept design could be

reduced by waiting a longer period of time before maintenance, but this

increases reactor downtime and increases costs. Since variation of reactor

downtime among concepts due to maintenance is not considered in the

economic evaluation, it is assumed fixed for the safety evaluation.

For the case of coolant system exposure, the RMR (units if mrem/h) of

the coolant is used. The radiation field caused by corrosion products is

added to the RMR.
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TABLE 5.4.5-2. SCORING SCHEME FOR OCCUPATIONAL EXPOSURE, INDEX 10

Coolant and Steam Generator Exposure (one-third of the index)

Basis: Ffi = Radiation field around coolant piping

FT1 = RMRc

RMRC = Remote Maintenance Rating for the coolant, evaluated
at 1 day after shutdown

Blanket Changeout Exposure (one-third of the index)

Basis: F ^ 5 ^ n e number of sector changeouts over the reactor
lifetime

F T 2
 I=

L{j = Blanket lifetime, based on structure lifetime only

Tritium-Related Exposure (one-third of the index)

Basis: FT3 = Total blanket and coolant tritium inventory

Index Score

I10(TMR) = 1.3951 - 0.01927 ln(FT1) - (0.0325)FT2 - 0-0558 ln(FT3)

I10(TOK) = 1.4727 - 0.01927 ln(FT1) - (0.0302)FT2 - 0.0595 ln(FT3)

The second general area is the exposure associated with major reactor

system maintenance and changeout. For BCSS purposes where matters are

restricted to blankets, this translated to blanket changeout exposure. The

basis for comparison is the number of sector changeouts per year over the

blanket lifetime, the inverse of the blanket module lifetime. The

radiation field quantified by the Rt.'R for the structural material did not

vary significantly over the metals at 1 day after shutdown. Because

lifetimes vary between mirrors and Tokomak concepts, the figure-of-merit

and associated utility function differ between the mirror evaluation and

Tokamak evaluation.

The third comparison area is tritium-related exposure. Much of the

maintenance on blanket components will involve tritium. Remote or fully

protected maintenance operations would not lead to significant tritium
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exposure. However, CANDU reactor experience * indicates that in an

actual operating reactor there will be tritium-related exposure. The

problem for this study is how to compare blanket concepts. The selected

approach was to use the total blanket tritium inventory, which in

calculable, on the judgment that the more tritium that is present, the more

exposure that will eventually be caused by it.

5.4.5.1.3 Index 10 Results

The first step in this evaluation was the Remote Maintenance Ratings

(RMR) for various materials at 1 day after shutdown. For the case of the

RMR for fluids the potential impact of corrosion had to be investigated.

As indicated in Index 3, it does not appear that corrosion or sputtering is

a significant contributor, except for water and helium. The results

depends on the assumed impurity levels and corrosion rates and could change

if either set of numbers changed. For maintenance exposure, the most

significant case was Li/Li with Modified ("low-activation") HT-9 where the

RMR at 1 day increased by 7% when corrosion products were included.

For helium, there are direct estimates of the contact dose at various

parts of a helium circuit. The dose rate was found to vary from 5

to 10,000 mrem/h depending on location with about 100 mrem/h at the steam

generator. Since the steam generator is a key maintenance issue in

the area of coolant exposure, the helium cases were evaluated using an RMR

of 100.

For water, the estimates of corrosion product mass deposited around

the loop were combined with the RMR for HT-9 and PGA to get an

equivalent RMR for the water systems. The resulting RMR values for various

materials are listed in Table 5.4.5-3.

The values deserve close inspection. Whereas it rs true that low

activation structural materials considered in the study do not make

"hands-on" maintenance of the blanket possible, proper coolant choice does

offer the possibility of "hands-on" maintenance of the coolant system! The

same appears true for the breeder system. Hands-on maintenance of
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TABLE 5.4.5-3. REMOTE MAINTENANCE RATINGS (mrem/h) FOR VARIOUS MATERIALS
AT 1 DAY fiFTER A SHUTDOWN

Coolants

Lithium

17Li83Pb

Nitrate Salt

Water - PCA

- HT-9

Helium

Structures

V15Cr5Ti

HT-9

PCA

Other

Beryllium

Li2O

LiA102

FLIBE

Reference
RMR

5.9xlO6

8.9x107

3.3xlO9

5.1xlO5

3.2xlO5

lxlO2

1.4x101°

4.2xlO9

1.2xlO10

1.7xlO8

5.5xiO6

2.8xlO10

1.7xlO6

"Low Activation" Steel
RMR

same

same

same

•̂ sarae

^pame

'V'Same

—

^saine

1.3xl010

—

—

—

blanket-related systems that are actually out of the blanket: area appears a

worthwhile goal. Selection of helium appears to be the way to achieve this

goal. It should be noted that because an intermediate loop is used with

the lithium-cooled designs, these have nil activation products in the steam

generator. The lithium-cooled designs do have a highly activated

intermediate heat exchanger.

The other parameters in the occupational exposure evaluation, blanket

lifetime and total tritium inventory, were simply obtained from other

efforts in the study.
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The resulting figuree-of-merit and Index 10 scores are given in

Tables 5.4.5-4 and 5.4.5-5. In general, the helium-cooled concepts are the

most attractive. The 17Li83Pb concepts are penalized both because of their

high RMR value but also chei. low lifetime. The 17Li83Pb blankets have

about a 20% higher dpa rate causing the lower lifetime. However, the

17Li83Pb blankets have a low tritium inventory, demonstrating one of the

many trade-offs.

5.4.5.2 Waste Management, Index 11

Several factors relevant to the risks associated with waste management

were identified early in the study and indicated in the interim report.

The corresponding design philosophy was that "radioactive waste generated

from normal operation, replacement of blanket components, and

decommissioning should be minimized." Identified factors included the

volume, volatility, biological hazard, radiation exposure from waste

processing, waste class per 10CFR61, total tritium inventory, and total

radioactivity produced over the reactor lifetime. As in the case of the

occupational exposure evaluation, project resources necessitated the

limitation of the evaluation to a reasonably small number of factors.

5.4.5.2.1 Types of Waste Management Risks

The number of factors relevant to the comparison was narrowed from

those in the interim report by generally adopting the methodology of

Maninger and Dorn for MARS, see Table 5.4.5-6.

A very visible issue in the fusion community has been whether

activated material would meet the requirements for near-surface burial,

according to the spirit of existing legal requirements, 10CFR61. This is

one of the parts of the BCSS comparison.

A second important issue is the exposure that might be caused by

processing of the waste, either from processing it for disposal or for

reprocessing it into a usable product. This is another part of the BCSS

comparison.
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TABLE 5.4.5-4. INDEX SCORES FOR OCCUPATIONAL EXPOSURE, INDEX 10, FOR MIRROR
BLANKETSa

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9

I7Li83Pb/17Li83?b/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Pe

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

l7Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

L iA102/H2O/HT-9/Be

LiA102/H2O/PCA/Be

FTl
Coolant
Exposure

5.9xlO6

5.9xlO6

8.9xlO7

8.9xlO7

lxlO2

lxlO2

lxlO2

lxlO2

ixlO2

lxlO2

lxlO2

3.3xlO9

3.3xlO9

3.3xlO9

3.2xlO5

5.1xlO5

FT2
Blanket fe

Changeouts

7.1

8.9

12.1

14.3

7.3

8.7

13.8

9.3

8.9

9.1

17.4

13.8

8.9

16.7

8.2

15.4

FT3
Total

Tritium
(s)

337

340

6

4

236

237

7

143

137

30

30

507

788

788

1571

1571

Index
Score

0.54

0.49

0.55

0.50

0.77

0.72

0.75

0.72

0.75

0.82

0.55

0.18

0.32

0.06

0.48

0.24

a. Scoring scheme and figures-of-merit detailed in Table 5.4.5-2.

b. Blanket lifetime only based on structure lifetime as used throughout
the study.
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TABLE 4.4.5-5. INDEX SCORES FOR OCCUPATIONAL EXPOSURE, INDEX 10, FOR
TOKAMAK BLANKETSa

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H2O/HT-9/Be

LiA102/H2O/PCA/Be

FT1
Coolant
Exposure

5.9xlO6

5.9xlO6

8.9xlO7

8.9xlO7

1x102

lxlO2

lxlO2

lxlO2

lxlO2

lxlO2

ixlO2

3.3xlO9

3.3xlO9

3.3xlO9

3.2xlO5

5-lxlO5

F T 2

Blanket
Changeouts

8.0

9 .8

13.3

15.4

8.3

10.0

16.0

10.5

10.0

9.5

18.2

16.0

10.0

19.1

8.9

16.7

FT 3

Total
Tritium

<*)

496

509

11

19

338

349

23

208

155

59

59

923

2970

2970

2378

2378

Index
Score

0.56

0.51

0.57

0.48

0.78

0.73

0.71

0.75

0.78

0.85

0.59

0.16

0.27

0.00

0.50

0.25

a. Scoring scheme and figures-of-merit detailed in Table 5.4.5-2.

b. Blanket lifetime only based on structure lifetime as used throughout
the study.
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TABLE 5.4.5-6. FACTORS POTENTIALLY RELEVANT TO WASTE MANAGEMENT COMPARISON

Factor

Volume of waste

Volatility of waste

Biological hazard
of waste

Warte class per
10CFR61

Total tritium
Inventory

Radiation exposure
from waste
processing

Total radioactivity
produced

BCSS

a. listed in the interim

Considered in
Safety Evaluation?

Yes

No

No

Yes

No

Yes

Yes

report.

Comment

Insufficient data

Indirectly accounted for
in the 10CFR61 evaluation

In form of the dilution
required to meet Class C
requirements

Included in occupational
exposure

Judged via Remote Mainten-
ance Rating after 10 years

Judged via volume generated
and dilution required to
meet Class C

The third important issue being considered is the volume of generated

waste. This influences the sheer magnitude of the waste management problem

from processing requirements to land required for burial to the number and

size of transport shipments.

The other factors mentioned in the interim report were not considered

in the final evaluation. The total tritium inventory was not deemed

directly relevant to waste management. Tritium i1* sufficiently valuable

that all possible tritium would be recovered from used components before

taking them from the reactor. The residual amounts of tritium are not

known. Furthermore, the total tritium inventory is already considered

under occupational exposure. The volatility of waste was not explicitly

considered. Tritium is the obvious high volatility case, but for

comparison purposes the unknown residual amounts of tritium are what is
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important. In general, there was not sufficient data to compare waste

volatility. Finally, possible measures of strict biological hazard

potential of the waste were not used, in favor of the more relevant

10CFR61-class and processing-dose figures-of-merit.

5.4.5.2,2 Evaluation Scheme

The basic approach in this study has been mentioned above and is

listed in Table 5.4.5-7. The three parts are the dilution to meet

near-surface burial requirements, the radiation field for waste processing,

and the volume of generated wastes. These are now discussed in more detail.

A very worthwhile goal of the fusion program is to allow all fusion

wastes to be considered as low-level wastes, available for near-surface

burial. This *• ould avoid the need for deep geological burial. The present
(27)

legal requirements are set in 10CFR61. However, 10CFR61 does not

include limits on several potentially important fusion isotopes. Rather

than assume that those isotopes will remain unlimited for waste disposal,

the approach taken for MARS and adopted here is that such isotopes

will likely be bound by concentration limits based on 10CFR61 methodology.

Thus, appropriate concentration limits were established, see

Subsection 6.12. Given sufficient dilution, any of the fusion isotopes
39

could meet 10CFR61, including tritium and Ar, although the later would
(27)have to be limited to lOOCi per unpressurized container.

A possible evaluation scheme would have been to simply state whether a

blanket concept's materials meet or do not meet 10CFR61. However, this

gets into some philosophical problems associated with the issue of

dilution. Since 10CFR61 is based on concentration and not on the absolute

amount, any waste could, in principle, be made to meet 10CFR61 by diluting

the waste to the 10CFR61 concentration limit. How regulatory agencies will

view this is not known, but at some unknown point such a dilution technique

would run into severe practical limitations, e.g., land available for the

near-surface burial. On the other hand, the regulatory limits could

change, up or down, in the future. To avoid these issues, the comparison

was based on the dilution that would be required to meet 10CFR61 rather
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TABLE 5.4.5-7. SCORING SCHEME FOR WASTE MANAGEMENT, INDEX 11

Dilution Required to Meet 10CFR61-Type Limits for Near-Surface Disposal
(one-third of the index)

Basis: Fg^ = Waste Disposal Rating (WDR) at 10 years after
shutdown, where

— V /vc \ V
F... = WDR = 2J (- 1 WDR = LJ.

E 1 c \VTOTAL/ C C

Vc - volume of material in blanket

^TQTAL = total blanket volume
Ac(i) = Specific activity of isotope i in material c
L(i) = Concentration limit for near-surface burial for

isotope i

Radiation Field for Waste Processing (one-third of the index)

Basis: F^2 = Remote Maintenance Rating (RMR) at 10 years after
shutdown

= RMR for blanket material c, evaluated 10 years after
shutdown

Processing and Transportation Risks (one-third of the index)

Basis: Fg3 = Total volume of waste material generated over
reactor lifetime that must either be disposed of or
reprocessed

F =
E3

LTOTAL = r eac to r l i fet ime = 40 y r .

Lc = mater ia l replacement l i fe t ime = blanket l i fe t ime for
sol ids = 40 yr. for f lu ids .

Index Score

IU(TMR) = 1.658 - (0.0517) ln(FE 1) - (0.0472) ln(FE 2) - (7.81xlO~5) FE 3

IU(TOK) = 1.635 - (0.0535) ln(FE 1) - (0.0482) ln(FE 2) - (5.75xlO~5) FE 3
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than a yes/no evaluation for meeting 10CFR61. This Waste Disposal Rating

(WDR) was established by Mar.inger and Dorn and is defined by:

WDR = £ A (i)/L(i)
c . c

where

WDR = waste disposal rating for material c

A(i) = specific activity of isotope i for material c

L(i) = 10CFR61 type concentration limit of isotope i.

For BCSS purposes, the specific activity is volumed averaged over the

blanket. The figure-of-merit is therefore given by

= WDR =- E
 A<i> -Y l £ A<i>

TOTALi

where

WDR, A(i) are blanket averaged values

V ~ volume of material c in blanket
c

total volume of blanket, not including gases*

Beryllium chemical toxicity is not included in this comparison. For

blanket concepts using beryllium, resource limits will require recycle and

not burial. Some small amounts of beryllium will be lost from the

processing system as wastage. Such wastage and beryllium-contaminated

equipment will ultimately be disposed of. The future requirements for
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beryllium disposal and the amounts to be disposed are unknown. However, it

is unlikely that beryllium would require geological burial on the basis of

chemical toxicity, and thus its use should not influence the WDR.

The second basis for comparison in the relative exposure involved in

processing waste, either for burial or for reprocessing. Maninger and

Dorn established the Remote Maintenance Rating, defined in

Subsection 5.4.5.1, for that purpose. For BCSS purposes, the RMR for waste

considerations is evaluated at 10 years after shutdown. Ten years after

shutdown is a typical amount of time one might wait before commencing

processing.

For BCSS purposes, the RMR is averaged over the blanket. The

figure-of-merit is therefore given by

F = RMR = ^(^- J L-)RMR (10 years)
11Z c \VTOTAi/ c

where

RMR = RMR averaged over the blanket

RMR = RMR for material c
c

Beryllium will be sufficiently radioactive from impurities that

workers could not come into direct contact with the beryllium , hence

its chemical toxicity would not be an issue. Processing and fabrication of

beryllium before its first use in a reactor would entail some chemical

toxicity exposure. This issue was deemed beyond the scope of the safety

evaluation. A cost penalty is included in beryllium costs in the economic

evaluation.

The third basis for comparison is the volume of generated waste. This

measure influences the land necessary for disposal, the size of processing

facilities, and the number and size of transportation shipments, hence

transportation risk. The waste volume should be integrated over the
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reactor lifetime. The volume of solids that must be processed is the

blanket volume times the number of blanket changeouts over the reactor

lifetime, assumed to be 40 years. Liquids, however, do not have to be

processed just because a blanket sector is changed. In fact, one would

probably add a small amount of new liquid as needed and continuously

cleanup the liquid in service. Thus, the liquid volume to be processed for

waste management is to first order given by the total liquid volume in

service at any single time. The figure-of-merit is given by

where

reactor lifetime = 40 years

L = material replacement lifetime, blanket

lifetime for solids, 40 yrs for fluids

Late in the study, an alternative scheme to the preceding three

figures of merit was identified that directly integrates waste volume with

WDR and RMR. As defined above, F_, (WDR) is the average dilution

required for 10CFR61 burial and F _ is the total volume of blanket

material to be disposed of, before dilution. The actual amount of waste

volume buried or processed (after dilution) is a possible replacement

figure-of-merit and is given by

(alt 1) =LJ v WDR ,
c c c

In similar fashion, the RMR (F_ ) can be integrated with the waste

volume (F ,)to be processed. This possible replacement figure-of-merit

is given by
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This has units of mrera/h for undiluted material times the number of

replacement operations for that material over the reactor lifetime. The

impact of using these alternative figures-of-merit is mentioned below.

5.4.5.2.3 Index 11 Results

The first stage in the ^aste disposal evaluation is the Waste Disposal

Ratings (WDR) and Remote Maintenance Ratings (RMR) at 10 years after

shutdovm. These are listed in Table 5.4.5-8. The "low-activation steels"

are seen to be successful in dramatically improving the WDR versus the

reference steels to the point of being near V15Cr5Ti. Although they

improve the RMR, they do not achieve the RMR level of Vl5Cr5Ti.

Several of the other materials appear to be waste disposal problems,

17Li83Pbs LiA109, and Nitrate Salt. LiA10o was a surprise. 99% of the

WDP. for LiAlO- is from the presence of Al, which poses two issues.

First, the activation calculations are for first wall exposure. This is

thought to work to the detriment of LiAlO because the Al production

is expected to fall off dramatically further into the blanket. Second, the

high WDR for Al depends op. a fairly restrictive 10CRF61-type

concentration limit that was calculated for this study, see Section 6.12.

The finding that 17Li83Pb <Pb) and LiA102 (Al) do not meet 10CFR61 has been

confirmed by another recent study.

The other inputs to the waste map-gement evaluation are the volumes of

the various materials and the blanket lifetimes, both are detailed with the

Economic Evaluation. Given these data, the calculation of the three

figures-of-merit for the various blankets is straight forward. These and

the corresponding Index 11 scores are listed in Tables 5.4.5-9 and 5.4.5-10.

As expected the top blankets are the two V15Cr5Ti concepts,

Li/Li/V15Cr5Ti and Li/He/V15Cr5Ti, each scoring above 0.90. The

LiPb/LiPb/V concept did much less well, about 0.40, for three reasons

connected to the difference between lithium and 17Li83Pb. First, although

the Li-V combinations have a volume-averaged KDR under 1.0, the only

concepts to do so, the LiPb/LiPb/V blanket has a WDR of about 13,
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TABLE 5.4.5-8. WASTE DISPOSAL RATINGS AND REMOTE MAINTENANCE RATINGS FOR
BLANKET MATERIALS AT 10 YEARS AFTER SHUTDOWN

Material

V15Cr5Ti

HT-9

Modified HT-9

PCA

Tenelon

Lithium

17Li83Pb

FLIBE

Li2O

LiA102

Beryllium

Nitrate Salt

Water

Helium

a. Niobium content in HT-9 designs

WDR

1.7

484.7a

1.4

197.2

1.5

*\iO

24.4

0.1

0.3

150.5

0.4

71.0

i.O

•v.0

is taken to be 0.

RMR

6.5xlO3

4.4xlO7

l.lxlO7

2.3xlO8

1.4xlO7

9.1xlO4

4.2xlO6

2.8xlO4

4.4xlO4

5.4xlO6

1.3xlO6

4.6xlO7

*\»0

<\iO

11 weight percent.
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TABLE 5.4.5-9. INDEX SCORES FOR WASTE MANAGEMENT, INDEX .11, FOR MIRROR
BLANKETS

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9C

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

LigO/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H2O/PCA/Be

FE1

DWRa

0.87

248.2

12.6

262.4

0.58

165.8

200.7

367.4

100.6

208.9

143.9

266.2

148.8

120.4

156.5

95.8

FE2

RWRb

4.8xlO4

2.3xlO7

2.0x106

2.5xlO7

6.2xlO4

1.5xlO7

2.OxlO7

3.4xlO7

9.2xlO6

1.4xlO7

5.6xlO7

3.5xlO7

1.4xlO7

3.2xlO7

l . l x lO 7

5.1xlO7

FE3
Waste

Volume, m

2950

3500

5720

6540

2270

2620

4540

3880

3440

2600

4970

2280

3280

5770

3490

6080

Index
Score

0.92

0.30

0.39

0.06

0.98

0.41

0.24

0.23

0.40

0.41

0.17

0.37

0.37

0.15

0.35

0.11

a. Waste Disposal Rating, averaged over blanket materials, see
Table 5.4.5-7

b. Remote Maintenance Rating, averaged over blanket material volumes, see
Table 5.4.5-7

c. Niobium content of 0.11 weight percent assumed for HT-9 designs
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TABLE 5.4.5-10. INDEX SCORES FOR WASTE MANAGEMENT, INDEX 11, FOR TOKAMAK
BLANKETS

Blanket

Li/Li/V15Cr5Ti

Li/Li/HT-9C

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/HT-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H?0/HT-9/Be

LiA102/H2O/PCA/Be

FE1

DWRa

0.78

221.5

14.0

234.8

0.67

191.0

226.0

339.9

170.3

205.0

148.0

266.2

149.0

117.7

157.1

93.6

FE2

RWRb

5.3xlO4

2.0xl07

2.3xlO6

2.2xlO7

5.8xlO4

1.7xlO7

2.2xlO7

3.1xlO7

1.6xlO7

1.3xlO7

5.0xl07

3.5xlO7

1.4xlO7

3.5xlO7

1.2xlO7

5.3xlO7

FE3
Waste

Volume, m

3130

3630

5910

6620

2310

2700

4850

4040

2940

4250

8100

2600

4440

7880

3640

6390

Index
Score

0.95

0.33

0.45

0.15

0.9J

0.39

0.25

0.26

0.40

0.32

0.04

0.35

0.31

0.09

0.37

0.17

a. Waste Disposal Rating, averaged over blanket materials, see
Table 5.4.5-7

b. Remote Maintenance Rating, averaged over blanket material volumes, see
Table 5.4.5-7

c. Niobium content of 0.11 weight percent assumed for HT-9 designs
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dominated by 17Li83Pb, a nonlow-activation material. Second, the RMR for

LiPb/V is two orders of magnitude higher than for Li-V concepts, almost as

bad as the various steel concepts. Third, the greater density of 17Li83Pb

requires increased structure, and the higher dpa rate in a 17Li83Pb blanket

causes a lower blanket lifetime. The combination causes almost a doubling

of the waste volume for LiPb/V versus Li/V.

After the V-concepts, all other blankets score a maximum of about

0.40, Li/He/HT-9, Li2O/He/HT-9, and LiA102/He/HT-9/Be. Among HT-9

concepts the first cwo score best because the breeder does not add much to

the structural activity WDR and RMR. LiA10_/He/HT-9/Be demonstrates a

higher WDR because of Al in LiAlO,, but this is somewhat compensated

by the lower blanket thickness, i.e. less waste, than for Li/He/HT-9 and

Li20/He/HT-9.

The lowest scoring blankets are the PCA versions but not because of

the WDR. In fact, as seen in Table 5.4.5-8, the WDR for HT-9, 485, is

higher than for PCA, 197, caused by the assumed niobium content in HT-9.
94

Niobium ( Nb) is also the limiting element in V15Cr5Ti. The HT-9

advantage over PCA comes instead from its lower RMR by a factor of 5 and

its longer lifetime by a factor of 2. The latter leads to less waste

generation.

It should be noted that without the waste-volume third of the waste

management evaluation the steel concepts would score even lower, increasing

the differential between V15Cr5Ti and the steels. This is also the net

result of integrating the impact of waste volume generation directly with

WDR and RMR as detailed in Subsection 5.4.5.2.2. The use of the two

replacement figures-of-merit, where WDR is combined with the waste volume

to obtain the total amount of waste buried or processed (after dilution)

and the RMR is similarly integrated with waste volume, gives an alternative

waste management score, listed in Table 5.4.5-11 along with the

reference-type scores for "low-activation" steel blankets.

Use of the alternative scoring scheme increases the V15Cr5Ti to steel

advantage, largely because the basic V-alloy advantage in KOR and RMR is
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TABLE 5.4.5-11. IMPACT OF USING LOW-ACTIVATION STEELS OR THE ALTERNATE
SCORING SCHEME ON THE WASTE MANAGEMENT EVALUATION FOR
MIRROR BLANKETS

Blanket

Li/Li/V

Li/Li/HT-9

17Li83Pb/17Li83Pb/V15Cr5Ti

17Li83Pb/17Li83Pb/HT-9

Li/He/V15Cr5Ti

Li/He/HT-9

17Li83Pb/Fe/HT-9

FLIBE/He/HT-9/Be

Li2O/He/HT-9

LiA102/He/H
r.'-9/Be

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be

LiA102/H20/PCA/Be

Reference
Materials

Reference
Score

0.92

0.30

0.39

0.06

0.98

0.41

0.24

0.23

0.40

0.41

0.17

0.37

0.37

0.15

0.35

0.11

Low
Activation
Steels

Reference
Score

—

0.67

—

0.26

—

0.77

0.42

0.60

0.72

0.48

0.28

0.52

0.40

0.21

0.46

0.25

Reference
Materials

Alternative
Score

0.98

0.13

0.70

0.06

0.99

0.17

0.09

0.10

0.28

0.23

0.10

0.16

0.26

0.14

0.22

0.10

5-238



more heavily weighted. Use of "low-act Nation" steels decreases the

Vl5Cr5Ti to steel advantage by raising the steel scores. The aiteel concept

improvement is a strong function of breeder and coolant.. The best

improvement, about 0.37 (wc-th 3.7 total SFM points), is for the Li/HT-9

combinations because the breeder does not hurt the improved WDR. The

Li?0/He improvement, 0.32, is slightly lower because of Uhe slightly

higher WDR for Li 0. The lowest improvement when "low-activation" steels

are used is 0.03 (worth 0.3 SFM points) for the LiA102/NS/HT-9/Be cases

because both the Nitrate Salt and LiAlO. have high WDRs themselves. This

illustrates the fact that blankets with T7Li83Pb, Nitrate Salt, and
26

LiAlQ (assuming Al) are not low-activation waste, even if the

structural material did not activate at all. For those concepts, then, it

is not surprising that the improvement from reference steels to

low-activation steels is dampened.

5.4.5.3 Summary

The results for the reference materials have already been given in

Tables 5.4.5-4, 5.4.5-5, 5.4.5-9, and 5.4.5-10. Overall, the V15Cr5Ti

concepts have an advantage over the steels, particularly in the area of

waste management. Also the helium-cooled concepts have advantages over

others in Che area of occupational exposure. For these issues of

occupational exposure and waste management, a Li/He/V15Cr5Ti concept would

be best.

The impact of using "low-activation" steels has been examined earlier

in the structure source term characterization, Index 1, and fault tolerance

to cooling transients, Index 5. In both cases the use of "low-activation"

steels was seen to be either very small or negative. The net impact of

"low-activation" steels on occupational exposure also appears small, as was

anticipated. The Panel on Low-Activation Materials indicated that

hands-on maintenance of ve blankets did not appear to be achievable and

the current results agree. Although the "low-activation" steels have not

helped in the preceding list of activation issues, accidents and

maintenance, their intent was to help achieve low-activation status for
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wa«te disposal. This has been achieved, although it is tempered in some

cases by breeder or coolant materials that are not low-activation,

especially 17Li83Pb and Nitrate Salt.

Overall, the uncertainties are too large to say that "low-activation"

steels are a net improvement over reference steels in the safety

evaluation. However, it appears that Modified HT-9 would be a net

improvement over HT-9. It also appears that Tenelon would not be a net

improvement over PCA. These matters will be further discussed in

Subsection 5.4.6. A summary of figures-of-merit relevant to low activation

steels in the areas of maintenance and waste management is listed in

Table 5.4.5-12.

Although hands-on maintenance of the blanket itself does not appear

likely, limited hands-on maintenance of other systems might be. The

tritium purge/processing system will be contaminated by either the breeder

or breeder purge stream. Selection of a proper fluid could lead to

hands-on maintenance. A helium purge stream probably qualifies. 17Li83Pb

would certainly not. The steam generator is likely to require substantial

maintenance, but will be contaminated by the coolant. Selection of a

helium coolant could allow limited hands-on maintenance. Because the

lithium self-cooled designs have an intermediate loop, the steam generator

in those concepts is unactivated. However, the primary-to-intermediate

heat exchange., would be activated.

5.4.6 Results and Conclusions

The primary purpose of the Safety Evaluation has been to compare the

safety and environmental attractiveness of various blanket designs given

the best available information and technical judgment. Subsection 5.4.1 is

a brief description of the basic methodology. Subsections 5.4.2 to 5.4.5

contain technical discussions of how the blankets compare in four major

areas: accident source term characterization, accident fault tolerance,

effluents, and maintenance and waste management. This Subsection (5.4.6)

is a compilation of the overall results (5.4.6.1) with discussion of

results with respect to individual materials (5.4.6.2) and with respect to
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TABLE 5.4,5-12. IMPACT OF USING LOW ACTIVATION STEELS ON OCCUPATIONAL
EXPOSURE AND WASTE MANAGEMENT FIGURES-OF-MERIT

Blanket Changeout, RMR (structure, 1 day)

Vl5Cr5Ti 1.36xlO10 mrem/h

HT-9 4.17xlO9

Modified HT-9 4.24xlO9

Change from HT-9 2% worse

PCA 1.16xlO10

Tenelon 1.33xlO10

Change from PCA 15% worse

Dilution Required to meet 10CFR61, WDR for Structure Only

Vl5Cr5Ti 1.7

HT-9 484.7
Modified HT-9 1.4
Chang, from HT-9 Factor of 346 better

PCA 197.2
Tenelon 1.5
Change from PCA Factor of 131 becter

Radiation Field for Waste Processing, RMR (10 years), for Structure Only

V15Cr5Ti 6.53xl03

HT-9 4.41xlO7

Modified HT-9 l.llxlO7

Change from HT-9 Factor of 4 better

PCA 2.30x108

Tenelon 1.39xl07

Change from PCA Factor of 17 better
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specific blankets (5.4.6.3). Overall conclusions are discussed in

5.4.6.4. Readers who desire a briefer description of results and

conclusions are referred to Subsection 3.3.

5.4.6.1 Safety Rankings and Key Sensitivities.

Each blanket has been given 11 individual index scores (I.) by

virtue of quantified figures-of-merit (76% of SFM) and/or engineering

judgment (24% of SFM), The individual index score can range from 0 to 1.

These have been discussed and listed in previous subsections. The total

Safety Figure-of-merit (SFM) is a weighted (W.) sum of these indices:

11

SFM =E l. W.
l l

SFM ranges from 0 to 100. The weights have been assigned as follows:

accident source term characterization—30%,, accident fault tolerance—30%,

effluent control—20%, and maintenance and waste management—20%.

5.4.6.1.1 Safety Scores and Rankings

The total SFM for the 16 blankets for both mirror versions and Tokaraak

versions are listed in fables 5.4.6-1 through 5.4.6-4 along with the

resulting rank ordering. It is seen that the rank ordering among mirror

concepts is very similar to that among Tokamak concepts. Nine of these

16 blankets (seven for Tokamak) were mirror blanket reference cases for

detailed evaluation for safety, economics, engineering, and R&D. Safety

evaluation of the remaining blankets was performed to allow for more direct

comparison of materials (see Subsection 5.4.6.2). It is emphasized that

scores for nonreference blankets are more uncertain because the relevant

values of such values as for tritium inventory were simply scaled from the

reference blankets.

In brief, the most attractive blankets are a mixture of those that are

most attractive from the tritium control standpoint (Li/Li/V15Cr5Ti,

Li/He/HT-9) with those most attractive from the chemical reaction control
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TABLE 5.4,6-1. SAFETY FIGURE-OF-MERIT (SFM) AND RANKINGS

Blanket

Li/Li/V15Cr5Tia»b

Li/Li/HT-93

17Li83Pb/17Li83Pb/V15Cr5Tia

17Li83Pb/17Li-83Pb/HT-9

Li/He/V

17Li83Pb/He/HT-9

FLIBE/He/HT-9/Bea >b

Li2O/He/HT-9
a'b

LiA102/He/HT-9/Be
a>b

LiA102/He/PCA/Be

17Li83Pb/NS/HT-9

LiA102/NS/HT-9/Be
a>b

LiA102/NS/PCA/Be

LiA102/H20/HT-9/Be
a'b

LiA102/H20/PCA/Be

a. Reference blanket for detailed evaluation of mirror concepts.

b. Reference blanket for detailed evaluation of Tokaraa"; concepts.

TMR

SFM

63.0

53.8

64.7

60.0

57.4

60.5

56.7

50.6

63.8

58.5

51.1

38.8

35.7

29.5

38.5

31.9

Rank

3

9

1

5

7

4

8

11

2

6

10

12

14

16

13

15

Tokamak

SFM

59.7

49.2

62.6

55.6

56.4

55.3

53.6

48.3

59.8

54.1

45.4

35.2

30.8

23.5

25.7

28.3

Rank

3

9

1

5

4

6

8

10

2

7

11

13

14

16

12

15
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standpoint (Li_0/He/HT-9) with a blanket doing generally well in both

areas (17Li83Pb/17U83Pb/V15Cr5Ti). The other liquid-breeder blankets are

generally inferior to Li/Li/V15Cr5Ti, Li/He/HT-9. The other solid breeder

blankets are generally inferior to Li^O/He/HT-9 because of less favorable

tritium control, higher tritium inventory, higher accident activation

inventory, higher maintenance exposure, and higher waste management

problems.

The comparison of the reference mirror blankets is more directly seen

in Figure 5.4.6-1. The reference Tokamak blankets are compared in

Figure 5.4.6-2. lu ^och cases, the variance of effluent control, mainly

tritium, and accident source term appear to be the major factors. Accident

fault tolerance is not a major discriminator. Although significant

differences among designs were found for specific fault tolerance issues,

overall they tended tc balance out. Blankets that do poorly in one of the

four major safety evaluation areas do not do well overall. Specifically,

the FLIBE/He, LiAlC^/NS, and LiAlO /H0 blankets do particularly

poorly in effluent control and are the lowest overall blankets. The

figures also help to explain various sensitivity cases-

5.4.6.1.2 Sensitivity Cases

A large number of sensitivity cases were examined. The most

interesting ones are briefly discussed here. The resulting impacts on SFM

(Tables 5.4.6-2, 5.4.6-3) and safety rank ordering (Tables 5.4.6-4 and

5.4.6-5) for the reference blankets have been calculated. The

corresponding sensitivity cases are as follows:

Base Case: Reference index scores and index weights were used,

accident source :erm--30%, accident fault tolerance—30%, efflueni

control—20%, maintenance and waste—20%.

Equal Weights, SFM1: Reference index scores were used but with equal

weighting per index. By major area the weights are as follows: accident

source term—27%, accident fault tolerance—45%, effluent control—9%,

maintenance and waste—18%. The major difference is a lcirge, 20% to 9%,

decrease in the effluent importance. As seen in Tables 5.4.6-4 and 5.4.6-5
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Figure 5.4.6-1 Safety Evaluation Results for Mirror Blankets.
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Figure 5.4.6-2 Safety Evaluation Results for Tokatnak Blankets.
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TABLE 5.4.6-2. SENSITIVITY CASES FOR REFERENCE MIRROR BLANKETS FOR SAFETY
FIGURE-OF-MERtTa

Optimistic Pessimistic

Blanket

Li/Li/
V15Cr5Ti

Li/Li/
HT-9

17Li83Pb/
17Li83Pb/
VI5Cr5Ti

Li/He/
HT-9

FLIBE/He/
HT-9/Be

Li2O/He/
HT-9

LiA102/
He/HT-9/
Be

LiA102/
NS/HT-9/
Be

LiA102/
H2O/HT-9/
Be

Base Equal Risk- Optimistic Pessimistic Chemical
Case Weights Based Effluent Effluent Reaction
SFM SFM1 SFM2 Control Control Control

63.0 61.4 47.1 66.0

53.8 54.2 35.6 56.8

64.7 68.5 53.5 74.7

60.5 64.2 46.3 70.5

50.6 60.9 36.5 70.6

63,8 69.2 52.4 76.4

58.5 66.0 45.5 74.7

35.7 47.0 14.6 55.7

38.5 46.0 21.2 56.3

66.0

56.8

50.5

69.0

56.8

67.7

63.5

5P.6

63.8

58.5

35.7

38.5

Chemical
Reaction
Control

50,6

63.8

58.5

35.7

38.5

a. The numerical values are only relevant within a given sensitivity case.
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TABLE 5.4.6-3. SENSITIVITY CASES FOR REFERENCE ^OKAMAK BLANKETS FOR
FIGURE-OF-MERITa

Optimistic Pessimistic
Base Equal Risk- Optimistic Pessimistic Chemical Chemical
Case Weights Based Effluent Effluent Reaction Reaction

Blanket SFM SFM1 SFM2 Control Control Control Control

Li/Li/ 59.7 58.0 44.2 64.5 64.5 65.7
V15Cr5Ti

Li/He/ 55.3 58.6 40.8 67.3 47.3 58.3
HT-9

FLIBE/He/ 48.3 57.1 33.9 68.3 — 48.3 48.3
HT-9/Be

Li2O/He/ 59.8 64.3 47.2 73.6 -- 59.8 59.8
HT-9

LiA102/ 54.1 60.3 40.2 70.5 ~ 54.1 54.1
He/HT-9/
Be

LiA102/ 30.8 40.7 11.4 50.8 -- 30.8 30.8
NS/HT-9/
Be

LiA102/ 35.7 42.2 19.9 54.5 — 35.7 35.7
H2O/HT-9/
Be

a. The numerical values are only relevant within a given sensitivity case.
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TABLE 5.4.6-4. SENSITIVITY CASES FOR REFERENCE MIRROR BLANKETS FOR SAFETY
RANKINGS8

Optimistic Pessimistic
Base Equal Risk- Optimistic Pessimistic Chemical Chemical
Case Weights Based Effluent Effluent Reaction Reaction

Blanket SFM SFM1 SFM2 Control Control Control Control

Li/Li/ (3) 5 (3) 6 (T) (J)
V15Cr5Ti

Li/Li/ 6 7 7 7 © 6
HT-9

17Li83Pb/ © (2) (T) (2) — (2)
17Li83Pb/
V15Cr5Ti

Li/He/ © © © 5 (3) ©
HT-9

FLIBE/He/ 7 6 6 4 — ~> 3
HT-9/Be

Li2O/He/ (2) 0 © (T) ~ (3) (T)
HT-9/Be

LiAl" / 5 (3) 5 (2) — 5 (2)
He/HT-9/
Be

LiA102/ 9 8 9 9 « 9 5
NS/HT-9/
Be

LiA102/ 8 9 8 8 — 8 4
H20/HT-9/
Be

a. Circles denote the number of the top group of blankets for a given
sensitivity case.
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TABLE 5.4.6-5. SENSITIVITY CASES FOR REFERENCE TOKAMAK BLANKETS FOR SAFETY
RANKINGS*1

Optimistic Pessimistic
Bass Equal Risk- Optimistic Pessimistic Chemical Chemical
Case Weights Based -fluent Effluent Reaction Reaction

Blanket SFM SFM1 SFM2 Control Control Control Control

Li/Li/ (2) 4 (2) 5 (T)
V15Cr5Ti

Li/He/ (3) (D (3) 4 (g)
HT-9

FLIBE/He/ 5 5 5 ©
HT-9/Be

Li2O/He/ © ® ® CD
HT-9

LiA102/ 4 (2) 4 (T)
He/HT-9/
Be

LiA102/ T i l l
NS/HT-9/
Be

LiA102/ 6 6 6 6
H2O/HT-9/
Be

a- Circles denote the members of the top group of blankets for a given
sensitivity case.
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the major impact is a slight shift from liquid metal blankets, which have

better tritium control, to solid-breeder blankets. Thus, Li2O/He/HT-9

looks even better, while the Salt and water-cooled blankets still rank aC

the bottom.

Risk-Based, SFM2: Reference index scores were. used. The 60%

weighting to accidents was not divided equally between source term and

fault tolerance but instead these two parts were added together, forming

alternate SFM No. 2. Somewhat surprisingly, this case did not

significantly affect the rank ordering of the reference blankets. Overall,

the base, SFM1, and SFM2 cases do not show a large difference on rank

ordering. All use the reference index scores but with different

weighting- Thus, it appears that the final rank ordering is not highly

sensitive to the exact judged index weighting.

Optimistic Effluent Control: Here all blankets are given the best

score for the effluent index, 20 points. This would require (a) various
39

tritium control, also Ar for Nitrate Salt, techniques Lo be developed

and proven, (b) the effluent release standards to be looser by about two

orders of magnitude (starting at 1L 100 Ci/day, ̂ 10 mrem/yr),, or (c) the

tritium movement assumptions based in this study to be found to be too

conservative by two c-ders of magnitude. The impact on the rank ordering

is dramatic. The Li/Li/V15Cr5Ti design drops from 3rd to 6th (mirror) and

2nd to 5th (Tokamak). Figures 5.4.6-1 and 5.4.6-2 help to demonstrate why

the change occurs. The self-cooled lithium cases score the best in the

area of tritium control. Thus, when it is assumed that all blankets do

well in this area, it is not surprising that the lithium self-cooled

blankets are the most affected. The most likely way to achieve

dramatically improve tritium control is develop tritium control barriers

and/or on-line tritium oxidizers for helium streams*

Pessimistic Effluents Control: Here it is assumed that either (a) a

major tritium control assumption is found to be too optimistic or

(b) effluent standards are 1-2 orders of magnitude stricter than assumed

here. In this case, the lithium-self-cooled designs were scored 20 pts in

the tritium effluent area because they appear able to still achieve low

tritium release. The Li/He/HT-9 design was given 0 pts for tritium control
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but may still be acceptable. All other blankets would appear

unacceptable. The key uncertainties are (a) tritium coining through first

wall increases, which impacts all helium, salt, or water-cooled blankets,

(b) hydrogen dilution of tritium fails to lower tritium permeation, which

impacts all 17Li83Pb, helium, salt, or water-cooled blankets, (c) beryllium

releases significant amount of tritium, which impacts LiA10«/He and

FLIBE/He designs, and (d) the deviation of tritium permeation through

oxidized HT-9 is much less than a factor of 100, which impacts all blankets.

Optimistic Chemical Reaction Control: Here it is assumed that

chemical reaction control is tiven better than that assumed in the reference

case, whifh allows water in shields, choke coils, direct converters, and

halo scrapers but assumes adequate isolation between water and reactive

metals. If the water were replaced in these components then the remaining

lithium and vanadium fault tolerance penalties for water chemical reactions

(index 7) would be removed. In this case the reference top blankets would

not change, but the Li/Li/V15Cr5Ti and 17Li83Pb/17Li83Pb/V15Cr5Ti cases

would rise to the top of the list.

Actually, the full impact of the optimistic chemical reaction control

case is even greater since the high volatility assigned to lithium-related

elements, because of the possibility of combustion, would be lowered. That

is, the volatility of the activity in liquid lithium would be lowered. In

this instance, Li/Li/HT-9 might replace Li O/He/HT-9 in the top group

blankets.

To insure that water chemical reactions with Li, V15Cr5Ti, and

17Li83Pb are adequately controlled, it is strongly recommended that future

cosigners using these materials do not use water anywhere in the nuclear

island, see Subsection 5.4.3.5.

Pessimistic Chemical Reactions: Here it is assumed that the favorable

*.j:*.amptions relating to control chemical reactions are proven false. Then

'hiii'S blankets with either lithium or vanadium may not be acceptable. The

:<?»•/ *.53t;»-ption8 for the reference case are (a) nonwater-cooled limiters
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are used for lithium or vanadium blankets, (b) adequate separation between

lithium, 17Li83Pb, and vanadiusn versus water i^ provided by design so that

the risk of metal-water reactions are small, (c) a nitrogen cover gas is

used for lithium and 17Li83Pb designs, and (d) nitrogen-lithium reactions

are mild in the 5OO-70O°C range.

It should be noted that if both the pessimistic tritium control and

pessimistic chemical reaction control cases prove true, it is not clear

that there is an acceptable blanket option. For these reasons the research

items relating to tritium and chemical reactions are of highest priority,

as seen in the R&D assessment.

2
Impact of Deviation from 5 MW/m Neutron Wall Loading: The exact

value of the wall-loading value will change design details. In general,

the relative ranking and attractiveness of concepts in the Safety
2

Evaluation would not change if the 5 MW/tn value were lowered or raised.

However, two specific issues might change, which might provide an impact on

the overall Safety Evaluation. The first issue is the relative ability of

concepts to survive cooling transients. Afterheat levels will vary up or

down with the wall loading. An increased wall loading will harm the liquid

breeder concepts since some may no longer be able to passively deal with

cooling transients. (it is already assumed that solid breeder issues have

troubles in this regard.) A decreased wall loading would probably have

little effect since it is not likely that the afterheat level could fall

sufficiently to allow solid breeder concepts to passively handle these

transients. The second issue is whether a change in neutron wall loading

makes it harder or easier to use non-water-cooling for near-plasma

components, e.g., limiters. Assuming that surface heat flux would scale

roughly as the neutron wall loading, it seems likely that increased wall

loading would make it more difficult to replace water cooling, hence

significantly lowering the safety attractiveness of lithium and/or vanadium

concepts. Similarly, reduced wall loading seems likely to improve chances

of replacing water cooling, hence raising the attractiveness of reactive

metal blankets =>
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o
In summary, raising the 5 MW/m value would Cend to decrease the

safety attractiveness of liquid-metal and/or vanadium blankets because of

increased difficulty in passively handling cooling transients and in

replacing water cooling in near-plasma components. Decreasing the
2

5 MW/m value would tend to increase the safety attractiveness of lithium

and/or vanadium blankets because of increased ability to replace water

cooling.

Other Physics Confinement Concepts: The Safety Evaluation found

new-identical relative rankings among concepts independent of whether the

physics concept was TMR or tokamak. Although the rank ordering would have

to be examined for other physics concepts on a case-by-case basis, it does

not appear that the safety rank ordering would necessarily change. The,

most likely issues that could lead to changes are (a) differences in the

chemical reaction risk of water and (b) presence of significant amounts of

copper. If a given physics concept had special requirements for

water-cooled components, it could severely harm the vanadium and/or lithium

concepts. On the other hand, if a given physics concept had no

requirements for water-cooled components, the blankets with reactive metals

would be helped. If significant amounts of copper were present, the

Li/Li/V concept relative ranking would decrease. This is because copper

grossly fails 10CFR61 and its presence would mean no blanket, even Li/Li/V,

would score well in the Waste Management Index. If a physics concept

required copper coils imbedded in the blanket, for example, one could

forget about fusion meeting the near-surface burial goal.

5.4.6.1.3 low-Activation Steels

One purpose of the BCSS was to examine the value of replacing the

reference steels, HT-9 and PCA, with two "low-activation" alternate steels,

modified HT-9 and Tenelon. These were designed to meet the goal of near

surface-burial for the structural material itself. In the area of waste

management, it was found in this study that they do come close to

satisfying 10CFR61 as does V15Cr5Ti, whereas the reference steels are two

orders of magnitude off. Basically, the "low-activation" steels solve the

waste disposal problem by eliminating elements that give rise to long-term
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(>10 year) isotopes and replacing them with elements that give rise to

shorter-term isotopes. However, in all other areas where activation is

important - accident source term, afterheat, maintenance of blanket

structure, and maintenance of cooling systems - use of these proposed

"low-activation" steels has either an insignificant impact or a negative

one. In Modified HT-9, the key problem is tungsten, which replaces

molybdenum. In Tenelon, the key problem is manganese, which replace1;

nickel. Specific numerical comparisons are listed in Table 5.4.6-6 and 7.

On balance, it cannot be said that the proposed "low-activation"

steels are necessarily an improvement over the reference steels. It does

appear that Modified HT-9 would be a net improvement over HT-9 but that

Tenelon would not be a net improvement over PCA. One key aspect limiting

the value of "low-activation" steels is that most blankets do not achieve

near-surface burial even with use of "low-activation" steels because of the

breeder or coolant. For the reference-composition structural materials and

activation areas studied, impurities were generally not found to be

important. The main exception was that niobium content causes waste

management problems.

If one wants a low activation structural material, the proposed steels

do not appear to the answer. Vl5Cr5Ti is one possibility. Adoption of a

long time frame opens up the possibility for truly low activation materials

like SiC.

Structural materials are only one part of the activation picture.

Many of the other blanket materials, breeders and coolants, have

significant radioactivity. In some cases the major activating elements are

prime constituents, e.g. lead in 17Li83Pb and sodium and potassium in

Nitrate Salt. Blankets with these materials would not be low activation

even if the structural material were SiC. In other cases the main

activating elements are impurities, especially sodium and potassium in all

lithium-bearing materials. A worthwhile goal seems to be economical

reduction of impurities in such materials as lithium and Li,0. Breeder

materials using enriched lithium may automatically benefit from lower

levels of lithium-related impurities, e.g. 17Li83Pb.
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TABLE 5.4.6-6. COMPARISON OF LOW-ACTIVATION STEELS WITH REFERENCE STEELS
AND V15Cr5Tia

Reletive
Biological
Health
Potential

Relative
Public
Health
Effects

Relative
BHP with
Volatility
Effects

Relative
Health
Effects
with
Volatility
Effects

Remote
Maintenance
Rating
(mR/h)
at i day

Remote
Maintenance
Rating
(mR/h)
at 10 yr

Waste
Disposal
RaLing
at 10 yr

Vl5Cr5Ti

1.0

1.0

1.0

1.0

1.4 x 10 1 0

6.5 x 103

1.7

HT-9

4.3

7.7

5.9

9-0

4.2 x 109

4.4 x 107

484.7

Modified HT-9

5.0
(15% worse
than HT-9)

7.1
(9% better)

7.3
(26% worse)

10.0
(11% worse)

4.2 x 109

(2% worse)

1.1 x 107

(factor of
4 better)

1.4
(factor of
346 better)

PCA

8.5

23.4

4.7

7.7

1.2 x 1010

2.3 x 108

197.2

Tenelon

13.5
(59% worse
than PCA)

20.4
(15% better)

12.7
(174% worse)

18.6
(141% worse)

1.3 x 1010

(15% worse)

1.4 x 107

(factor of
16 better)

1.5
(factor of
131 better)

a. There is also an impact on afterheat levels. In particular Tenelon
would have afterheat levels that are approximately three times that of PCA.
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TABLE 5.4.6-7. COMPARISON OF LOW-ACTIVATION STEELS WITH REFERENCE STEELS BY
INFLUENCE ON SAFETY FIGURE-OF-MERIT

Issue

Accident Source Tei..
(Index l)

Afterheat, Cooling
Fault Tolerance
(Index 5)

Occupational Exposure
(Index 10)

Waste Management
(Index 11)

Overall

Modified HT-9
vs. HT-9

0-1.2 points
better

0-3 points
worse

nil

0.7-4.3
better

2-3 worse to
5-5 better

Tenelon vs PCA

0-0.4 points worse

0-6 points worse

nil

0.6-1.4 better

5.8 worse to 1.4 better

Breeder and coolant-related radioactivity may prove more important in

some cases than structural materials. For example, whereas it is agreed

that hands-on maintenance of blanket structure is highly unlikely, limited

hands-on maintenance of components such as tritium purge systems and steam

generators appears achievable and a very worthwhile goal. Use of helium

appears the way to achieve this goal.

5.4.6.2 Discussion of Results by Material

The discussion of overall results will be done two ways. First, the

evaluation of 16 blankets allows direct pairwise comparison of a specific

material choice, all other materials kept constant. For example, the

advantage of HT-9 versus PCA is examined for the pairs of blankets,

LiA102/He/X/Be, LiA102/NS/X/Be, and LiA102/H20/X/Be, where X=HT-9

or PCA. Second, (Subsection 5.4.6.3) the results are discussed by blanket.

5.4.6.2.1 Structural Materials

The Table 5.4.6-8 shows the pairwise SFM comparison of structural

materials, V15Cr5Ti versus HT-9 and HT-9 versus PCA. The differences that
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TABLE 5.4.6-8. PAIRWISE SAFETY-FIGURE-OF-MERIT COMPARISON OF STRUCTURAL

MATERIALS

Comparison: Vl5Cr5Ti Advantage Over HT-9

Relevant Blankets: Li, Li/X, 17Li83Pb/17Li83Pb/X, Li/He/X

Issue

Source Term

Fault Tolerance

Tritium Control

Maintenance and Waste

Overall

Type Blanket

Lithium
17Li83Pb

Self-cooled
He 1ium-c oo1ed

Self-cooled
Helium-cooled

Lithium
17Li83Pb

Li/Li/X
17Li83Pb/17Li83Pb/X
Li/He/X

Difference

+4.3 ±0.7
+3.4 ± 0.5

-1.5 ± 0.6
-2.4 ± 0.5

0
-9.0 ± 1.0

+6.5 ± 0.3
+3.9 ± 0.1

+9.9 ± 0.7
+5.9 ± 1.2
-2.0 ± 1.2

Comparison: HT-9 Advantage Over PCA

Relevant Blankets: LiA102/He/X, LiA102/NS/X1 LiA102/H2O/X

Issue

Source Term

Fault Tolerance

Tritium Control

Maintenance and Waste

Overall

Type Blanket

Helium-cooled
Salt-cooled
Water-cooled

all

all

all

Helium-cooled
Salt-cooled
Water-cooled

Difference

+2.
+1.
+1.

+0.

+4.

+8.
+6.
+7.

3
4
9

5

9

1
8
0

+

±
±

±

0

±

±
±
+

0
0
0

0

0

0
0
0

.0

.0

.1

.5

.5

.7

.6

.4
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are quoted refer to the difference in total SFM for the stated' blankets for

both mirror and Tokamak versions.

For Vl5Cr5Ti versus HT-9, the key vanadium advantages are activation

related (accident source term and maintenance and waste). The advantage is

stronger when a lower activation breeder, lithium, is used rather than

17Li83Pb. There is a vanadium disadvantage in fault tolerance because of

chemical reactivity. The key swing issue is tritium control. The Vl5Cr5Ti

versus HT-9 difference in tritium control is zero for the self-cooled

designs because the permeation through the first wall is not relevant and

because a HT-9 heat exchanger is used in all cases. The V15Cr5Ti to HT-9

tritium control difference for helium cooled designs appears high, although

the Li/He/V15Cr5Ti case received little attention. Overall, Vl5Cr5Ti is

preferred unless its use adversely impacts tritium control. Inability to

reduce the risk of vanadium-oxidation could also impose severe penalties

for V15Cr5Ti use.

The HT-9 to PCA comparison is simpler. HT-9 has significant

advantages in the activation areas and no identified disadvantage.

However, the tritium control for HT-9 was assumed the same as PCA with the

higher permeability of HT-9 offset by a higher "oxide barrier factor." 7E

this assumption changes, PCA could have an advantage over HT-9. In terms

of the BCSS, about a factor of 10 lower net permeability for oxidized PCA

versus oxidized HT-9 jould be needed to offset the HT-9 activation

advantages. No examination of crack propagation was included in the BCSS

and the Ductile-Brittle Transition Temperature problem for HT-9 was assumed

to not be serious.

5.4.6.2.2 Breeder Materials

Table 5.4.6-9 shows pairwise breeder material comparisons. For Li 0

versus LiAlO /Be the key areas are source term (activation and tritium

inventory) and tritium control, all favoring Li 0. Li 0 is slightly

worse than LiAlO_ in the waste area because of somewhat more structure.

The long-term waste disposal advantage of Li 0 is not relevant because

use of HT-9 penalizes both concepts waste disposal rating (WDR). The use
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TABLE 5.4.6-9. PAIRWISE SAFETY-FIGURE-OF-MERIT COMPARISON OF BREEDER

MATERIALS

Comparison: Li2O Advantage Over

Relevant Blankets: X/He/HT-9

Issue

Source Term
Fault Tolerance
Tritium Control
Maintenance and Waste

Overall

Comparison: L12O Advantage Over FLIBE/Be

Relevant Blankets: X/He/HT-9

Issue

Beryllium Toxicity
Structure
Tritium Inventory

Fault Tolerance
Tritium Control
Maintenance and Waste

Overall

Comparison: Li Advantage Over 17Li83Pb

Relevant Blankets: X/X/V, X/X/HT-9, X/He/HT-9

Difference

+2.9 ± 0.3
-0.1 ± 0.0
+3.1 ± 0.5
-0.4 ± 0.5

+5.5 ± 0.2

Difference

+3.2 ± 0.1

+1.4 ± 0.1
-0.9 ± 0.1
+6.8 ± 0.6
+1.9 ± 0.2

+12,4 ± 0.9

Issue

Tritium Inventory

Source Term Activation

Fault Tolerance

Tritium Control

Type Blanket

Self-cooled
Helium-cooled

Self-cooled
Helium-cooled

Self-cooled
Helium-cooled

Self-cooled
Helium-cooled

Difference

-9.2 ± 1.0
-4.4 ± 0.2

-1.7 ± 0.0
-1.0 ± 0.1

-3.8 ± 0.2
-2.5 ± C l

+6.7 ± 0.3
+9.0 ± 1.0
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TABLE 5.4.6-9 (continued)

Issue

Maintenance and Waste

Overall

Comparison: Li20 Advantage Ovar Li

Relevant Blankets: X/He/HT-9

Type Blanket

X/X/V
X/X/HT-9
X/He/HT-9

X/X/V
X/X/HT-9
X/He/HT-9

Difference

+5.1 ± 0.2
+2.2 ± 0.1
+1.5 ± 0.1

-2.3 + 0.6
-6.3 t 0.1
+2.8 ± 1.0

Issue

Tritium Inventory
Source Term Activation
Cooling Transients
Chemical Reactivity
Tritium Control
Maintenance and Waste

Difference

+0.
+4.
- 4 .
+5.
- 2 .
+0.

4 ± 0.2
1 ± 0.1
0 ± 0.1
0 ± 0.1
2 ± 0.4
4 ± 0.4

Overall +3.9 ± 0.6

of beryllium with LiA102 does not play a major role because LiAlO

already has far higher BHP than Li20 without the addition of beryllium

toxicity. Beryllium would make a difference (several points) if the

breeder were lower BHP, e.g. lithium, Li 0, or FLIBE. Overall Li,0 is

strongly preferred over Li AT. 0 /Be.

LiAlO has served as a representative ternary ceramic in this

study. The key issues among ternary ceramic options are tritium inventory,

tritium release form, short-term radioactivity, and long-term radio

activity. From the activity standpoint, zirconium-based ceramics would be

greatly inferior to LiAlO^ and silicon-based ceramics might be better.

Specifically, if a silicon-based ceramic could have a low enough impurity

level, it would meet near-surface burial requirements (10CRF61), unlike

LiAlO.,.

Li20 has several advantages over FLIBE/Be, beryllium toxicity,

structure tritium inventory, tritium control, and maintenance and waste.
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The last is caused by the higher structural fraction in the FLIBE blanket.

FUBE has a slight advantage in fault tolerance, mainly because of

perceived greater ease in surviving cooling transients. Overall, Li 0 is

strongly preferred over FLIBE/Be.

The lithium-17Li83Pb comparison is complex. 17Li83Pb has advantages

in the areas of tritium inventory, source term activation, and fault

tolerance. The accident source term activation advantage of 17Li83Pb is

caused by the higher assigned volatility for elemental lithium

radioactivity caused by the possibility of chemical combustion. Without

volatility effects, lithium is better than 17Li83Pb in the area of accident

source term activation. The fault tolerance advantage of 17Li83Pb is

caused by the higher chemical reactivity of lithium. The 17Li83Pb tritium

inventory advantage (9.2 pts for self-cooled, 4.4 pts for helium) balances

against a lithium tritium control advantage (6.2 pts for self-cooled,

9.0 pts for helium-cooled), so that 17Li83Pb is preferred for self-cooled

concepts and lithium is preferred for helium-cooled concepts. Lithium has

an advantage in the maintenance and waste management area because of its

lower activation. This advantage is highest with the low activation

Vl5Cr5Ti structure and lower with the HT-9 cases.

The value of the Li 0 versus Li comparison is limited because only

the X/He/HT-9 cases provide a direct comparison. Li 0 has advantages in

tritium inventory, tritium control, source term activation, maintenance and

waste, and chemical reactivity (fault tolerance). The lower tritium

effluent for Li O/He/HT-9 versus Li/He/HT-9 is a result of designs being

frozen at a specific time. Given more optimized designs, Li/He/HT-9 should

demonstrate better tritium contiol than Li.O/He/HT-9. The source term

activation advantage is largely caused by the high volatility assigned to

lithium species becr.use of the possibility of chemical combustion. Lithium

has an advantage in the area of fault tolerance to cooling transients.

Overall, Li 0 is preferred over lithium for X/He/HT-9 blankets.
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5.4.6.2.3 Coolant Materials

The final set of pairwise comparisons is shown in Table 5.4.6-10. The

lithium-17Li83Pb comparison shown with the breeders is not repeated.

The helium-water comparison shows several helium advantages and no

water advantages. The lower activation and tritium inventory of helium

lead to source term and maintenance and waste management advantages. The

lower pressure leads to fault tolerance and tritium control advantages.

The helium advantage in tritium control is partially caused by the fact

that the water pressure is high enough so that steam generator leaks go

from primary to steam, releasing tritium.

The helium-salt comparison shows several helium advantages and no salt

advantages. All are related to the high tritium and high radioactivity in

the salt. No net fault tolerance difference is seen. The relative

attractiveness of the Nitrate Salt would improve dramatically if it were

elementally-tailored to replace sodium and potassium. Perhaps a

lithium-based nitrate/nitrite salt would be a good starting point. Such a

tailored salt would avoid much of the Nitrate Salt's disadvantages due to

high radioactivity.

The helium to lithium comparison is more complex, but only the

Li/X/HT-9 and Li/X/Vi5Cr5Ti pairs provide a direct comparison. Helium has

advantages in source term and maintenance and waste management because of

its nil tritium inventory and lower activity. There is a slight fault

tolerance advantage for helium, but limited because both Li/X/HT-9 and

Li/X/V15Cr5Ti have some lithium chemical reaction concerns. Lithium has

tritium control advantages, more for Li/X/V15Cr5Ti than for Li/X/KT-9. The

i.i/He/Vl5Cr5Ti blanket is apparently more penalized versus Li/Li/V15Cr5Ti

because only the helium cases tritium control is influenced by the high

vanadium permeability. Overall, the strength of the tritium control

advantage for lithium determines which, helium or lithium, is preferred.
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TABLE 5.4.6-10. PAIRWISE SAFETY-FIGURE-OF-MERIT COMPARISON OF COOLANT
MATERIALS

Comparison: Helium Advantage Over H2O

Relevant Blankets: LiA102/X/HT-9/Be, LiA102/X/PCA/Be

Issue Difference

Source Term +9.<+ ± 0.9
Fault Tolerance +4.1 ± 0.1
Tritium Control +2.0 ± 0.4

Maintenance and Waste +3.2 ±1.1

Overall +18.7 ±1.6

Comparison: Helium Advantage Over Nitrate Salt

Relevant Blankets: LiA102/X/HT-9/Be, LiA102/X/PCA/Be

Issue Difference

Source Term +13.3 ±0.6
Fault Tolerance 0.0 ± 0.0
Effluent Control +3.7 ± 0.1

Maintenance and Waste +5.5 ± 0.4

Overall +22.4 ±0.9

Comparison: Helium Advantage Over Lithium

Relevant Blankets: Li/X/HT-9, Li/X/V15Cr5Ti
Issue

Source Term
Fault Tolerance
Tritium Control

Maintenance and Waste

Overall

Type Blanket

either
either
HT-9
V15Cr5Ti
either

HT-9
V15Cr5Ti

Difference

+8.9 ± 0.6
+0.7 ± 0.5
-7.1 ± 0.1
-16.1 ± 0.9
+2.9 ± 0.5

+6.4 ± 0.3
-4.5 ± 1.2
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5.4,6,3 Discussion of Results by Blanket

The proceeding discussion broke results down to the individual

material level. Ultimately the total blanket, comprised of various

materials, is what is relevant. Not all combinations make sense or are

practical. The following discussion is intended to give a brief

description of why each of the reference blankets ranks where it does. The

order is best to worst, recognizing that only the final "top" group of

blanket concepts were evaluated. Figures 5.4.6-1 and 5.4.6-2 are

particularly relevant.

The Li O/He/HT-9 blanket generally does very well in all areas. The

largest uncertainty is tritium control: if tritium control becomes

significantly easier, this blanket becomes the unquestioned best choice, if

tritium control is significantly less favorable, the blanket is far less

attractive and may become unacceptable.

The 17Li83PB/17Li83Pb/V15Cr5Ti blanket (TMR only) scores about the

same as Li O/He/HT-9. This blanket also does well across the board,

generally a little better than Li O/He/HT-9 in tritium control and worse

in occupational exposure and waste management. The latter is caused by the

high activity of 17Li83Pb. This blanket has two key uncertainty areas, how

well will the tritium control scheme work and how well will 17Li83Pb and

V15Cr5Ti be protected from water and air'J Highly unfavorable outcomes in

either area might make the blanket unacceptable * No obvious area of

significant safety improvement appears.

The Li/Li/V design scores about the same as 17Li83PB/17Li83Pb/Vl5Cr5Ti.

The lithium advantages in radioactivity and better tritium control are

offset by chemical reaction concerns and higher tritium inventory in

lithium. This blanket could be significantly hurt, to the point of being

unacceptable, if air and water reactions were not controlled to the extent

assumed in this study. On the other hand, if air and water reaction risk

is further lowered (neither water or air in the reactor building?), the

blanket would be even more attractive and would be the best overall choice.
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Next comes the Li/He/HT-9 blanket. The use of HT-9 (radioactivity)

and helium (tritium control) outweighs its advantages over Li/Li/V15Cr5Ti

in the area of helium's low radioactivity. Tritium control is the major

uncertainty, which could raise or lower the attractiveness of this

blanket. The overall safety attractiveness has significantly fallen from

the cases of Li2O/He/HT-9 and 17Li83PB/17Li83Pb/V15Cr5Ti.

The fifth blanket is LiAlG2/He/HT-9/Be. All of the higher

rated blankets have significantly lower activation: Li O/He/HT-9 is

lower because of hiji versus LiA102/Be, 17Li83PB/17Li83Pb/V15Cr5Ti is

lower because of V15Cr5Ti versus HT-9, Li/Ii/V15Cr5Ti is lower because of

V15Cr5Ti and Li versus LiA102/Be and HT-9, and" Li/He/HT-9 is lower

because of Li versus LiA10-/Be. All of the higher blankets also do

better in the area of tritium control. The LiAlO /He/HT-9/Be blanket is

as close to the others as it is because of the lack of chemical reaction

concerns considered in the evaluation. The blanket would be significantly

more attractive if tritium control were 1-2 orders of magnitude better, but

not better than Li O/He/HT-9 because of the activation and chemical

toxicity difference between Li_0 and LiA10_/Be.

The sixth blanket, Li/Li/HT-9 (TMR only), is very similar to Li/Li/V

except for higher activation from HT-9. The V15Cr5Ti to HT-9 activation

difference is the largest for this pair of blankets because lithium is

fairly low activation (does not mask the structure) and because there is no

tritium control difference. The latter is predicated on using steel for

the Li/Li/V15Cr5Ti loop for the nonblanket parts. Overall, the activation

disadvantage for HT-9 versus Li/Li/V15Cr5Ti is sufficient to drop

Li/Li/HT-9 into the middle of the pack. Batter chemical reaction control

would help this blanket, as for Li/Li/Vl5Cr5Ti, and raise its

attractiveness, but never to more than Li/Li/Vl5Cr5Ti.

The seventh blanket, FLIBE/He/HT-9/Be, does very poorly in tritium

control and is heavily penalized as a result. The chemical toxicity of

beryllium is a distinct disadvantage because otherwise FLIBE would compare

favorably with Li_O in terms of BHP. The blanket would be helped -if
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tritium control were improved by two orders of magnitude or if it were

found that beryllium toxicity is not as bad as assumed here (see

Subsection 5.4.2.3). However, it does not appear that this blanket could

be more attractive than Li2O/He/HT-9 or LiAlC>2/He/HT-9/Be.

The eighth blanket is LiA102/H,0/HT-9/Be. The blanket does poorly

in all major safety areas. Its biggest problems are tritium control and

pressure. The pressure is inherently high enough so that tritium may leak

from the primary to steam side. The high pressure makes entrained

activation products and tritium very mobile. The two-phase high-pressure

nature allows for significant pressurization of whatever chamber the water

would leak into. The blanket does avoid chemical reaction problems.

The ninth blanket is LiAlO^/NS/HT-9/Be. This blanket does poorly in

all safety areas except fault tolerance, where the low operating pressure

is an advantage. This advantage is based on the questionable assumption

that salt decomposition is not a problem. If that assumption is not made,

the blanket appears potentially unacceptable. The very high activity and

high tritium inventory in the salt outweigh its low pressure advantages.
39

Ar, rather than tritium, would be a major effluent control problem.

The major way to improve nitrate salt would be replacement of its sodium

and potassium with something else, a form of elemental tailorings A

low-activation nitrate salt with good thermal stability would rank much

better in the safety evaluation.

5.4.6.4 Conclusions

Given the reference assumptions that

(a) some tritium control ideas will work,

(b) air chemical reaction problems are largely solved by nitrogen or

carbon dioxide cover gases, and
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(c) water chemical reaction problems are largely solved by

elimination of water-cooled limiters and adequate separation of

water and reactive metals (lithium, vanadium),

then the top blankets are

17Li83Pb/17Li83Pb/V15Cr5Ti,

Li2O/He/HT-9,

Li/Li/Vl5Cr5Ti, and

Li/He/HT-9.

These cop choices are a mixture of blankets that are especially attractive

in terms of tritium control, i.e. elemental lithium-bearing, and those most

attractive in terms of chemical reaction control, i.e. Li-O/He/HT-9.

This is most easily seen by looking at two alternative sets of

assumptions.

First, if one believes that

(a) adequate tritium control is economically credible for all designs,

(b) cooling and pressure transients can be passively protected

against, and

(c) chemical reaction problems (lithium, 17Li83Pb, NS, vanadium,

Be-powder) are not solved,

then the preferences are

Li«/He/HT-9 (appears on reference top list),
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LiA102/He/HT-9/Be, and

FLIBE/He/HT-9/Be,

and the blankets with either lithium or vanadium may not be acceptable. In

other words, if passive control of lithium or vanadium reactions is not

sufficient to effectively eliminate these accident concerns, then He/solid

breeders are the most attractive.

Second, if one believes that

(a) nonair building atmosphere or protection schemes are economically

credible and solve chemical reaction problems,

(b) nonwater-cooled components are technically credible and are used

to reduce water-metal problems, and

(c) tritium control is extremely difficult,

then the preferences are

Li/Li/V15Cr5Ti (appears on reference top list),

Li/Li/HT-9, and

Li/He/HT-9 (appears on leference top list).

and most other designs may not be acceptable. In other words, if tritium

control of 17Li83Pb and solid breeder designs is not adequate to meet

social health and safety standards, the elemental lithium-bearing designs

are the most attractive.

Therefore, it is seen that the top blanket preferences depend on some

optimism in tritium control and chemical reaction control. Pessimism in

both areas produces an empty set of acceptable blanket choices. That is,

the combination of tritium/effluent control and chemical reaction control
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concerns is a fusion feasibility issue. None of the blankets studied

avoids both major problem areas. The nitrate salt blanket appears to avoid

tritium and lithium cheiaical re

chemical decomposition problems.

39
tritium and lithium cheiaical reaction problems but has Ar effluent and

The key parts of these major issues and corresponding needed research

are as follows:

o better define vanadium-air reactions

o verify that nitrogen and carbon dioxide are fairly inert toward

Vl5Cr5Ti and steels

o perform studies to determine the viability and cost of using an

inert cover gas/building atmosphere

o better define lithium and 17Li83Pb reactions with air and water

in geometries of interest

o verify that nitrogen is sufficiently inert toward lithium and

17Li83Pb at temperatures of 500-700°C

o perform studies to determine the viability and cost of using

nonwater-coolants for limiters, resistive choke coils, shields,

direct converters, and halo scrapers

o better understand tritium migration through first walls

o understand deviation from classical tritium permeation ("oxide

barrier factor") including impact of hydrogen addition

o better define tritium release form from solid breeders

o better define tritium oxidation kinetics in heli'un streams,

especially the impact of surface reactions
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o examine the behavior of tritium in beryllium.

A list of safety-related potential critical flaws is given in

Table 5.4.3-25. Future designers are urged to verify that their designs do

not fail any of the issues posed in that Table. Specifically, designers

using Li, V15Cr5Ti, and to a lesser extent 17Li83Pb, are strongly urged to

not use water anywhere in the nuclear island. That is, replace water in

limiters, shields, resistive choke coils, halo scrapers, and direct

converters. Designers using 17Li83Pb, FLIBE, or any of the solid breeders

are strongly urged to pay special attention to limiting tritium effluent.

In conclusion, given the current understanding and analysis of the

impact of various uncertain issues, the most attractive blankets from the

safety standpoint are as follows:

o Li O/He/HT-9 (best if tritium control better an«i chemical2 ———

control worse than the reference case)

o Li/He/HT-9 (similar to the above, except more difficult

chemical reaction control and easier tritium

control; more of a compromise)

o Li/Li/V15Cr5Ti (best if chemical control better and tritium

control worse than the reference case)

o l7Li83Pb/ (similar to the above, except more difficult

17Li83Pb/V15Cr5Ti tritium control and easier chemical reaction

control; more of a compromise)

Two of these are helium-cooled HT-9 concepts. Two are liquid-metal,

self-cooled V15Cr5Ti concepts. The preferred breeder for helium-cooled

HT-9 is Li,,0 if tritium effluent control is favorable; a lithium-breeder

would be the backup. The preferred liquid-metal for the liquid-metal-

cooled VI5Cr5Ti concept is lithium if air and water reactions are

adequately controlled; 17Li83Pb would be the backup. The Safety Evaluation
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results show that water and Nitrate Salt coolant and PCA structure score

poorly relative to the other concepts studied. These findings are similar

to those in References 5-6. In that study the best near-term option was

identified to be (Li or 17Li83Pb)/He/HT-9 versus (Li2O or Li)/He/HT-9

here. The best advanced option in that study was identified to be Li or

17Li83Pb-cooled V15Cr5Ti, the same as in the current study. Finally, it

should be mentioned that some blankets that could be extremely attractive

from the safety standpoint, e.g. helium-cooled, Li-0 or

Li_SiO_/Be-breeder, Sic, were not examined in the BCSS.
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5.5 R&D Evaluation Methodology

This category of evaluation of blanket options in the BOSS is somewhat

different in purpose and approach than the three ^reas discussed in sections

5.2 to 5,4. Blanket options employing more advanced materials and design

features will likely score higher in the performance related evaluation

categories of engineering feasibility, economics, and safety and environmental

effects. On the other hand, the more advanced blankp' will likely require

more research and development resources, will take longer to develop, and may

entail a higher risk in terms of favorably resolving the major R&D issues.

Thus, this evaluation category attempts to provide the BCSS evaluation process

with a balanced view with respect to better performance and the associated

larger R&D resource requirements and risks.

The basic approach in the R&D evaluation is to use two figures of merit:

one which measures the overall R&D investment "cost" in terms of time, funding

and new facilities, and one which measures the "risk" of R&D in terms of the

number of key issues to be resolved for a particular blanket option (i.e., the

larger the nvraber and importance of the issues, the greater the risk).

5.5.1 R&D Investment Cost

The R&D investment cost (RDI) score is a composite of three ratings (X,,

X^, and X3) shown in Table 5.5-1. A judgment is made of the total time (X,),

average annual R&D operating cost (X,,), and required facilities cost (X,} to

develop a particular blanket option to the point where sufficient information

would be available to select that blanket with reasonable confidence for

Inclusion in a demonstration reactor. (For purposes of the study, a demon-

stration reactor ^ ' first wall/blanket is assumed to operate at a neutron

wall loading of - 2 MW/m . The fluence on the first wall/blanket before

changeout would be - 10 MW-yr/m2.) The numerical values for Xi range from one

t. three points.
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TABLE 5.5-1. RDI CATEGORIES

Time Scale

< 10 years

10 years +
20 years

> 20 years

Score X,

CO

(2)

(3)

Average
Annual

Operating
Cost

< S5M

$5-20M

> $20M

Score X2

(1)

(2)

(3)

Required
Facilities

No New Facilities
> $10M

New Facilities
$10-$50M

New Facilities
> $50M

Score Xo

(1)

(2)

(3)

The composite score for RDI is then given by

RDI = [5.5-1]

where the lowest score is one. A low rating is desirable in the sense that it

indicates that the blanket can be developed for the DEMO for less R&D

resources than a blanket with a higher score.

In assigning the values for X., X^, and X, in Table 5.5-1, a judgment is

made of the time, annual cost, and facility needs for all aspects of the

blanket concept including structural material, breeder, coolant, and neutron

multiplier as well as additional component and engineering development

needs. As an example, let us take the Li/He/FS blanket option. First,

estimates are made with respect to time scale, annual cost, and facilities

costs for ferritic steel for unirradiated materials properties, welding/

fabrication, corrosion/compatibtlity, and irradiated properties. Then, a

similar judgment is made for the lithium breeder issues such as basic

properties, corrosion/compatibility, magnetic effects and tritium recovery for

the three areas of time, cost and facility needs. A similar judfjmenc Is also

made for helium coolant issues. Finally, an overall judgment is made for the

blanket as follows:

• The time scale score (Xj) is determined by the longest estimate for

any element In the blanket, i.e. research in structural materials,

coolant and breeder Is assumed to be carried out in parallel.
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• The annual operating cost (X2) is a summation of the estimates for

all elements of the blanket (structure, . . . ) •

• The facility cost (Xo) is also a summation of the estimates for all

elements of the blanket.

References
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5.5.2 R&D Risk

It is desirable to assess the relative risk in carrying out research and

development efforts for a particular blanket option. The graater the like-

lihood and potential consequence of a number of key issues or "potential

flaws" of a blanket option, the more likely one will invest R&D resources

tfhich may turn out not to result in a workable fusion blanket; hence, this

represents an R&D risk.

The basic figure of merit for R&D risk (RDR) for each blanket option is

as follows:

n
RDR = Z C. x P. , [5.5-2]

1=1 X 1

where N is the number of key issues for a particular blanket. (L is the

consequence of the key issue on blanket performance and is rated as follows:

Relative Consequence C^ Point Value

• low impact 1

• moderate impact 2

• severe impact 3

P^ is the relative probability that the key issue wil1 be a problem and is

rated as follows:
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Relative Probability P^ Point Value

• unlikely 1

• about even (- 50/50) 2

• likely 3

In general, the blankets will score better in this category if they rate low

in the RDR score.

5.5.3 R&D Evaluation Composite Rating

An overall R&D evaluation figure of merit (RDFM) for each blanket has

been developed as follows:

This formulation acknowledges that it is desirable for each blanket to show a

low R&D investment cost (RD1) and a low value of the R&D risk factor (RDR);

thus, blankets with those features will rate higher in the R&D figure of merit

(RDFM). The factor 30 is included to give approximately equal weight between

the investment cost and risk factors.
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