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ABSTRACT

" This report describesthe EG&G LaboratoryDirected Research and

Development Program (LDRD)Broad ApplicationTest Reactor (BATR) Project

that was conducted in fisca_ year 1991. The scope of this projectwas

divided into three phases" a project process definitionphase, a

requirementsdevelopmentphase, and a preconceptualreactor design and

evaluation phase. Multidisciplinaryteams of experts conductedeach

phase. This report presents the need for a new test reactor, the project

process definition,a set of current and projected regulatorycompliance

and safety requirements,a set of facility user needs for a broad range of

projected testing missions,and descriptionsof reactorconcepts capable

of meeting these requirements. This informationcan be applied to

strategicplanning to provide the Departmentof Energy with management

options.
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SUMMARY

b

. For a variety of reasons, including (I) the increasingdemands of the

- Iggo's regulatoryenvironment,(2) limitedexisting test capacity and

capability to satisfyprojected future testing missions, and (3) an

expected increasingneed for nuclear informationto support developmentof

advanced reactors,there is a need to develop a set of requirementsand

preliminaryconcepts for a new Broad ApplicationTest Reactor (BATR).

These requirementsmust includeconsiderationnot only for a broad range

of projectedtesting missions, but also for current and projected

regulatorycompliance and safety requirements. The requirementswill form

the basis for developmentand assessmentof preconceptualreactor designs

and lead to the identificationof key technologiesto support the

government'slong-term strategicand programmaticplanning.

This report outlines the need for a new Broad ApplicationTest Reactor and

suggests a few preliminaryreactorconcepts that can meet that need. A

" comprehensiveset of safety requirementsand facilityuser needs was

developed before starting the conceptual design process.

Multidisciplinaryteams of experts developedthis broad set of potential

test reactor requirements. These requirementswere then ranked to guide

.thesubsequentdevelopmentand evaluationof candidatereactor concepts.

The reactor concepts were also assessed against broad applicabilityand

flexibilitycriteria,the capabilityto meet the wide variety of mission

requirements,and the potentialto meet changes in regulatory and safety

requirements.

The safety requirementsin this report have been derived primarily from

INSAG-3I, with additional requirementsregardinglicensing. INSAG-3

contains principles for ensuring a high level of safety. Additionalw

specific safety requirementswill evolve as the reactor design

. progresses. The reactormust be licensable accordingto national and

internationalstandards in force at the time of construction4
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and continue over its operating lifetime. Siting issues are included to

provide guideline assistance in the design process. The Department of

Energy (DOE) Orders must be followed,and DOE or Nuclear Regulatory

Commission safety goals should be adopted (DOE goals were issued in a

draft policy September9, 1991). The implementationof these requirements

should lead to a safe and effectivereactor design.

Many differenttest reactor missions were explored. A steady-statehigh

flux reactor can achieve the followingmissions (ranked in order of the

perceived experimentalneed)" fuels and materials irradiationtesting,

isotope production,space testing,medical research, fusion testing,

intense positron facility, and transmutationdoping. Table I summarizes

the facility user needs for the missions stated above, and includes other

design drivers. The most clear and consistent need is for a high neutron

flux over a large sample volume. A neutron flux greater

than 1015 cm'2s"I over a large volume (tens of liters) is considered

both essential and feasible. A spectrum of neutron energies is needed,

but the majority of the work can be accomplishedwith thermal neutrons.

Multiple in-coreloops and rabbit tubes are mandatory features. The core

should be modular, reconformable,and flexiblewith easy access for loops,

beam tubes, and rabbit tubes in order to adapt to a variety of different

missions over the 30-50 year reactor life. Development risk should be

reduced by using evolutionaryrather than revolutionarytechnology. Such

a reactor will be needed i_ the next decade.

Several existing and new reactorconcepts (or neutron sources)were

evaluated. These include conventionalhigh flux reactor concepts (with

metallic fuel plates and light or heavy water coolant and reflectors),

pebble bed reactors,particle bed reactors,reactors with rotating fuel

rings, cermet-fueledliquid-m_tal-cooledreactors, TRIGA reactors, and

accelerator-drivenspallationneutron sources. Advantages and

disadvantagesof each of these concepts are shown in Table 2 (partly

derived from Reference2). Based on this information,we determined that

conventionalconcepts are the most likely to achieve the safety

requirementsand to meet facility user needs. After additional



Table I. Facilityuser needs and other design drivers

PrioritY User Needs/DesiqnDrivers

• Essential Must meet all applicablesafety requirements

Must be licensable

High flux (>1015 cm'2s-1),large sample volume,
steady-statereactor

Multiple in-core loops required (variabledimensions)

Modular type core (reconformable,flexible)

Flexiblecore to accommodatechanging missions

In-corerabbit tubes

Easy access to loops, rabbit tubes, neutron beams, etc.

High availability/capacityfactor

Primarilythermal neutron flux spectrum,but some positions
. with fast and epithermalspectra

A

Isotopeproduction capabilityand handling

Minimum operationalcost

Minimumwaste stream effluents/environmentalimpact

Desirable Minimum developmentrisk (want evolutionary,not
revolutionary,technology)

Neutron beam tubes in reflector

Cold source in reflector

Powered axial locator mechanism

Minimum impact of control system on the fluxes at
loop/beam/targetlocations

On-line experimentchanges

. On-line and/or easy refueling capability

On-Iine and/or easy maintenance/inspectability

Long operationallifetime
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Table 1. (Continued)

Priority User Needs/Design Drivers .

Beneficial Want participationfrom several outside users (DOE, DOD,
Navy, NASA, universities,and industry,etc.)

Low-enrichmentfuel to limit security issues

Design with loop and other target dimensions consistentwith
existing test reactors for phase-inof missions

Maximum power level of 500 MW

Minimum capital cost

Use of system heat to offset operationscosts

Use of a standard fuel type to minimize operations costs

Core components and support structuresthat are easily
replaced to respond to radiationembrittlementconcerns

Size of containmenthatches adequate for removal of any
component
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Table 2. Comparison of neutron source concepts for a BATR

. Concept Advantaqes for BATR Disadvantaqesfor BATR

Conventional Existing operatingand Aluminum (low melting
experimentalexperience temperature,low strength,
base, BATR flux can be low thermal-conductivity
achievedwith current oxide, steam explosion
technology,licensability potential,chemical

reactions)

Packed Particle Very high flux Moderate developmentrisk
Bed

Pebble Bed Existingexperience base, Low flux with existing
geometric flexibility, technology,fuel
neutron spectraflexibility, developmentrisk
minimum reactivity
insertionrisk

Rotating Rings Very high flux, but over Substantialdevelopment
. " a limited volume risk, safety concerns with

rotatin_ fuel masses

Cermet-Fueled High flux Significantsafety risk
Liquid-Metal from coolant interactions
Cooled with in-core loop water

TRIGA Existingexperience Suitable for pulsed, not
base, enhanced safety for steady, operation, low
reactivityinsertionevents flux with existing

technology

Accelerator- Extremelyhigh flux, but Cost, significant
Driven over a small volume developmentrisk, unique
Spallation problems for shielding
Neutron Source experimenters
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brainstormingand evaluation of conventionalconcepts, we selected the two

most promising candidates: a multiple-annularconfigurationand a

modular-hexagonalconfiguration,as shown in Figure I. Both of these °

designs contain plate-type fuel (arcuate,involute,or concentric),light

water coolant, and a heavy water reflector. The advantagesand

disadvantagesof these concepts are compared with an upgraded Advanced

Test Reactor (ATR) in this report. The flexibilityof the two proposed

concepts exceeds that of the upgraded ATR.

In summary,this report states the need for a new broad application

test reactor and suggests a few reactor concepts that can meet that need.

This report contains informationsupporting strategicplanning that

provides the Department of Energy with management options that could

reduce risks. The Idaho National EngineeringLaboratory should assist the

Departmentof Energy in organizing a new initiativeto provide the United

States with a comprehensiveBroad ApplicationTest Reactor early in the

next century.
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1. INTRODUCTION
b

• This report describes the EG&GLaboratory Directed Research and

Development Program (LDRD) Broad Application Test Reactor (BATR) Project

that was conducted in fiscal year 1991 (FY-91). This report identifies

the need for a new test reactor and outlines the project process

definition, a set of current and projected regulatory compliance and

safety requirements, a set of facility user needs for a broad range of

projected testing missions, and a set of reactor concepts that meets these

requirements.

1.1 Need for a BATR

For a variety of reasons, including(I) mandates of the 1990s regulatory

environment,(2) limitedexisting test capacity and capability to satisfy

• projected future testingmissions, and (3) an increasingneed for nuclear

effects informationto supportdevelopmentof advanced reactors, there is

" a need to develop a set of requirementsand preliminaryreactor concepts

for a new broad applicationtest reactor. These requirementsmust include

considerationof a broad range of projectedtestingmissions, as well as

current and projected regulatorysafety requirements.

The capacity to satisfy future testingmissions is precarious because

research reactors throughout the world are aging, as shown in

Figure 2.3 A large fraction of the reactors are 20-35 years old, and

few reactors are being built to replace them. Most test reactors will be

over 40 years old by the year 2005, and many will have reached their

lifetime limits and will have been shut down. Table 3 lists the world's

research reactorswith thermal powers over 5 MW that have begun operation

- since 1980. None of these newer reactors are located in the United

• States. Because the needs for fuels and materials testing and isotope

productionare expected to grow, the U.S. will certainly have a shortage

of irradiationcapacity,unless new high-flux reactorsbecome available

early in the next century.
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Table 3. Research reactors over 5 MWthat have begun operation since 1980

. Year

. Country Name Critical Power (MW)

France Scarabee N 1982 100

India Drhuv_ 1985 100

India FBTR 1985 40

I -'riuo_esia RSG-GAS-30 1987 30

Chile LO Aquirre Rech-2 1989 10

Libya IRT-I 1983 10

Peru RP-lO 1988 10

USSR RBT-IO/I 1983 10

USSR RBT-IO/2 1984 10

Turkey TR-2, Turkish Reactor 1981 5

An Advanced Neutron Source (ANS) with a peak unperturbedthermal neutron

• flux of about 8 x 1015 cm'2s-I is being designed for condensed

matter physics,materials science, isotopeproduction,and fundamental

physics research.4 The ANS is a new reactor-basedresearch facility

being planned by Oak Ridge National Laboratory (ORNL) to meet the need for

an intense steady-statesource of neutrons° The design is currently in

the conceptual phase, and the reactor could begin operation in the year

2000. However, an ORNL report states"5

"lt is generally agreed that the ANS cannot be the sole

neutron source upon which a national irradiation-effects

program is based; indeed, its usage should be confined to

those experimentsfor which it is best suited. The problem is

that the future mix of availablefacilities is ill-definedfor
u

• the year 2000, owing to the recent or planned shutdown of

existing reactorsthat will be or could be useful for

materials testing at that time. For example, under present



planning, the High Flux IsotopeReactor (HFIR) at ORNL will be

phased out as the ANS comes on-line, but there may be good

reason to consider an upgradingof the HFIR following the lead

of the Europeansand the Japanese (e.g., Studsvik RZ Reactor,

Petten HFR, Julich FRJ-2, JAERI JRR-3) in the latter part of

the last decade. In fact, if the United States does not take

some action of this sort, then it must be assumedthat our

national strategy is to use overseas facilitieswhen the time

comes to develop advanced power reactors,perform studies

underlyingthe life extensionoi existing power reactors,

and/or move more aggressivelyahead in the fusion power

field." "Regardlessof the extent to which the ANS design is

ultimatelyresponsive to the radiation-effectscommunity, it

will not suffice as the only materials testing and basic

irradiationeffects neutron source in the U.S. lt is not

possible to meet the needs of all programs in a single

reactor."

lt is clear from this statement,which is a consensusof participantsin a

workshop held under the auspices of the U.S. Department of Energy (DOE),

that the United States should take action• One such action is the design

and constructionof a Broad ApplicationTest Reactor• The Idaho National

EngineeringLaboratory (INEL) thereforeshould assist the Department of

Energy in organizing a new initiativeto provide the United States with a

comprehensivematerials testing facility for the next century.

The current fleet of operatingDOE test reactors, includingthe Advanced

Test Reactor (ATR) at INEL, the HFIR at ORNL, the High Flux Beam Reactor

(HFBR) at Brookhaven National Laboratory (BNL), and others were

constructedand commissionedin the Ig60s and 1970s. These reactors

provide invaluablematerials irradiationtesting capability,limited

isotopeproduction,fundamentalresearch, and weapons irradiationeffects

testing to support governmentdefense and civilianmissions. A number of

future reactor testing needs are envisioned,which cannot be accommodated

in the current test reactors either because of insufficientirradiation



capacity or capability limitations. These include large volume, high

powey_ density space reactor fuels testing, (such as that required to

. qualify fuel assemblies for the particle bed reactor concept), large burst

transient testing, high flux materialsresearch using neutron beams (a

. mission assigned to the Advanced Neutron Source project at ORNL) and

others. Many testing needs and materials irradiationcapabilitiesare not

simultaneouslymet by any single existing facility. Furthermore,all

current test reactors are experiencingsome fo_'mof challenge (and

substantiallyincreasedcosts) resultingfrom operating Ig60s technology

in the IggOs regulatoryenvironment, lt is possible that the government

may decide at som_ point in time not to make additional investmentsin the

upgrade of current test reactors to the technologythat would be required

to remain in compliancewith current and future regulations (this is

especiallytrue if a cost effective alternativeexists).

As a result, there is a need to examine the potentialprogrammatic,

compliance,and safety requirementsfor the next generation DOE test

reactorthat can fulfill the governmentdefense and civilian testing needs

- in the early 2000s. lt is importan_to eva_uate these requirementsin

terms of preliminaryreactor concepts and technologicalcapabilitiesto

supportthe government'slong-termstrategicplanning.

A possible schedule for the BATR design and constructionis shown in

Figure 3. The followingacronyms are used in the figure" ProbabilityRisk

Assessment (PRA), Notice of Intent (NOI),Draft EnvironmentalImpact

Statement (DEIS),Final EnvironmentalImpact Statement (FEIS),Preliminary

Safety Analysis Report (PSAR),and Final Safety Analysis Report (FSAR).

The reactorcould begin operation in the year 2007. This schedule is

aggressive and is patterned after the ANS schedule. Typically, it takes

at least 15 years to design and build a unique high flux reactor for the

Departmentof Energy•
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Table 4 presents retirement and start-up dates for comparable-misslonDOE

reactors. The ANS can take up much of the work presentlybeing conducted

. at HFIR and HFBR. Only the BATR has the potentialto continue the in-core '

• loop experimentsbeing conductedcurrently at ATR. The ANS d_sign does

- not include experiment loops, thus the BATR complementsthe ANS mission;

both reactors are needed.

A multipurpose,flexible facility is needed to accommodatethe changing

market and regulatory environment• The BA[R will be much more flexible

than the ATR and will be capable of a much broader variety of missions.

However,we propose that the BATR design should be capable of continuing

the current ATR missions. Thus, as the ATR ages, its work can be phased

into the BATR. The BATR will give the DOE the flexibilityit needs to

achieve its goals. The ATR and the BATR could operate simultaneouslyfor

ten years with complementarymissions, or the BATR could take over the ATR

mission if radiation-inducedpressure vessel embrittlement,or some other

• safety issue, causes ATR to be shut down.

t

Table 4. Retirementand start-updates for comparable-missionDOE
reactors

Year
Reactor Main Mission RetirementStart-up

Advanced Test Materials Irradiationin Loops ?
Reactor (ATR) (initial start-up 1967)

Fast Flux Test LimitedMaterials Testing (fast), ?
Facility (FFTF) • Limited Isotope Production (fast)

High Flux Beam Beam Research, NeutronScattering 2000
Reactor (HFBR)

High Flux Isotope IsotopeProduction 2000
Reactor (HFIR)

Advanced Neutron Neutron Scattering, 2000
Source (ANS) IsotopeProduction

• Broad Application Broad Application,Test Loop 2007
Test Reactor Irradiation,Beam Research,

- (BATR) IsotopeProduction

7



Irradiation-inducedembrittlementhas shut down the Institut Laue-Langevin

High Flux Reactor in Grenoble,France. This shutdown of the world's

highest flux reactor was unexpected,leaving 1800 annual users without a ,

sufficient neutron source. Knowing that a BATR exists as a backup, the

ATR missions should give sponsors a vision of continuity in their

projects.

Strategic planning provides managementoptions that could reduce risks.

Planning _head for a Broad ApplicationsTest Reactorwill give the

Department of Energy the flexibilityit needs to keep pace in a changing

regulatoryand programmaticenvironment. The BATR study is intendedto

help organize a new initiativefor providing the United States with a

comprehensivematerials-testingfacility for the next century.

1.2 ProjectProcess Definition

In October 1990, the BATR projectduties were divided among three teams,

with a total of nearly 50 participants. Although a large number of

personnelwere involved,funding resourceswere limited, and as such the

methodologyemployed was predominantlyqualitative. However, this

approach led to a successfulanalysis effort and could be applied

genericallyto other reactordevelopmentprojects.

The scope of the project effort was divided into three phases" a project

process definition phase, a requirementsdevelopmentphase, and a

preconceptualreactor design and evaluationphase. A multidisciplinary

team of experts was assembledfrom personnel in reactor design, reactor

safety, and programs dealingwith reactor testing needs to develop a

broad-basedset of potential test reactor requirements. These

requirementswere then ranked to guide the subsequentdevelopment and

evaluationof candidatereactor design concepts. The reactor design

conceptswere assessed and evaluated against broad applicabilityand

flexibilitycriteria, and capability to meet a wide variety of mission



requirementsand to respond to changes in regulatory and safety

requirements. The test reactorrequirementsand preliminaryreactor

concepts are documented in this report,which can subsequentlybe used in

strategic planningdiscussionswith DOE.

The Reactor Design Process Team spent the first quarter of FY-91 defining

the deliverableand developingthe process to be followed to produce that

deliverable. The deliverable is this technical report,which states the

need and requirementsfor a new broad applicationtest reactor and

suggests a few preliminaryreactorconcepts that can meet the need and

requirements. The reactor design process also follows qualitymethods by

defining a comprehensiveset of requirementsbefore the design process

begins. Table 5 presents the generic reactordesign process. Some

additional items were added for the BATR project.

The Safety RequirementsTeam and the Facility User Needs Team spent the

second quarterof FY-91 defining their requirements. These requirements

are documented in Sections 2 and 3 of this report, respectively.

The ReactorConcept Team brainstormedconcepts and performedtrade-off
m

studies. The BATR Concept Team has documented their findings in Section 4

of this report.

In terms of organization,each of the individualteams met several times,

and all teams met as a unit five times. The purposes of this organization

were to ensure strength in each of the diverse disciplinescontributingto

the project and to provide necessary interdisciplinarycommunicationamong

the teams.
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Table 5. The reactor design process

1. Obtain resources for preliminary reactor design

2. Determine customer and define strategy

3. Define deliverable product (report, paper)

4. Define reactor design process (inputs, outputs)

5. Assemble appropriate teams (process, requirements, concept)

6. Define requirements

a. User needs/performance
b. Safety
c. Cost
d. Development risk

7. Rank requirements (mustswants)

8. Assign weighting factors

9. Brainstorm reactor concepts

10. Survey existing concepts o

11. Analyze concepts

12. Evaluate concepts against the requirements

13. Rank the concepts

14. Combine best features of concepts

15. Brainstorm ideas for improvingconcept

16. Analyze the best concept

17. Perform trade-off studies

18. Select preferredpreliminaryreactor concept

Ig. Calculatecharacteristicsof design

20. Document entire effort
u

21. Prepare proposal for conceptualdesign

22. Conduct conceptualdesign

23. Conduct preliminarydesign

24. Conduct final design

I0



Z. SAFETYREQUIREMENTS

t

. This section presents general safety design requirementsand siting issues

. for the BATR. These requirementsand issueswere used in conjunctionwith

• the facility user needs statementby both the Reactor Concept Team and the

Reactor Design ProcessTeam in the implementationof their phases of the

BATR project.

The requirementsset forth herein are designatedas "shoulds"or "musts"

as specified. They constitutebaseline requirementsthat must be

configurationcontrolled throughoutthe concept selection,design, and

subsequentphases of the project. This means that they must not be

changed or waived without concurrenceof the BATR management team, and

there must be a written record of how each of the requirementsis

dispositioned,especially in the design process. They are the statement

of customer safety needs and cannot be unilaterallyaltered.

t

The general safety requirementsbelow have been derived primarily from the
I

INSAG-3document.I Requirementsregarding licensingand licensability

are also included. The INSAG-3document presents basic safety

principles. They were developed by authorswho compiled a listing of

principlesfor ensuring a high level of safety and presentedthem in the

subject report as one means of assuring compliancewith these basic safety

principles. They were not published as requirementsbut as principles,

the implementationof which would lead to safe and effective reactor

plants. The principleswere studied by the Safety RequirementsTeam, and

those that were directly relevant to the reactor plant design process were

selected and presentedhere as requirementsfor the BATR. The first two

requirements,regardinglicensing,were developed by the Safety

RequirementsTeam.

There are four categoriesof requirementsor issues"
q

(I) Licensing requirements,which delineate the expected process of

licensingthat the design must be capable of passing,

11



(2) General requirements,which are design and siting related principles

that this reactor must meet to achieve safety comparable to other well
m

designed reactors,
m

q

(3) Design requirements,which are specific to the expected design and are

firm safety-relatedreactorcharacteristics,and

(4) Design considerations,which are those issues that the Safety

RequirementsTeam considered to be less-than-firmrequirements,

because they may not be fully achievable,but neverthelesshighly

desirable.

The public safety risk from a reactor facility resulting from design basis

events depends greatly on the facility design and site. The siting issues

(Section2.2.5) are includedto provide guideline assistance in the design

process. Most of these siting issues were derived from INSAG principles

but they do not constitute design requirementsper se. They constitute

issues that can have an impact on the design &ad on various design

decisions,but are envisionedmore as constraintsrather than '

requirements.

2.1 LicensingRequirements

I. The reactormust be licensable accordingto national and international

standards in force at the time of construction.

2. The reactor design must be flexible such that future safety

improvementscan be incorporatedto meet the changing national and

internationalstandardsover its operating lifetime.

w

3. The principlesof INSAG-3shall be followed except where they apply

strictly to power reactors.

12



2.2 General Pr!nciples

Generalsafetyprinciplesare describedin a concisemannerhere. The

numbersappearingin parenthesesreferto the INSAGreportI general

. safetyprinciples.

2.2.1 DesignManagementPrinciples

2.2.1.1 ProvenTechnology'.Technologiesincorporatedintothe

designshouldhavebeen provenby experienceand testing. Significantnew

designfeaturesor new reactortypesare introducedonly afterthorough

researchand prototypetestingat the component,system,or plantlevel,

as appropriate. (4.2.I.2)

2.2.1.2 Probabilistic Risk Assessment(PRA) BasedConservative Design

Margin. A nuclearpowerplantis designedto copewith a set of events
I

- includingnormalconditions,anticipatedoperationaloccurrences,extreme

externalevents,and accidentconditions•For this purpose,conservative

rulesand criteriaincorporatingPRA-basedsafetymarginsenhancethe

designrequirements.Comprehensiveanalysesare performedto evaluatethe

safetyperformanceor capabilityof the variouscomponentsand systemsin

the plant.(4.2.1.3)

2.2.1.3 Reliability.Reliabilitytargetsare assignedto safety

systemsor functions.The targetsareestablishedon the basisof the

safetyobjectivesand are consistentwith the rolesof the systemsor

functionsin differentaccidentsequences.Provisionis made for testing

and inspectionof componentsand systemsfor whichreliabilitytargets

havebeen set. (4.2.2.3)

2.2.1.4 Redundancyand Diversity.Diverseand redundantdesign

provisionsseekto preventthe lossof safetyfunctionsdue to damageto

severalcomponents,systems,or structuresresultingfroma commoncause.

(4.2.2.4)
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2.2.1.5 Qualification.Safetycomponentsand systemsare chosen

that are qualifiedfor the environmentalconditionsthat wouldprevailif

theywere requiredto function. The effectsof agingon normaland

abnormalfunctionalityare consideredin designand qualificationto

ensurethat all componentsand systemscan achievethe required

system/facilitydesignlife.(4.2.2.5)

2.2.1.6 As Low As ReasonablyAchievable(ALARA)in Design. At the

designstage,radiationprotectionfeaturesare incorporatedto protect

plantpersonnelfrom radiationexposureand to keepemissionsof

radioactiveeffluentwithinALARAprescribedlimits.(4.2.2.7)

2.2.2 Process Control Principles

2.2.2.1 ProcessControl System. Normal operation and anticipated

operationaloccurrencesare controlledso that plantand systemvariables

remainwithintheiroperatingranges. This reducesthe frequencyof

demandson the safetysystems.(4.2.2.1)

2.2.2.2 NormalHeatRemoval. Heat transportsystemsare designed

for highlyreliableheat removalduringnormaloperation.They wouldalso

providemeansfor the removalof heatfrom the reactorcore during

anticipatedoperationaloccurrencesandduringmost typesof accidents

thatmightoccur.(4.2.3.4)

2.2.2.3 Honitor the Plant Safety Status. Parameters to be

monitoredin the controlroom are selected,and theirdisplaysare

arranged,to ensurethat operatorshave clearand unambiguousindications

of the statusof plantconditionsimportantfor safety,especiallyfor the
e

purposeof identifyingand diagnosingthe _utomaticactuationand

operationof a safetysystemor the degradationof defensein depth.

(4.2.3.9)
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2•2.2.4 Preserve Control Capability. The control room is designed

to remain habitable under normal operating conditions, anticipated

. abnormal occurrences, and accidents considered in the design. Independent

• monitoring and the essential capability for control needed to maintain

- ultimate cooling, shutdown,and confinementsare provided remote from the

main control room for circumstancesin which the main control room may be

uninhabitableor damaged. (4.2.3.10)

2.2•3 Barrier and Mitigation Principles

2.2.3,1 Reactor Core Integrity• The core is designed to have

mechanical stability. It is designed to tolerate an appropriate range of

anticipated variations in operational parameters. The core design is such

that the expected core distortion or movementduring an accident within

the design basis would not impair the effectiveness of the reactivity

control or the safety shutdown systems or prevent cooling of the fuel.

" (4.2.3.2)

2.2.3.2 Reactor Coolant System Integrity. Codes and standards for

nuclear vessels and piping are supplemented by additional measures to

prevent conditions arising that could lead to a rupture of the primary

coolant system boundary at any time during the operational life of the

plant. (4.2.3.6)

2•2.3.3 Station Blackout. Nuclear plants are designed so that the

simultaneous loss of normal on-site and off-site AC electrical power (a

station blackout) will not soon lead to fuel damage. (4.2.3.11)

.
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2.2.4 Safety System Principles

e

2.2.4.1 Automatic Safety System. Automatic systems are provided

that would safely terminate the chain reaction, maintain coolability of

the reactor, and limit any release of fission products from the fuel, if

operating conditions were to exceed predetermined set-points. (4.2.2.2)

2.2.4.2 ReactivityAccidents. The reactor is designed so that

reactivity-inducedaccidents are protectedagainst, with a conservative

margin of safety, i.e., the consequencesof accidentswill not involve

violation of safety barriers. (4.2.3.1)

2.2.4.3 Shutdown. Rapidly respondingand highly reliable

reactivityreduction for safety purposes is designed to be independentof

the equipment and processes used to control the reactor power. Safety

shutdown actions are availableat all times whenever steps to achieve a

self-sustainingchain reaction are being intentionallytaken or whenever a

chain reactionmight be accidently initiated. (4.2.3.3)

2.2.4.4 EmergencyHeat Removal. Provision is made for alternative

means to restore and maintain fuel cooling under accident conditions,even

if normal heat removal fails or if the integrityof the primary cooling

system boundary is lost. (4.2.3.5)

2.2.4.5 Confinement. The plant is designed to be capable of

retaining the bulk of the radioactive material that might be released from

fuel for the entire range of accidents considered in the design. (4.2.3.7)

2.2.4.6 Protectionof Confinement. If specific and inherent

features of a nuclear power plant would not prevent detrimentaleffects on o

the confinementstructure in a severe accident, special protection against

the effects of such accidents is provided,to the extent needed to meet

the general safety objective. (4.2.3.8)
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2.2.4.7 Control of Accidents. Provisions are made at the design

stage for the control of accidents within the design basis, including the

, . specificationof informationand instrumentationneeded by the plant staff

• for following and interveningduring the courses of accidents. (4.2.3.12)

2.2.4.8 Inspectability. Safety related components,systems, and

structuresare designed and constructedso that they can be inspected

throughout their operatinglives to verify their continued acceptability

for service with an adequate safety margin. (4.2.2.6)

2.2.5 Siting Principles

2.2.5.1 Local Factors. The choice of site takes into account the

results of investigationsof local factorsthat could adverselyaffect the

safety of the plant. (4.1.1)

2.2.5.2 Total Hazard. Sites are investigatedfrom the standpointof

- the total hazard/riskimpact of the plant in normal operation and in

accident conditions. (4.1.2)

2.2.5.3 CountermeasureCompatibility. The site is selected to

minimize, and be compatiblewith, the off-site countermeasuresthat may be

necessary to limit the effects of all accidentalhazardous occurrences,

and is expected to remain compatiblewith such measures. (4.1.3)

2.2.5.4 Reliable Long-TermHeat Sink. The site has a reliable,

preferablypassive, long-termheat sink that can remove energy generated

in the plant after shutdown,both immediatelyand long after shutdown.

(4.1.4)

n

2.2.5.5 SeismicZone. The designationof the specific seismiczone

• and safe shutdownearthquake,and measures to obviate an operatingbasis

. earthquake if feasible,will present a design constraint for the overall

design approach. (no INSAG reference)
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2.3 Design Specific Requirements

2.3.1 Nuclear Regulatory Commission (NRC) Safety Goals
.

These criteria should be adopted as living requirements, that is, the

design should be capable of meeting these goals, even if they change in

the future.

2.3.2 Proposed Safety (;oal s

Proposed NRC safety goals are stated for core melt and large release. As

a design specifi.crequirementprior to the adoptionof NRC goals, a core

damage goal of 10.6 per year is adopted in Section 2.4.3 below.

2.3.3 Probabilistic Risk Assessment (PRA) as a Design Tool

m

PRA must be employed as a means of demonstratingcompliancewith the NRC

Safety Goals and reducing risks in the design. Use of PRA should not

exclude the traditionaldesign basis approach to safety evaluation.

2.3.4 Sponsoring Agency Safety Rules

Again, these rules should be treated as living requirements. Sponsoring

agency rules for comment should be treated as appropriatein accord with

the living requirementprinciplefor sponsor agency safety rules. The

current sponsoring agency safety rules are the DOE Orders and these should

be folIowed.
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2.4 Design Specific Safety Requirements

2.4.1 Reactivity Coefficients

Reactivity coefficients should be strongly negative overall, although

carefully limited local regions having a positive coefficient may be

allowable, if necessary. Redundant and diverse shutdown systems should be

employed; fluid poisons or a "reactor fuse" are possibilities for

achieving this. The reactivity coefficients must be sufficiently negative

to override a large positive step reactivity pulse. The goal is no core

damage.

2.4.2 Stability

Mechanical,fluid-structural,and neutronicstability is required. Aging

effects on these characteristics(particularlyirradiationinducedaging)

must be considered.
m

2.4.3 Probabilistic Requirement
w

The probability of unmitigated or unprotected core damage accidents should

be as low as possible. All sources of core damage are carefully and

adequately considered, using PRAtechniques, and are limited to a

frequency of less than 10-6 per year of operation.

2.4.4 PassiveCooling

In the event of an accident,designs should provide long-termpassive

cooling and maintenanceof a coolablegeometry at material temperatures

that are sufficientlylow to prevent furtherdegradationof the core.

2.4.5 Walk-Away Safety

The design should ensure safe final states and outcomes from accidents,

with no or minimal operator intervention.
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2.4.6 Containment/Confinement

The design should include containment or confinement of beamtubes or

other such facilities. All reactor system pressure boundaries should be
L

back-up protectedwith redundantbarriers.

2.5 Safety Considerations

Loss of Coolant Accident (LOCA) proofing,in the sense of preventing a

LOCA from occurring, is desirable. A 3He or other fast scram system (a

"reactor fuse") should be consideredas a potentialpreventive for flow

instability. Passive cooling design should be based on the recent

Advisory Committee on Reactor Safety proposal: severe accidentsshould be

considered in the containmentdesign requirement.

3. FACILITY USERNEEDS
m

As a part of examining the need for and feasibility of a new Broad

ApplicationsTest Reactor, the Facility User Needs Team surveyedthe

various needs and possible uses of such a reactor.

A descriptionof the basic experimentalneeds and wants are presented in a

matrix form in Table 6. Table 7 lists the essential facility user needs

that are common among several disciplines. Table 8 summarizesthe

facility user needs and includesother design drivers. More extensive

descriptionsof the various needs are provided in the followingsections.

These sectionsare ranked in order of importance (as is Table 6).

3.1 Fuels and Material IrradiationTestinq

This type of research and testing has been an importantcomponent of the

work performed at ATR. The behavior and aging characteristicsof
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Table 7. Essentialuser needs

Need Users

Flux" _>1015 cm-2s"I RadiationTesting, IsotopeProduction,
Positron Facility,Materials,Medical

EnerQv:

Cold Materials, Magnetism
Thermal IrradiationTests, Isotope Production,

Fusion Transmutation,Positron Facility
Epithermal Medical, Isotope Production
Fast IrradiationTests, Isotope Production

Volume: > 50 liters a1_ IrradiationTests, IsotopeProduction
high flux (10_5)

As much as possible Medical, Fusion Test, Fusion
at lesser flux Transmutation,Positron Facility,

Materials

Loops" IrradiationTests, Fusion Tests,
Positron Facility,Materials

• Beams" Medical (20-cm diameter),Materials

- .Other" Rabbit and PoweredAxial Most Programs
Locator Mechanism
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Table 8. Facility user needs and other design drivers

Priority User Needs/DesiqnDrivers "

Essential Must meet all applicablesafety requirements

Must be licensable

High flux (>1015 cm-2s'1),large sample volume,
steady-statereactor

Multiple in-core loops required (variabledimensions)

Modular type core (reconformable,flexible)

Flexible core to accommodatechanging missions

In-corerabbit tubes

Easy access to loops, rabbit tubes, neutron beams, etc.

High availability/capacityfactor

Primarilythermal neutron flux spectrum,but some positions
with fast and epithermal spectra

Isotopeproduction capabilityand handling

Minimum operationalcost

Minimum waste stream effluents/environmentalimpact

Desirable Minimum developmentrisk (want evolutionary,not
revolutionary,technology)

Neutron beam tubes in reflector

Cold source in reflector

Powered axial locatormechanism

Minimum impact of control system on the fluxes at
loop/beam/targetlocations

On-line experiment changes

On-line and/or easy refuelingcapability

On-Iine and/or easy maintenance/inspectability

Long operationallifetime
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Table 8. (Continued)

Priority User Needs/DesiqnDrivers
R

Beneficial Want participationfrom severaloutside users (DOE, DOD,
" Navy, NASA, universities,and industry,etc.)

Low-enrichmentfuel to limit security issues

Design with loop and other target dimensions consistent with
existing test reactors for phase-in of missions

Maximum power level of 500 MW

Minimum capital cost

Use of system heat to offset operationscosts

Use of a standard fuel type to minimize operations costs

Core componentsand support structuresthat are easily
replaced to respond to radiationembrittlementconcerns

• Size of containmenthatches adequate for removal of any
component

a

material used in reactors is of utmost importance. Studies at the ATR for

the Navy and other customershave provided a considerablebody of

informationon materials characteristicsand behavior under irradiation.

lt is difficult to predictlong-termeffects produced by high-level

radiation, although these effects can be inferredfrom the effects

produced by yet higher radiationfluxes over shorterperiods. With an

increasedinterest in operatingreactors for longer periods of time with

higher fluxes and different fuels, these types of studies are becoming

critical. The ATR is the only reactor in the U.S. currentlythat is

capable of deliveringhigh neutron flux levels inside experimentalloops.

- This capabilitywill continue to be needed after the ATR reaches the end

. of its operatinglife.
4

A requirementfor this type of work is to attain as high of a steady-state

flux as possible (>1015cm"2 s"I) throughout an irradiationvolume
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commensuratewith the componentsunder study, lt is importantto be able

to insert and remove the samplesat prescribedtimes for examinationand
J

perhaps reinsertion. For such operations,experimentalloops within the

reactor are essential. Constant fluxes are required throughout the
g

irradiationperiod, and therefore the flux distributionsinside the loops

should be relatively free from outside perturbations.

Associated equipmentwill involvecounting spectrometersand material

degradationmeasurementapparatus. Well-equippedhot cells located close

by will provide optimal ease and efficiency in the performanceof fuels

and materials irradiationtesting.

Neutron scattering studiesof materials provide one of the most powerful

tools in nuclear and condensed-matterphysics experimentalanalysis. The

broad range of neutron energies availablefrom a reactnr can provide

capabilitiesfor studying nuclei and their cross sections and the dynamic

behavior of atoms and molecules. The structurefactor of a scattering

body can be obtained as a functionof the momentum and energy lost by the

scatteredneutron wave function. For very small energy loss, the " .

structure factor is evaluatedonly as a function of the momentum loss, and

the small momentum change is related to the small-angleneutron scatter.

For highly-thermalizedneutrons with large wavelength,the coherent

neutron scattering intensitycan probe structuresof sizes inversely

proportionalto the momentum change. Thus polymermolecule sizes and

morphologiesof polymer crystalsor other polymericmaterialscan be

studied• When magnetically-polarizeddue to neutron spin, the

highly-thermalizedneutrons can be used to probe magnetic materials,

magnetic domains, and phase transitionsin critical phenomena• Such

probes include studies on the atomic scale, such as strain and

deformation,textures, surfaces,and structures• Much of the probing

capabilitiesof neutron scatteringcannot be replaced by lasers, electron

microscopes,or any other tools• Worldwide, the reactors available for °

this work are few, and those currentlyavailable in the U. S., such as the

Universityof Missouri Research Reactor, have intensitiesan order of

magnitude lower than those availableelsewhere, such as the Institut

Laue-Langevinreactor at Grenoble, France.
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3.2 Isotope Production

v

Isotopeproductionwill be a valuableuse of any new high fluxreactor.

- Presently, lt is not economically feasible to produce small quantities of

exotic isotopes (highly asymmetric nuclei, long-lived metastable states,

etc.). Nonetheless, there is a demandfor a wide variety of radioactive

isotopes for medicine, agriculture, materials, testing, and basic
research. It would be useful to design a reactor with an "isotope

production" region within its core• A high flux (1015 cm'Zs"1) is

extremely valuable becausethe production rate is dependent on the total

neutron availability, that is, the product of the flux intensity and
irradiatedvolume. Activationismainlydue to thermalneutrons,(i•e•,

moderator)with a few casesrequiringepithermalor fast neutrons.

Becausesomenuclidesin the chaindecayquickly,a high flux is necessary

to producecertainisotopesbefo)ethedecayhas a chanceto occur. Thus

• a highflux reactoris oftenthe only economicalway to producesome

isotopes. Ten litersof highflux radiationzone is consideredadequate.

- " Accessloopsand rabbittransfermechanismsare alsoneeded. Althoughthe

AdvancedNeutronSourcewill replacethe currentisotopeproduction

capabilitiesof the High Flux IsotopeReactor,more high fluxcapability

willcertainlybe neededin the nextcentury.

3.3 SpaceApplicatlonsTestinq

The SpaceExplorationInitiativeannouncedby PresidentBush in 1989

requiresthe developmentof both nuclearrocketpropulsionand space

nuclearpowertechnologies.Bothof theseeffortsinvolveextensive

researchand developmenteffortsincludingtest reactorirradiationsto

determinethe effectsof radiationon new high-temperatut'ematerials,

nuclearfuels,and components.New reactorsystemshavebeen proposedto

meet the uniquerequirementsinvolvedin providingelectricalpoweron

spaceshipsand planets,and providingpropulsionfor spaceshipsand

planetrovervehicles. Reactorconceptscoverthe rangefrom solidfueled
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types to liquid and gas-core options. Because of the high cost of

transportationto space, essentiallyall concepts are pushing the limits

of reactor core temperaturesand power densities. The irradiation

facility requirementsincludesmall capsules,loops, and larger volumes J

(for component testing)with both thermal and fast neutron fluxes of

greater that 1015 cm"2 s-I.

3.4 Medical Research

Radiationtherapy for cancer is now consideredone of the standard

techniques to combat the disease. Localizedtumors have been treatedwith

60Co and other radioisotopesfor severaldecades. Unfortunately,the

treatmentof diffuse or filamented tumors has not experienced the same

success. Research at the INEL in cooperationwith other laboratorieshas

shown the distinct possibilitythat a fibrous/filamentingtumor that

occurs in the brain may be treated using Boron Neutron Capture Therapy

(BNCT). This method uses "boron-loaded"bio-moleculesthat concentrate in

these tumors. Neutrons of the appropriateenergy are targeted to the

diseased area, where they are preferentiallycaptured by the boron. The

resulting energeticfragments kill the cancer cells. In orC_r to carry on

further studies and to possibly treat patients,a new high flux reactor is

needed. A flux of >1014 cm'2s"I in the reactor core would provide

the desired >1010 cm'2s"I neutron flux at the end of a beam port

delivered into a medical unit. Epithermalneutrons produce the maximum

efficienciesfor treatment. A beam port with approximatelya 20-cm

diameter is envisioned. This beam port would be used primarily to conduct

research on animals. The BATR is not intendedto be a dedicated medical

therapy reactor. Other reactors have been proposed to fill that role.

However, the BATR should have the flexibilityto accomplishmedical

research if the DOE requests it.
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3.5 Fusion Testing

. Fusion testing deals with the evaluationand understandingof materials in

, the hostile environmentat a fusion energy productionfacility. Of

- particular interest is the damage and degradationof certain materials

from the 14.I-MeV neutrons produced in the D-T reaction and the 2-MEV

neutrons produced in the D-D reaction. Additionally,the understanding

and effects of nuclear activationprocesses is importantfor the

developmentof economicallyviable fusion energy facilities. By

increasingthe neutron flux, one is able to shortenthe time required to

observe the effects of integratedfluence on components in a fusion

environment. A neutron flux of 1015 cm-2s"I (or a total fluence of

2.0 x I023cm"z) is needed. The energy of neutrons is in the range

1-15 MeV. A radiation volume compatiblewith the materials and components

to be tested is required. A nominal one liter volume has been suggested.

Associated apparatus requires temperaturecontrol and cryogenic equipment

• in order to perform temperaturedependent studies. Hot cells for

observationafter irradiationare considered necessaryas weil.
o

3.6 Intense Positron Facility

The INEL is currently designinga high intensitypositron beam (about

1011 e+I/s on a 0.03 cm target) to be used as a facility for research

and engineering studiesfor a varietyof physical problems. One highly

valuable use is as a positronmicroscope,the feasibilityof which has

already been demonstratedat the University of Michigan. The resolution

obtained with an e+ microscope scaleswith the intensity. At 1011

e+/s, one can achieve about a 100-angstromresolution. Several schemes

have been proposed, all of which involve activationof e+ decay nuclei.

Presently,the activationof copper is the first choice:

. 64 64 _ e+
63 Cu + In _> Cu _> Ni +29 o 29 28 "
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The present geometry calls for a folded copper petal or umbrella

configuration placed in a cylinder, which is then irradiated. When the

"umbrella" is unfolded, a larger surface area will provide an extended

e+ source that wi11 be focused. In BATR, a flux of about 1015

cm'2s "1 would be desirable using £hermal neutrons for activation. A

cylindrical radiation volume of about 10 liters is needed. Associated

apparatus would involve the positron accelerator and microscope; these

must be near the source due to the short lifetime of the positrons.

3.7 Transmut;atton Doptnq

A process of potential economic reward that has been pursued at other

reactors on a small scale is the process of "transmutation doping". Such

a process at a BATRcould be profitable. The primary product of value to

date has been p-doped silicon for the semi-conductor industry. The

process begins by obtaining very pure 30Si, then using neutron

activation, such as:

30Si + n ---> 31Si 2.5 hr ---> 3lp + e+

to obtain 31p as the desired product. A reactor such as a BATRwith a

high flux (1014 cm"2 s"l, 1018 cm"2 fluence) could produce large

amounts of the doped material. A large radiation volume (about 10-15

liters) with easy access is desirable. Lower flux levels exist further

out in the reflector for large samples that require less fluence.

Temperature control of the sample plus a spatially uniform thermal flux is

required. Depending on the magnitude of product requested, up to tons per

year could be produced. With an appropriate core access system, such as

loops, insertion and removal of the material could be accomplished at any
time.
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3.8 Summaryof Facility User Needs

• Tables 6, 7, and 8 summarizethe generic and specificdesires of potential

users of a BATR. The most clear and consistentdesire is to maximize flux

- and sample volume. A neutron flux of greater than 1015 cm'2s-I over

a large volume is needed. A spectrum of neutron energies has been

requested,but the majority of work can be done with thermal neutrons.

Generally,a volume of severaltens of liters of high flux is considered

adequate. Other common essentialrequests are for the inclusionof

experiment loops and rabbit capabilities•

The BATR design should be based on a thorough,unbiasedmarket survey of

the anticipatedcustomer needs. The study conducted here was performedby

INEL employees and does not representthe view of DOE or other national

laboratories. The user needs must be clearly and thoroughly defined

before detailed design begins• The BATR facilitymust be designed to

• achieve the best match to these needs within the constraintsof safetj,

cost, and other design drivers.

4. REACTORCONCEPTEVALUATIONANDCONFIGURATIONDEVELOPMENT

The Broad ApplicationTest Reactor (BATR)safety requirementsand facility

user needs are discussed in Sections 2 and 3, respectively. This section:

(I) evaluatesthe capabilitiesof various facility concepts for meeting

the BATR requirementsand proposes concepts that best meet those

requirements,(2) discussesgeneral considerationsfor developing a BATR

configuration,and (3) suggests preliminaryconfigurationsappropriatefor

a BATR.

4.1 Neutron Source Concept Evaluations

. This section provides evaluations of candidate broad facility concepts for

meeting the BATRsafety and user requirements. The evaluations assume
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that the BATRneutron flux, spectra, and irradiation volume requirements

may be met by a reactor operating with a power density from

1 to 2 MW/liter, a judgement based on the capabilities of existing test

reactors. A prior study 2 evaluated a packed particle bed reactor, a

reactor with rotating fuel rings, a cermet-fueledliquid-metal-cooled

reactor, and an accelerator-drivenspallation neutron source. These

concepts were candidatesduring the selection process for the Advanced

Neutron Source6. These concepts,plus the TRIGA, pebble bed, and

conventionaltest reactor (water-cooledmetallic fuel plates) concepts

were considered as candidates for a BATR.

Concept evaluationswere based on the followingcriteria" (I) the

capability of the concept for attaining the required steady neutron flux,

neutron spectra, and irradiationvolume in test loops and beam tubes,

(2) safety, (3) flexibility,(4) technologicaldevelopmentrisk,

(5) licensability,(6) accessibilityand inspectability,and (7) cost.

The ideal BATR concept would be one with a capability for exceeding the

neutron flux, neutron spectra, and irradiationvolume requirementsin a

reactorthat poses minimum onsite and offsite safety concerns. The ideal

concept would be flexible,providinga capability to accommodatechanges

in neutron flux and spectra,and in the test size and location. This

flexibilityextends from frequent changes (such as during the operationof

a reactor cycle), to occasionalchanges (such as from one cycle to the

next), to infrequentchanges (such aS a one-time reconfiguringof the

reactor to follow long-termchanges in experiment needs). The ideal

conceptwould employ proven technology and involvea minimum of technical

developmentrisks; these featuresmaximize the potentialfor the BATR to

satisfy requirementsfor licensingand reduce research and development

costs. Sufficient access would be provided such that all hardware could

be inspectedand maintained. Finally, the ideal conceptwould provide the

most economicalmeans for meeting the requirements.

Brief summariesof the facility concepts and evaluationsof their

suitabilityfor a BATR are described in the following subsections.
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4.1.1 Conventional Reactor

. The conventional reactor concept employs high surface-to-volume metallic

• fuel plates cooled by flowing light or heavy water. This concept is

- termed "conventional"becausemany of the currently operatingand planned

test reactors are of this type. Operatingconventionalconcept reactors

includethe Advanced Test Reactor7 at the Idaho National Engineering

Laboratory,the High Flux Beam Reactor8 at the BrookhavenNational

Laboratory,the High Flux IsotopeReactorg at the Oak Ridge National

Laboratory,and numerous others throughoutthe world. In addition,the

Advanced Neutron Source6 planned for constructionat Oak Ridge National

Laboratory is of conventionaldesign with extended technology.

The BATR user requirementsappear to be achievablewith the conventional

concept. The BATR neutron flux, neutron spectra, irradiationvolume, and

total reactor power requirementslikely can be met with an average power

• density of about I-to-2 MW/liter. This compares with power densities of

about I MW/liter for the Advanced Test Reactor and about 5 MW/liter for

" the Advanced Neutron Source. The required BATR neutron spectrum can be

• met by appropriateselectionof conventionaldesign parameters. While

existing conventionalconcept reactorsmay lack sufficientredundancy a_;d

diversity to meet current licensingrequirements,these issues can be

resolvedwith a suitable BATR safety system design. Reactor operations

are facilitatedwith the conventionalconcept because employing a water

coolant enhances accessibilityand inspectabilityduring maintenance and

refueling.

Negative features of a conventionalconcept for a BATR center on the use

of aluminum,the most common conventionalreactor fuel plate material.

Aluminum is employed primarilybecauseof its low neutron cross section.

• However, an aluminum oxide coating forms on the fuel plates during

. operation, increasingthe effectivethermal resistance and fuel operating

temperatures. This, coupledwith the low aluminum melting temperature and

. thermal capacity,can lead to a rapid melting of the fuel,
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should fuel plate dryout occur. Further, should a molten core result,

steam explosionsbetween molten aluminum and water can occur and appear to

be particularlyenergetic. Finally, as compared with alternatives,the

structural strength of aluminum is low, although experiencewith the

mechanical integrityof Advanced Test Reactor fuel plates has been

excellent.

4.1.2 Packed Particle Bed Reactor

The packed particle bed reactor conceptI0 is a compact reactor employing

sphericalgraphite fuel particlespacked into an annular region formed by

two porous metallic frits. The core is cooled by heavy water flowing

radially outward through an inner (cold)frit, fuel region, and an outer

(hot) frit. A major advantageof this concept is the high neutron fluxes

attainable. This flux capabilitymay exceed that identifiedas required

for BATR in Section 3. Packed particle bed designs with water flowing

through them have never been tested and therefore have a high development

risk and a high developmentcost. The associated safety and development

risks limit the suitabilityof a packed particle bed reactor for a BATR.

4.1.3 Pebble Bed Reactor

The pebble bed reactor concept11 is based on technology similarto

certain German power reactors. For the German power reactors,pebble bed

fuel is contained in graphite spheresof approximatelyS-cm (2-in.)

diameter. The fuel is cooled by flowinghelium gas. Advantagesof the

pebble bed concept include a high degree of core geometric flexibility,

the freedom to control the neutron spectraby altering the fuel/carbon

ratio, and a minimum reactivity-insertionsafety risk. The power density

attainablewith current (German) pebble bed technology is more than two

orders of magnitude below that needed for BATR. Upgrading the power

density capabilitywould require significantlyextending the current
J

pebble bed fuel technology;a reduction in the pebble diameter to about

34



2-to-4 mm (79-to-158mil) would be needed. Fission products would be

. confined by pure carbide (for example, ZrC) coatings of both the pebbles

• and the fuel particleswithin the pebbles. The pebble bed concept is not

. hampered by significantsafety concerns,but upgrading the concept to meet

• BATR's needs would require significantdevelopmentrisk. For these

reasons, the pebble bed concept is probablynot appropriatefor a BATR.

Also, no clear advantageof the pebble bed reactorover a conventional

reactorhas been identifiedfor a BATR.

4.1.4 Reactor with Rotating Fuel Rinqs

The rotating rings reactorconcept12 featurestwo stacks of flat annular

fuel disks (or "rings"),constructedfrom conventionalaluminum fuel

plates and cooled by heavy water. Within each stack, the rings are

separatedby spaces slightlywider than the disk thicknesses. The stacks

are aligned such that the disks on one stack correspondto the spaces on

• the other. The axes of the two stacks are offset, creating an

intersectingregion between the two stacks. Only the intersectingregion

is critical, providinga steady source of high flux neutrons. The rings

rotate on their axes so that only fuel within the intersectingregion

experiencesheating. Because fuel heating is transient, a very high power

density is attainablelocallywithin the intersectingregion while the

overall time-averagedcore power density remains low. The rotating rings

reactorconcept involves substantialdevelopmentrisk, and its rotating

fuel masses pose unique safety concerns regarding a dynamic core geometry,

limiting its suitabilityfor a BATR. In addition,this concept probably

cannot meet the performancerequirementssuch as several experimentloops

in high neutron flux regions.

4.1.5 Cermet-FueledLiquid-Metal-CooledReactor

The cermet-fueled,liquid-metal-cooledreactor12 employs cast fuel,

fabricatedfrom a stainlesssteel/uraniumcermet. The fuel is cooled by

. liquid sodium flowingthrough passages within the fuel matrix. As

compared with water, the thermal capacityof liquid sodium is low,
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reducing its effectivenessfor limiting the fuel heat-up rate during an

accident. This concept involvessignificantsafety risks: the potential

for reactions between the coolant and water, and between the coolant and

air. This potential could be reduced through the use of double-walled
b

vessels, however we believethat this approachwould not adequately

address the safety issues. These safety concerns limit the suitabilityof

the cermet-fueled,liquid-metal-cooledconcept for a BATR.

4.1.6 TRIGA Reactor

The TRIGA (TrainingResearch IsotopesGeneral Atomic) reactor concept13

is based on pool-typereactor technology in which a light-waterpool

serves as a moderator, reflector, shield, and coolant. Advanced TRIGA

reactor designs include forced-convection,in addition to pool-cooling,of

the reactor core. Fuel assembliesare constructedfrom aluminum- , or

Incoloy-cladcylindricalrods fabricated from a mixture of enriched

uranium and solid zirconiumhydride. The hydrogen component in the fuel

is an excellentmoderator that provides a large prompt-negativefuel

temperaturereactivitycoefficient. Because of this feature, TRIGA

reactors are advantageousfor applicationsrequiringrapid pulsed

operation. These reactors can operate at steady state, but their

steady-stateflux levels are significantlylower than those desired for

the BATR. The TRIGA reactorconcept is not considered suitable for a BATR

because high levels of steady, rather than pulsed, neutron flux are

needed.

4.1.7 Accelerator-DrivenSpallationNeutron Source

An accelerator-drivenspallationneutron source14, 15, 16 produces an

intense neutron flux by focusing a beam of protons or deuterons on a

liquid lead-bismuthtarget. The flux spectrum includes neutrons of

fission and higher energies. Thermal neutrons are produced within a

berylliumor heavy-watermoderator. The neutron flux is produced without

involvingnuclear fission and thereforedispersalof radioactivematerials

during accidents is not of concern. For neutron scatteringexperiments,
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acceleratorsmay produce intenseneutronpulses with much lower

time-averagedheat removal load than produced with a reactor. The high

. energy neutron cemponentproducedwith this concept poses special

• shieldingproblems,as compared with a reactor, as it affectsthe

- experimentenvironment. This concept is rejected for BATR on the basis of

cost and developmentrisk. No cost-effectivespallation neutron source

has, as yet, been built. Developinga large, reliable neutron source

would involve significanttechnicalrisks as the neutron flux attainable

with current technology is orders of magnitudebelow that required for a

BATR. Possibly over 100 MW of electricalpower must be purchasedto

provide an accelerationwith enough power to produce the required

steady-statefluxes over the requiredvolume.

4.1.8 Comparisonof Neutron Source Concepts

. Several existing and new neutron source conceptswere evaluatedas

presented above. Table 9 summarizesthe advantagesand disadvantagesof

each concept.

Because the identifiedneutron flux and spectra requirementscan be met

with reasonablepower densities,the conventionalconcept is the favored

choice for a BATR. Further, these requirementscan be met with technology

that is well within the proven conventionalreactor experience base.

Large operationaland experimentaldata bases are available from previous

and currently-operatingconventionalconcept reactors. A conventional

concept BATR would" (I) involvea minimal of developmentrisk, and thus

have a minimal developmentcost, (2) encounterwell understood safety

issues,and therefore (3) rank high for licensability. Developmentof a

conventionalconcept BATR could thereforeconcentrateon safety and

• operationalimprovements,throughmaterial selectionand systems design.
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Table 9. Comparisonof neutron source concepts for a BATR

m

Concept Advantaqes for BATR ....Disadvantaqesfor BATR "

Conventional Existing operatingand Aluminum (low melting
experimentalexperience temperature,low strength,
base, BATR flux can be low thermal-conductivity
achievedwith current oxide, steam explosions,
technology,licensability potential, chemical

reactions)

Packed Particle Very high flux Moderate developmentrisk
Bed

Pebble Bed Existing experience base, Low flux with existing
geometric flexibility, technology,fuel
neutron spectra flexibility, developmentrisk
minimum reactivity
insertionrisk

Rotating Rings Very high flux, but over Substantialdevelopment .
a limited volume risk, safety concerns with

rotating fuel masses

Cermet-Fueled High flux Significantsafety risk
Liquid-Metal from coolant interactions
Cooled with in-core loop water

TRIGA Existing experience Suitable for pulsed, not
base, enhanced safety for steady, operation, low
reactivity insertionevents flux with existing

technology

Accelerator- Extremely high flux, but Cost, signi;'icant
Driven over a small volume developmentrisk, unique
Spallation problems for shielding
Neutron Source experimenters .
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4.2 Conventional Reactor General Considerati ons

. This section discussesgeneral considerationsregardingthe use of

. conventionalreactor technologyfor a Broad ApplicationTest Reactor. The

- discussionsare separatedinto design/performance,safety,

operational/flexibility,and reactur control topics.

4.2.1 Design/PerformanceTopics

In addition to future experimentalneeds, the BATR design should consider

the needs (flux, spectra,diameter,volume, etc.) of current experimental

programs in existing test reactors. Therefore, the BATR could readily

satisfythese needs should unforeseencircumstancesresult in shutdown of

one or more currentlyoperatingtest reactors.

A conventionalconcept BATR should employ light water as a reactor

• coolant. The use of water enhances access to reactor components,thereby

facilitatingoperations. Light-watercoolant does not produce tritium,

whose disposal must be considered,as does heavy-watercoolant. The

future availabilityof heavy water is uncertain,and heavy water is

expensive ($1000/liter). Requirementsfor a relatively large volume of

high thermal neutron flux can be met by employinga heavy-waterreflector

tank surroundingthe core region, as is featured in several existing test

reactor designs. Thus, a reactorwith light-watercooling and a

heavy-waterreflectorprobably achieves the best match with the

requirements. Thus, we have concentratedon trade-offstudies of reactors

with these features.

The fast neutron flux needs associatedwith the materials irradiation

objectives identifiedin Section 3 may be accommodatedwithout employinga

fast reactor. The BATR configurationcould employ localizeddesign

features, such as regionsof berylliumor nickel with thin hafnium

shrouds, to tailor the flux spectrum as needed.
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Although for security reasons it would be advantageousto employ fuel

enrichmentsbelow 20%, it is unlikely the BATR neutron flux requi_ament

can be met without resortingto higher enrichment fuels. In addition to

use of standard (93.5%) high-enrichmentfuel, considerationwill be given

to potential safety benefits of the higher Doppler coefficientachievable

with moderately-lowerenrichments(for example, 80%).

BATR core heat removal requires high surface area-to-volumeratios for the

fuel region. A brief study indicatesthat core heat removal capabilities

using heat pipes are not adequateat the expected BATR core power

density. Four conventionaltypes of fuel assemblieswere considered for

BATR" ATR-type (arcuate)with fuel plates, involute type with fuel

plates, concentric-typewith fuel plates, and fuel pins. In all cases the

fuel assemblies are assumed to be constructedof a composite fuel "meat"

region clad in a solid metal. The ATR-type fuel assembly consists of

segments of concentriccylinders supportedby side plates as currently

employed in the Advanced Test Reactor. The involute fuel assembly

consists of curved fuel plates supportedby inner and outer cylindrical

side plates. The involute design features a variable radius of fuel plate

curvaturethat results in a constant-widthcoolant channel along the fuel

plates from the inner to outer side plates. Full-annulusinvolute

assemblies are currently employed in the High Flux Isotope Reactor

(HFIR). The concentric-typefuel assembly consists of cylindricaltubes

with a shape such as currentlyused in the Savannah River Laboratory (SRL)

productionreactors. Fuel pins are solid circular cylinders assembleJ in

a regular pattern.

Fuel configurationsconsidered for BATR are illustratedin Figure 4.

Involute,concentric,and pin fuel assembly arrangementscan be devised

that provide performanceparameterssimilar to those of the existing ATR

fuel assemblies,whose operatinghistory has been excellent. The ATR-type

assembly features 1.27-mm-thick(50-mil) plates with a O.51-mm (20-mil)

meat and 1.gS-mm (T8-mil)coolant channels and would be appropriatefor a
BATR.
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The involute assembly (with dimensionssimilar to those of the ATR-type

assembly)provides a small thermal-hydraulicperformanceadvantageover

• the ATR-type assembly. However, involuteassemblies in existing reactors

. are constructedusing full annuli. For BATR this constructionis

• considered acceptableonly if the reactor configurationallows use of full

annuli in which the resultingfuel assembly is subcriticalunder all

foreseen conditions. This could readilybe accomplishedif the involute

assembly is of relativelysmall size. However, if it does not prove

possible to use full annuli,then segmentationof the annuli (for example

into 450 segments similarto that shown in Figure 4) would be needed. A

satisfactorydesign for a segmentedinvolute fuel assembly has not been

demonstrated. Specificallyof concern is the structuralstrength of the

segmentedassembly to withstand a load that compressesthe inner and outer

side plates. If this concern can be resolved,then an involuteassembly

may be appropriatefor a BATR.

• In the SRL reactors,the fuel assembliespossess the concentric

cylindricalshape, but the assembliesare much larger (thickerplates,

wider coolant channels,and longer lengths) than would be needed for a

BATR. A possibleconcentric fuel assembly appropriatefor BATR power

densities might consist of concentric 1.27-mm-(50-mil-)thick plates

separatedby l.g8-mm (78-miI)fluid gaps and containedwithin a flow

shroud. The thermal-hydraulicperformanceof such a fuel assemblywould

be similar to the ATR-type assemblies. The tubes of the concentric

assembly could be supportedtransversely,with ribs between the tubes, and

axially,with spider assembliesat the ends of the tubes. The concentric

fuel assembly possesses a good performancehistory at SRL. Furthermore,

this fuel assembly type has a strengthadvantageover the ATR-type and

involute assemblies (see Appendix A) that makes it ideal for a BATR.

Fuel pins appearedto provide a promisingalternativeto the fuel plates

that have most commonly been employed in existing test reactors. A pin

. design suitablefor BATR might consistof 1.gO-mm (75-mil)diameter pins

with 1.27-mm (50-mil)fuel meat, and arranged on a
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Figure4. Fuelconfigurationsconsideredfor BATR.
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2.g7-mm-(117-mil)-pitchsquare lattice. The challengewould be to design

a sufficientlystrong fuel assembly from such thin pins; a 7.6-cm (3-in.)

diameter circular cross sectionwould contain approximately2,000 pins!
w

The developmentrisks associatedwith this Challengemake the use of fuel

. pins inappropriate.

The selectionof a BATR fuel assemblygeometry must be made in concert

with selectionof the overall reactorconfigurationgeometry. Some fuel

assemblygeometries are more suited than others for certain reactor

configurations. The need for axial and/or radial grading of the 235U

loading is dependenton reactorconfiguration,while the ability to

provide suitable fuel grading varies with the type of fuel assembly.

Therefore,specific fuel assembly recommendationsare discussed as a part

of the reactor configurationdescriptionsin Section 4.3.

The matrix and cladding metals considered for BATR fuel plates are

aluminum,zirconium, stainlesssteel, and molybdenum. The studies of

these metals are includedin AppendixesB, C, and D. The significant

• trade-offsbalance strength,thermal performance,and neutronic

performance. Aluminum has the least neutronic penalty,but comparatively

low strength,melting point, thermalcapacity, and low-conductivity

oxide. Zirconium has only a small neutronicpenalty and a higher melting

point. However, zirconiumhas a lower thermal conductivity,which will

raise operating temperatures. Stainless steel provides a significantly

higher melting point and thermalcapacity. However, it has a significant

neutronicpenalty, which would require a higher fuel loading. The

molybdenumneutronicpenalty is extreme. Based on experience,the

difficultieswith aluminumfuel can be overcome, and AI-UAI3 or a

similardispersed fuel appearsto be best suited for this application. A

second choice would be stainlesssteel-UO2 fuel. Uranium silicide fuels

represent a distant third choice. An additionalsafety analysis should
G

examine the potentialfor steam and chemical explosionsassuming molten

" cores consisting of the variousfuel plate materials.
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BATRpressure vessel design should consider use of stainless steel

materials that are currently acceptable for Class I nuclear construction m

under the ASHECode. ORNL is currently developing a case for the use of

aluminum as a pressure vessel, but the outcome is not certain. Regardless

of the material used, the pressure vessel and other support structures

must be designed consideringthe irradiationembrittlementenvironment.

4.2.2 Safety Topics

The BATR design should assure mechanical,neutronic, and thermal-hydraulic

stability. Fuel assembliesshould be designed for adequate static and

dynamic loadings and a large safety margin to hydrodynamicinstability.

The design should consider the interactionsof these stabilityconcerns

with neutronicfeedback.

The BATR should featureupward flow throughthe core region. Many

existing test reactors feature downward flow through the core, and this

results in a safety issue regardingflow reversal. Should main coolant

pumps fail (for example, as might occur during a station blackout event)

then the core flow would transitionfrom downward forced convectionto

upward flow resulting from buoyancy-drivennatural circulation. The issue

regards core cooling during the transitionperiod when its flow is nearly

stagnant. By using an upward core flow in BATR, a smooth transition from

forced to natural circulationcooling is accomplishedand a period of

stagnant flow is avoided. When upward core flow is employed, core and

irradiationtargets must be restraineddownward against the flow. The

restraintsdesigned for this purposemust preserve highly-uniformflow

distributions. Further, the effectsof upward-flowingcoolant on

downward-insertedcontrol rods may be significant;a separate control rod

cooling system or sophisticatedfast-insertionsystem may be needed.

The BATR design should maximize the potential for natural circulationcore

cooling, for example by employingheat removalmechanisms that are

elevated considerablyabove the core. This design will shorten the time
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required, followinga loss of forced core flow, until core natural

circulation is capable of maintainingcore cooling. Similarly,mechanisms

• (for example, backup'motors,and flywheels)should be evaluated for

. continuing a forced-convectioncore flow followinga failure of the

- primary pumpingcapability.

The BATR should be designed for survivabilityduring a loss-of-coolant

accident. In addition to core flow continuation,this survivabilitywill

depend on employing rapid scram mechanisms,on limiting the

depressurizationrate followinga primary system rupture, and on locating

all large reactorvessel penetrationsabove the core.

The BATR needs for safety shutdown system redundancy and diversity should

be directly addressed. For this purpose, a combinationof shutdownrods

and gas (3He) injectionsystemsappears to be promising. A 3He system

would feature a high-cross-section,fast-movinggas, driven from

, accumulatortanks into evacuatedtubes within the core. Use of separate

accumulatorscould enhance redundancy. Possible problems with a 3He

- system includedifficulty in removing the poison after its use and

transientexpulsionof gas from the tubes due to heating effects.

A BATR design that minimizesthe likelihoodof a core damage accidents is

needed. From Section 2.4.3, this likelihoodshould be limited to less

than 10.6 per reactoryear. However, should accidentsthat lead to

molten cores need to be considered,we believe it is not possible to

achieve a BATR design that completelyeliminatesthe possibilityfor the

occurrence of steam explosions. However, the design should minimize any

secondarychemical reactions (for example, between a molten core and the

coolant) with the potentialfor increasingthe energy release or for

releasinghydrogen. From safety and licensingviewpoints,the BATR design

should consider accidentmitigation and feature a containmentthat cant

withstand core melt, steam explosions,and hydrogenexplosions.
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4.2.3 Operational/Flexibility Topics

°

The BATRdesign should feature capabilities for rearranging the core and o

experiment configuration. This capability starts with a modular

changeable-grid core construction scheme (see Appendix E). Core and

experiment features are contained in an interchangeable grid, facilitating

reactor reconfiguration. Fixed penetrations through the reactor vessel

upper and lower heads pose a problem that limits the possibilities for

rearrangement. Specifically, with the changeable grid the core internals

can be rearranged, but radial and azimuthal alignment of the rearranged

core features may not match with the existing vessel head penetration

openings. Two options may be used to circumvent this limitation. First,

the vessel penetrations could remain fixed, and slant tubes (for example,

with dog leg bends) could be employed to route piping as needed from

rearranged core features to the existing vessel penetrations. Second, the

vessel penetrations could be constructed on rotatable elliptic flanges

that would effectively provide the capability for moving the vessel

penetrationlocations,consistentwith changes in the core and experiment

geometry.

The BATR design should includethe flexibilityfor conducting tests at

differentneutron flux levels and with different flux spectra. The

capability for operatingwithout insertionof a scheduledtest is needed.

The BATR should allow changing of fuel and irradiationcapsules without

disturbing experimentalloop piping. A direct, unobstructedmeans for

moving fuel and materials should be devised. These operations must

consider the need for maintaininglight-watercoolant separate from a

heavy-waterreflector. Heavy water is preferred over berylliumfor a

thick reflector (such as would be needed for a large irradiationzone)

because it sustains high thermalneutron flux over a larger volume. In

addition,beryllium is toxic, brittle, expensive, and difficult to

fabricate. A limited number of U.S. companies have the capability to

fabricatea berylliumreflector.

46



Consideringflexibility,a heavy-waterreflectorneeds to be confined in a

vessel with horizontaland vertical tubes for access into the reflector
I

• region. Thus, changing the irradiationspace layout requires changing

these access ports. In contrast, a beryllium reflectorcan be water

• cooled (as, for example, in ATR) and thus allow access for changeswithin

the core and primary system pressure boundary. One option that might be

considered for a large heavy-waterreflectorwould be to incorporate

severalrelatively large light-water-cooledberylliumor graphite regions

within a heavy-watertank. The size and shape of irradiationtubes within

these regionscould be changedmore readily. The BATR design should allow

access to all regions within the vessel and the capability for changing

damaged internals.

The design should provide the capability for experiment changes on-line or

with very short outages. The design should provide for long cycles, and

the flexibilityto vary the cycle length. The capability for on-line

, refueling should be considered,but seismic safety concerns may make this

option infeasible. A large temporaryirradiatedfuel storage space is

needed to permit maximum use of fuel. In general, the BATR design must

optimize the management of fuel.
d

Relative to the identifiedmedical facility need for boron neutron capture

therapy and the desire to serve a wide spectrum of outside (university,

foreign) users, considerationwas given to the potential constructionof

more than a single integratedunit. A conventionalreactor concept is

amenable to the constructionof single reactor units distributedin a

common shield with common or separatecooling systems, but with the

experimentalfacilitiesof each core in separate building areas subject to

differentpersonnel access requirementsand permittingwidely different

types of research. More separationof the single units could be achieved

by using completely separate shields, buildings,cooling systems,etc., at

(in order of expense) a common site, adjacent sites, or widely-distributed

sites. Reactors at a common site may be hampered by difficultiesin

. having constructionin progress during reactor operations,and such

constructionwould necessarilyproceed at a slow pace due to
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dependence on availabilityof incrementalfunding. A single integrated

BATR can readilymeet most of the potentialuser needs. The major

potential exceptions includethe treatmentof patients at a cancer therapy

facility, and the relativelycomplete freedom of access for outside

users. While the relative merits of multiple reactors needs further °

assessment,the current plan is to proceed with studies of a single

integratedBATR.

4.2.4 ReactorControl Topics

The BATR configurationshould have multiple reactor control features that

minimize perturbationsto the whole reactor from the operation of any one

control feature. This design would enhance capabilitiesfor independently

operatingexperiments in different regions of the reactor. The reactor

control system needs to compensate for the reactivityloss due to fuel

burnup, provide for adjustingthe neutron flux distributionswithin the

reactor, provide regulationof reactorpower, and provide rapid shutdown

upon signal from the plant protectivesystem. The compensationfor fuel

burnup and adjustmentof neutron flux distributionsmust be accomplished

without producingundesirableneutron flux disturbancesin the

experimentalpositions.

The amount of shim control needed for countering fuel burnup is reduced by

the incorporationof a bllrnableneutronicpoison in the fuel assemblies.

To minimize the effects on neutron fluxes in the experimentalpositions,

it is desirable to also achieve the balanceof reactivity adjustmentby

absorptionof neutrons in or adjacent to the reactor fuel regions. This

suggests that chemical shims with neutron absorbersin the primary coolant

or a separate fluid system are options that should be evaluated. Also,

shim blades or small rods adjacent to the fuel may be preferable to the

use of rotating drums because the drums disturb the neutron fluxes in the

reflector irradiationfacilities. Individualadjustment of the neutron

fluxes in the loop positions is highly desirable. The ability to meet

this need without impactingother experimentalpositions is also enhanced

by having shim capability adjacent to the fuel associatedwith each loop

position.

48



The ATR safety rods are cylindricaltubes concentricwith the test loops.

Since the major test facilities of the BATR are also the loop positions,

• the ATR safety rod arrangementcan probably be applied to the BATR. This

. safety rod a_rangementwould mesh well with a chemical shim system, if a

• suitable one can be devised. Alternatively,since the safety rod would be

between the loop and the fuel region,the opposite side of the fuel

regionswould be a suitablecandidate for multiple small-diametershim

rods to compensate for fuel burnup and/or adjust the neutron flux

distribution. The locationsof the regulatingrods have relatively small

reactivity effects, and their locationswith respect to undesirableimpact

on irradiationposition neutron fluxes is not very critical.

4.3 ConventionalReactor ConfigurationDevelopment

This sectiondescribestwo preliminaryconventionalreactor configurations

that appear to be attractivefor a Broad ApplicationTest Reactor. The

multiple-annularconfigurationis described in Section 4.3.1 and the

modular configurationis described in Section4.3.2. For comparingthe

capabilitiesof these configurationswith modest extensionsof existing

reactor capabilities,a postulatedupgrade of the Advanced Test Reactor is

described in Section 4.3.3.

4.3.1 Multiple-AnnularConfiguration

The multiple-annularconfiguration,shown in Figure 5, features

distributedseparate annular core sectionscontained in their own pressure

tubes. The spaciouslayout of the multiple-annularconfigurationaids

, operationalaccessibilityand inspectability. Experimentalloops
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Figure 5. Multiple-Annularconventionalreactorconfiguration.
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containing the test sectionswould be located in the centers of each

annulus. The core sections would be assembled from ATR-type or possibly

. involute assembliesconstructddof aluminum (or zirconiumor stainless

steel) fuel plates (see Section 4.2.1). The core regionswould be about

• 1-m high and cooled with an upward flow of light water. This core height

is short enough to provide adequate safety margins. Primary reflectors,

if needed,could consist of sleevesof berylliumor nickel surroundingor

within an annulus. The entire core assemblywould be immersedwithin a

large low-pressureheavy-watersecondaryreflector tank. The reactor with

8 annular core regionswould operate at a thermal power of about 400 MW

and a correspondingpower density of about 2 MW/liter.

The multiple-annularconfigurationfeatures weak coupling among the

separate core regions, allowing for operatingthe core regions somewhat

independently. The core regionscould be operated at widely varying

powers and neutron fluxes, and the design has the potential for allowing

. operationwith one or more of the core regions shut down. This

independenceenhances the flexibilityof the reactor for supporting

changing experimentalneeds.

The multiple pressure boundaries (i.e., surroundingeach core region)

provide a capability for operatingcore regions of significantlydifferent

heights. Thus, short, high-power-densityexperimentscould be conducted

in one region while long, low-power-densityexperimentscould be conducted

in others. The central location is particularlyattractivefor a short

annular core region operating at a high power density or for a premium

high-intensitytarget region with a fast neutron spectrum.

The multiple pressure boundary concept also provides a potentialbenefit

for separatingmolten core regionsduring a severe accident;combining

molten core regions poses possiblecoolabilityand criticalityconcerns.

The basic multiple-annularconfigurationfeatures core regions cooled by,B

. light water flowing from a common inlet plenum, in parallel through the

51



core sections,and into a common outlet plenum. However, the cooling

systems for the separatecore regions also could be separated. In this

way, some of the cdre regions could be cooled with light water, others

with heavy water, and perhaps others with a mixture of the two.

Separating the core region cooling systems provides additional flexibility

for varying the neutron flux and spectra among the core regions; however,

the complexity increasesand the reliabilitymay decrease.

Additional flexibilityfor tailoring loop flux and spectra is attained by

(I) using differentmoderators between the experiment loop tubes and the

inner faces of the core annuli, and (2) altering the compositionsand

thicknessesof the primary reflectorsleeves around the outer faces of the

core annuli. Another possibilityfor enhancingneutron flux and spectrum

flexibilitywould be to employ offset fuel assemblies,such.as are

featured in the Advanced Neutron Source design, around one or more of the

experiment loops.

$

In summary, the capabilityfor independentoperation of different-

geometry core regionsprovides the multiple-annularconfigurationwith "

considerableflexibilityfor followingchanging experimentalneeds.
w

4.3.2 Modular-HexagonalConfiguration

The modular-hexagonalconfiguration,shown in Figure 6, features a core

layout in a uniform pattern; a hexagonalpattern has been suggested.

Although the core is close-packed,provisionfor operationalaccessibility

and inspectabilitycould be included. Experimentalloops containing the

test sections and surroundingcore fuel assemblieswould be locatedwithin

modules. The core is containedwithin a single pressure boundary and this

constructionsimplifiesthe design and facilitatesreconfiguringof the

reactor.

b

The concentric SRL-type fuel assembly,constructedfrom aluminum (or

zirconiumor stainless steel) fuel plates (see Section 4.2.1), is
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recommended. A design considerationwith this fuel arrangementwould be

azimuthalvariations in the neutron flux and spectrum around the
N

experimentloops. The central hole, within the fuel assembly, provides a
4

region that is particularlyfavorablefor a fast neutron spectra

irradiation.

The core regions would be about 1-m high, containedwithin a pressure

boundary, and cooled with an upward flow of light water. This core height

is short enough to provide adequate safety margins_ A berylliumprimary

reflector surroundsthe core modules. The entire core assembly would be

immersedwithin a large low-pressureheavy-watersecondaryreflector

tank. The reactor shown in Figure 6 might operate at a thermal power of

about 500 MW and a correspondingpower density of about 2 MW/liter.

The modular-hexagonalconfigurationfeaturestight coupling across the

cross section of the core. Becauseof its single pressure boundary, all

regions of the reactorwould need to be cooled with the same fluid. These
t

featureswould limit the capability for separatelyoperating the different

core regions. This is not to say that different core regions could not be - .

operated at different neutron fluxes and spectra, but only that altering

the operationof one core region would affect the other regions as weil.

However, the tight coupling of the core would provide the advantageof

limiting the flux attenuationresultingfrom insertionof a particularly

absorbenttest in one location.

Flexibilityfor tailoring loop flux and spectra is attained using

differentmoderators between the experiment loop tubes and the fuel

assembliesand by altering the compositionsand thicknessesof moderating

materialsembedded within the reactor modules.

A major advantageof the modular-hexagonalconfigurationis its particular
d.

compatibilitywith a changeablegrid constructionscheme, such as

described in Section 4.2.3. This compatibilityresults from the single

pressure boundary concept; reactorrearrangementtakes place within the

boundary and reconfiguringof the boundary (except for pressure vessel

penetrations)is not needed.
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The modular-hexagonalconfigurationalsoappearsto be particularly

suitablefor developinga layeredreactordesign,suchas the 2-1ayer

checkerboardlayoutillustratedin Figure7. A layeredreactordesign

providesadditionalflexibility(axialvariation)for layingout the

." reactorfeatures;lt alsoallowsmaintainingneutronfluxwhileus'ing

shortercoreflow paths,resultingin improvedsafetymargins.

In summary,the replaceableand interchangeablegrid constructionof the

modular-hexagonalreactorconfigurationprovidesconsiderableflexibility

for followingchangingexperimentalneeds.

4.3.3 UpgradedATR Configuration

The capabilitiesof a new BATRconfigurationneedto be comparedto some

referenceconfigurationthat representsthe capabilitiesof current

reactors,as mightbe extendedthroughmodestfutureimprovements.For

this purpose,this sectiondescribesone suchreferencebasedon an

. " upgradingof the AdvancedTest Reactor,as shownin Figure8. The

configurationis basedon the currentATR designwith the following

" changes"

(I) the maximumexperimentloopdialneteris increasedby enlargingthe

fluxtrap size to 20-cm(8-in.)innerdiameter,30-cm(12-in.)outer

diameter,

(2)the core heightis reducedto aboutI m, and the core flowdirection

is changedfromdownwardto upward,

(3)the corepowerdensityis increasedfrom I to about2 MW/literand the

power is increased to about 400 MWt,

(4) a large(about3-m (IO-ft)diameter)heavywatersecondaryreflector

tank is addedto increasethe availableirradiationspace,
o
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(5) the thicknessof the berylliumprimary reflector thickness is reduced,

and

(6) the rotatable reactor shim control drums are replaced with a system

designed for less impact on reflectorneutron fluxes and on

accessibilityto all reactor regions.

4.4 Comparison of ConventionalReactor Configurations

The BATR neutron flux, neutron spectra, and irradiationvolume

requirementscan probably be achievedwith an upgraded ATR or reactors of

either the multiple-annularor modular-hexagonalconfigurationsdescribed

in Sections 4.3.1 and 4.3.2, respectively. In addition to meeting the

design requirementsas initiallyformulated,the ideal BATR reactor

configurationwould provide an economicalcapability for modifying the

reactor to keep pace with changingexperimentalneeds. Therefore,

comparison of reactor configurationsshould be made primarily on the basis

of flexibilityconsiderations. Table 10 presents a qualitative

flexibilitycomparison of the multiple-annularand modular-hexagonalBATR

configurationsalong with the upgradedATR configuration.

As indicatedin Table 10, the flexibilityfor both of the configurations

suggested for BATR generally exceedsthat afforded with the upgraded ATR

configuration. The flexibilityadvantagesof the two BATR configurations

over the upgraded ATR configurationresult from: (I) the provisionfor

increasingthe diameter of the experiment loops without modifying a

beryllium reflector,and (2) the ease with which neutron flux intensity-

and spectra-modifyingfeatures can be incorporated.

The comparisonbetween the flexibilityof the multiple-annularand

modular/hexagonalconfigurationsindicatesthat the multiple-annular

configurationranks higher because of its capability for independently

operatingreactor core regions of differentlengths. As a result of its

interchangeablegrid constructionscheme,the modular-hexagonal

configurationranks higher for ease of reconfiguring.
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Table 10. Comparisonof reactorconfigurationflexibilityh,

• _ FlexibilityRatings

Parameter Multiple-Annular Modular/Hex ATR Upgrade

Neutron Flux High Moderate Moderate

Neutron Spectrum High High Moderate

Loop Diameter Moderate Moderate Low

Loop In-Core Length High Low Low

Reconfigurability Moderate High Low

Detailed design comparisonsshould eventuallybe performed for reactor

• performance,safety,flexibility,technologicaldevelopmentrisk,

. licensability,accessibilityand inspectability,and cost. As the designs

evolve, the best features of each design should be incorporated,where

. possible, into the design that is finally selected.

4.5 Summaryof Findings and Recommendations

In summary, the BATR neutron flux, neutron spectra, and irradiationvolume

requirementsappear to be achievablewith reactors of either the

multiple-annularor modular-hexagonalconfigurations. Each of these

configurationspossessesunique features that enhance the flexibilityfor

altering the reactor in response to changing experiment needs or

regulatoryconcerns.

- The following studiesare recommendedfor the next phase of BATR

. development:(I) evaluatethe viabilityof the multiple-annularand

• modular-hexagonalconfigurationsfor attainingthe required neutron flux,

neutron spectra, and irradiationvolume, (2) assess alternativesto
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aluminum fuel plate materials, (3) perform neutronic,thermal-hydraulic,

and structuralcomparisonsbetween the ATR-type and SRL-type fuel

assemblies, (4) develop a preliminarylayout for the core, vessel, and
q

reflectortank, and perform operationsand maintenancestudies, (5)
,w

develop a preliminarylayout for the reactor coolant system, and perform

heat balance and safety system studies.

5. CONCLUSIONSAND RECOMMENDATIONS

This report presents the need for a new test reactor, the project process

definition,a set of current and projected regulatorycompliance and

safety requirements,a set of facility users needs for a broad range of

projected testing missions,and a set of reactor concepts that meets these

requirements. The informationcontained here can be used for strategic

planning to provide the Departmentof Energy with management options. The

INEL should assist the Department of Energy in organizing a new initiative

to provide the United States with a comprehensiveBroad Application Test " •

Reactor for the next century.

This report summarizes the FY-gl effort of nearly 50 scientists and

engineersworking part-timeon this LDRD project. A similar LDRD effort

is being conducted in FY-g2: detailed trade-off and preconceptualdesign

studies are proposed to (I) explore the reactor concepts that best meet

the user and safety requirements,and (2) identifythe key technologies

for supporting the government'slong-termstrategicand programmatic

planning. The study findingswill provide a basis for recommendingone or

more candidate reactordesigns for a new broad applicationtest reactor.

The following specific studies are recommendedfor FY-g2:

I. Evaluate the viabilityof the multiple-annularand modular-hexagonal

reactor configurationsfor attainingdesired flux and irradiation

volume: neutronics,thermal-hydraulics.
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2. Assess alternativesto aluminumfor the fuel plates" neutronics,

steam explosion, fuel/coolantheat transfer, fuel material smear
W

density, irradiationperformance,fuel/water interactions,fuel
D

fabrication,shipping,lifetime,and disposal issues.

3. Evaluate the relative merits of arcuate, involute,and concentric fuel

elements" neutronics,thermal-hydraulics,static strength,dynamic

stability.

4. Examinecore, reflectortank, and vessel layout,develop

changeable-gridschemes, and conduct flexibilityenhancement studies.

5. Prepare a general layout of the fluid systems, compute the heat

balances,and perform operations/maintenancestudies.

6. Examine redundancy/diversityissues,determine passive safety

features,and find ways to minimize reactivity insertionand

loss-of-coolantaccident potentials.
. !

m

7. Perform a market survey to identifyfuture customers and their

" projectedneeds. This may strengthenthe justificationfor proceeding

with the BATR design.

Some of these studieswere performedin FY-92 with LaboratoryDirected

Research and Development fundingand are reported in Reference 17.
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A. 1 INTRODUCTION

4

The fuel assembly structuralrequirementsfor BATR center around

maintaininga coolable geometry under a variety of normal operating

conditions as well as a number of accident conditions. Because the

structuralcapacity of the fuel dependson a large variety of design

details that are unknown at this time, only general design statementscan

be made with the understandingthat a varietyof fuel configurationscould

be made to function structurallyin the required environment. However,

some configurationsare more susceptibleto structuralfailure than

others.

The combinationof fuel design requirements,evolutionaryconcepts instead

of revolutionaryconcepts,and a high flux density per unit volume have

" effectivelynarrowed the choice of fuel type to the plate geometry. Given

. this subset of fuel configurations,some general observationsof

structuralcapacity can be made. Since these plates are quite thin

compared to their width, width-to-thickness(w/t) ratios might

realisticallyrange between 10 and 80. The structuralresponse (stresses

and deformations)of these fuel plates are very sensitiveto the

mechanical boundary conditions imposedon the plates.

Differentialtemperaturesbetweenthe hotter fuel matrix region of a

single plate and the cooleY'supporting structureof the fuel assembly

offer considerablepossibilitiesfor thermal distortion. The fuel

assemblydesign is required to hold the fuel plates together during fuel

loading and unloadingprocedures,to maintain inter-fuel-platespacing for

cooling and neutronics purposes during operation, and yet not overly

constrainthem and cause severe thermaldistortionsthat would cause flow

blockage. Obviously, some intermediatemechanical attachmentcondition

must be achieved,accompaniedwith additionaldesign concepts that cause

" any distortionsamong the fuel plates to uniformlydeform and, thus,
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maintain the needed coolant flow channelcross sections. One such example

of this type of mechanical attachment is joint swaging, and the use of

fuel plate end combs has proven successfulfor maintaining uniform spacing

of curved fuel plates under thermal-hydraulicloads.

Flow-inducedvibrations are also a major considerationin plate-type fuel

design. The phenomenon stems from non-laminarflow through the coolant

flow channel entry causing random differentialpressures across fuel

plates. When the shell-modenatural frequenciesof the plates are

sympatheticwith the broad-bandedfrequencycontent of the forcing

pressures, and the material and hydrodynamicdamping are low enough,

dynamic instabilityof the plates becomes a concern. Differential

pressure can also occur from a Bernoullieffect when adjacent flow

channels have different steady-flowvelocities. This results in a static

differentialpressure across the fuel plates.

Structural capacity is primarilya function of the plate width, thickness,

curvature, and the temperaturedependent stress-straincharacteristicsof
D

the plate cladding material. Generally,at fuel plate temperaturesabove

four tenths of the absolute melting point of the plate material, the

time-temperature-stressdependent phenomenonof "thermal creep" is also a

significantstress reliever, but causes strains to rapidly increase if

they are not self-limitingin nature.

Severalmaterials have been investigatedfor fuel cladding. The cladding

provides the majority of the bending strength for the fuel plates.

Zircaloy-4 is presentlyused in many commerciallight-waterapplications,

Zr-2.5 Nb is used in the CANDU reactor fuels, and 6061 Aluminum is

currentl)used in a number of research and test reactors. Stainlesssteel

is also a possible candidate in these investigations. Table A-I

summarizes some mechanical and physical properties for these materials.

Other aluminum series were also considered. However, years of test

reactor experiencehave indicatedthat high fluence causes greater
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activation problems in some series than in others. The best performers

. have been the 1000, 5000, and 6000 series of aluminum. The copper (2000

" series) and Zinc (7000 series) alloying elements are particularly

• unstable.
a

Table A-I. Mechanical and physicalmaterial properties

Annealed
Material Property Zircaloy-4 Zr-2.5 Nb 6061-T0 Al 304 Stainless

Yield Strength 241 310 55 165
(MPa)

Ultimate Strength 413 448 125 483
(MPa)

Total Elongation (%) 20 20 25 40

" Melting Point (K) 2123 2113 853-923 1789

. - Thermal 21.5 17.I 167 16
Conductivity
(W/m-K)

Coefficientof 6.0 6 3 23.6 15.8
Linear Thermal

Expansion
( x 10-U/K)

The strength propertiesfor the materials listed above are at room

temperature. The aluminummelting point is considerablybelow that of the

other materials. The yield strengthof aluminum reduces rapidly for heat

treatedmaterials such as 6061-T6, which reduces from 276 MPa to 12 MPa in

the 298-to-593K range. Because of the high temperatureof fuel blister

tests, which can annealmost of the strengthout of any heat treatmentof

. aluminum, and the existenceof higher ductilityfor accommodatingfuel

- swelling,the TO, or annealed,conditionof the material, is usually

" selected for fuel cladding.
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Based on these structuralconcerns for plate-type fuel, three

configurationshave been considered for BATR: the arcuate fuel cross

section of ATR, the involute section of ANS and HFIR, and the concentric

circular plate section of SRL. See Figure 4 in the main report. The

following is a brief discussionof the structuralmerits of each cross

section.

A.2 SEGMENTEDINVOLUTEFUEL ASSEMBLIES

Fuel assembliesconsisting of full annuli may be criticalwhen immersed in

light or heavy water if the fuel loading is high enough, thus requiring

the presence of poisons to assure subcriticality. This safety

characteristiccomplicatestransportationand fuel handling operations.

An annular core constructedfrom full-annularfuel assembliesalso does

not provide the flexibilityfor rearrangingthe core in response to

varying needs. A modificationof this configurationconsidered sectioning

the side plates to form arched sections of inner and outer side plates

bounding a group of fuel plates (See Figure A-I). This sectioning results

in eccentricside plates,with respect to the fuel cross section, which

would result in eccentricloading on the fuel plates. Any transverse

loads on the cross sectiontransmittedthrough the side plates would have

to be resisted by bending stiffnessin the involute plates near the

attachmentpoint to the outer side plate because of the shallow attachment

angle. This is considerablydifferent from the ATR type cross section,

which attaches fuel plates to side plates at right angles. This

perpendicularattachment allows the transverse loads on the fuel cross

sectionto be resisted in the fuel plates by membrane stiffnessthat is

much higher than the bending stiffnessof the plates. For this reason the

involute plate configuration,when sectionedin this fashion, is

structurallya weaker fuel assembly cross sectionthan those of the ATR or

SRL types.
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Figure A-I. Segmented involutefuel assembly.
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A.3 CONCENTRICANDARCUATEFUELASSEMBLIES
J

An evaluationof structuralcapacityof concentricand arcuatefuelcross

sectionshas beenbasedupon severalassumptions.The comparisonwas made

betweenthe currentATR assemblyand a nine-plateSRL crosssectionthat

fitswithinthe perimeterof the ATR fuelcrosssection, ltwas also

assumedthat spacerridgeswouldbe placedat 450 intervalsin the

concentricfuel,that all fuelplateswere 1.27-mm(50-mils)thick,and

the materialhad propertiesof aluminum. This reducesthe problemto a

strengthevaluationof ATR Plate18, the outermostplatewith this

thickness,havinga platemean radiusof 13.32cm (5.246in.),and the

outerplateof the SRL typewith a 2.86-cm(I.127-in.)radius. Obviously,

the smallerradiusof the SRL typewill offermore structuralstiffness

and strengththanthatof the ATR-typeassemblycrosssection.When an

externalradialpressureis appliedto both fueltypes,the minimum
l

pressuresat whichelasticbucklingwouldoccur,p , are relatedas:

B
l #

p (ATR)/ p (SRL)= (r(SRL) / r(ATR))3 = 0.01.

Elasticaxialbucklingloads,orienteddownthe lengthof the plates,were

also investigatedfor thesecrosssections.The SRL-typeassemblyaxial

platebucklingload is approximatelyfivetimesthat of the ATR section.

Columnbucklingof wholefuelassemblieshas not been addressedhere

becausethis bucklingmode can be addressedin the deslgn,and itseffect

is not a primarycontributorto possibleflowchannelblockage.

The smallerradiusof the SRL-typeassemblyalso provideshighernatural

frequencies,whichaffectsflow-inducedvibrationin the plates. The

firstcircumferentialmodalfrequencyin the SRL-typeassemblyis

estimatedat 7813Hz, whilethe correspondingmode in the ATR type is

369 Hz. Thus,it wouldbe expectedthatmuch higherflow rateswouldbe

allowedin the SRL-typeassemblythan the ATR-typeassembly.

q_
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• A.4. INVOLUTESIDE PLATESPACING

• Involute plates do not lend themselves to such simple direct comparisons.

" However, some insightsfrom these studiescan be made concerning involute

plates. Fuel plate curvaturetends to increasethe plate stiffnessand

structuralcapacity for axial and transverseloads on the fuel assembly

cross-section. Since the radius of curvaturefor an involute varies over

its span (width),the stiffnessand buckling are dependent upon the plate

span and initialradius. If the involutewas bounded by inner and outer

annular cylinders (see Figure A-I), such as is found in ANS, the

outer-to-innercylinder radius ratio should be less than that of the

curves shown in Figure A-2. This would maintain a maximum radius of

curvatureless than that of the outer fuel plate on the ATR fuel assembly

(13.32cm, 5.246 inches) and the SRL-type fuel cross section (2.86 cm,

1.127 inches) investigatedabove.
m

e

A.5. , HEXAGONALFUEL PLATES

While flat plates are not the equal of curved sections of the same

dimensions in axial buckling stability,narrow segments,such as those

found in a hexagonal shape, cannot necessarilybe ruled out. As an

example, a hexagonal fuel plate section circumscribingthe outer SRL plate

discussedabove (2.86 cm, 1.127 inches across the flats of the hexagonal)

has an axial critical buckling load on the flat segments that is 33% of

the circular section and 154% of the ATR plate investigated.

A.6. SUMMARY

. Based upon the assumptionsstated above, the structuralcomparison of fuel

. cross sections indicatesthat the SRL-type fuel assembly is stronger than

. the others for the purpose of maintainingopen coolant flow channels.
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INVOLUTE SIDEPLATE SPACING
BASED ON FUEL PLATE MAXIMUM RADIUS OF CURVATURE

6 ,
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Inner Sideplate Radius, r (cm.)

ATR plate with 13.325 cm_radius + SRL type with 2.863 cm. radius

FigureA-2. Involuteside platespacingbasedon maximumcurvature(largest
radiusof curvaturefor ATR platesis 13.325cm).
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B.1. FUEL REQUIREMENTS

Fuel to be used in a Broad ApplicationTest Reactor (BATR)must be in a

- form that can successfullydeliver a very high heat flux. The reactor

core must produce between I and 2 MW/liter to achieve the desired peak

neutron flux levels. This means that the fuel "form" and fuel assembly

geometry must be able to deliver its fission heat to the core coolant

without significantimpedance. The term fuel "form" encompassesthe

material chemical composition,manufacturingmethods, and local geometry

of a fuel element. The coolant of choice will probably be light water

moving at very high velocity (10-30m/s).

Fuel elements for prior high neutron flux reactorshave been characterized

by thin plates in which there is a continuous,solid-statebond between a

uranium-bearingfuel material and a solid heat transfer medium that

provides for maximum heat transferwithin the element. These fuel

• assemblieshave been designed with high surface-to-volumeratios to

• providemaximum heat transfer rates to flowing, liquid water. A typical
Q

example is the ATR fuel plates,which consist of uranium aluminide

- particlesbonded into an aluminum matrix.B'I These fuel forms, which

are usually called dispersion fuels,B-2 are typicallycoated or clad

with a metallurgicallybonded, compatiblelayer whose purpose is to

prevent fission product release and corrosion-f the fuel by the coolant.

In order to reduce quantitiesof enriched uranium in the fuel, the

non-fissile,matrix materials in dispersion fuels preferably should have

low neutron capture cross sections. For example, aluminum,with its low

cross section (0.2 to 0.4 barns/atom)is a better choice than stainless

steel, with its relativelyhigh cross section (about 12 barns/atom).

, The fuel form chosen for BATR must perform well in the reactor

. environment,with retentionof fission products being of utmost

- importance. Radiation inducedswelling and distortionsmust be minimal as

" should those effects that can be produced by overheatingirradiatedfuels
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such as plate blistering. Radiation enhanced corrosionmust also be

minimal. The burnup limits of the fuel must be as high as possible to

keep operating and recyclingor disposal costs down.

The BATR fuel form must be fabricate into the shapes required by the

reactor design. In order to meet the heat transfer requirement,

productionof thin-sectionstructuresfrom the fuel form must be

possible. Costs of fabricationmust also be as low as possible,which

usually means reducing the number of fuel plates and employing a

conventionalfuel type.

Safety in all reactor operation and accident situationswill be a dominant

fuel requirement. Performanceof the BATR fuel form in all severe

accident scenariosmust not significantlyadd to or compound the accident

problems. For example, a severe core overheat must not lead to the

developmentof uncontrollableburning resultingfrom fuel ignition.

B-2. FUELCANDIDATES " '

The final choice of a BATR fuel material will probably come from the list

of fuel forms that have a demonstratedrecord of performance in high flux

reactors. A major fuel developmenteffort would probably not be

acceptablefor BATR developmentbecause of l:herequirementto reduce

technicaldevelopmentrisk. The candidate fuel forms that are seriously

considered in the followingdiscussionare listed in Table B-I. The three

fuel forms include two aluminummatrix dispersion fuel forms and a

UO2-stainlesssteel cermet. The advantagesand disadvantagesof these
three fuel forms are discussed below.

Several other fuel forms were considered but were not included in the list
t

of candidatesbecause of one or more deficiencies. For example, a

UO2-zirceniumcermet was considered,but it was rejected on the basis of

concerns such as excessiveoperatingtemperatures,fuel-matrixchemical

reactions,metal-water reactions,and lack of reactor operating

experience.
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• Table B-I. BATR fuel candidates

Maximum Fuel

Reactor Assembly Power Solidus Peak Burnul_
Fuel Form Experience Density (MW/L) Temperature(K) (fissions/mOl

AI-UAI3 ATR, HIFR, etc. 1.1" 915 2.3 x 1027

AI-U3Si2 ANS 8.0"* 850 2.0 x 1027

SS-UO2 OMRE 2.7* 1675 1.2 x 1027

* Demonstratedin reactor operation.
** Expected to be demonstrated.

• All of these fuel forms have been fabricated into thin-plategeometries,

, and the ATR/HIFR fuel is in current production. The fabrication
Q

developmentfor the Advanced Neutron Source plate fuel form is currently

. in progress. All of these fuel forms can also be produced in pin

geometry.

B.2.1 Aluminum Matrix Fuels

B.2.1.1 Uranium A1uminideDispersionFuels

The most popular fuel form for high flux research reactors has been a

metastable compositethat consistsof uranium aluminide particles

dispersed in aluminum. Due to fabricationrestraintsand the need for a

• continuous aluminum matrix, the fuel loading of the aluminidedispersions

. appears to be limitedto about 6 x 1027 atoms U/m3.B-3 The most

- common fuel matrix material has been 1100 grade aluminum. Aluminum alloys

• have been used for cladding the compositestructure (sometimesreferred to

as the fuel 'meat')to provide better water corrosion resistance. Alloy

6061 is being used on the ATR fuel plates, and alloy 5052 is being used on

the European high flux reactor plates.
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A great deal is known about the behavior of this type of fuel, and much of

what is known about its reactor operating performanceis documented in u

reference B-I. Property and engineeringdata are currently being compiled

for the ATR fuel, and these data should be availablefor use in BATR final

design efforts. The burnup limit indicatedin Table B-I is for ATR fuel.

Irradiationswellingof the aluminidedispersion fuels appears to be well

controlled with the intentionalincorporationof porosity into the

composite structure.B'I Generally, the porosity is mostly filled by the

fission products before bulk swelling proceeds. However, the irradiation

performanceof the aluminidedispersionfuels is not well known at the

fission rates expected for BATR (about twice that of ATR). Accumulated

fission gases can cause the surfaces of plate-form aluminidedispersion

fuel elements to blisterwhen heated to temperaturessufficientlyhigh to

cause the fission gases to start releasingfrom the fuel particles. The

blistering temperaturereduceswith burnup to about 1.2 x 1027

fissions/m3 where it reaches a plateau at about 700 K Fissionproduct

release from fuel plates appears to coincide with the blistering
B-4 ".

process.

b

There is also data to indicatethe performanceof the aluminidedispersion

fuels in severe accident situations.B-5 The low melting temperatureof

the AI-6061 and the matrix aluminum representsa weakness in this fuel

form for over-temperatureexcursions. AI-6061 starts melting around 860

K. The solidus temperaturelisted in Table B-I for the AI-UAI3 fuel

form represents the temperatureat which the aluminum matrix forms an

eutectic with the UAl4-phasethat forms as a diffusion layer between the

UAI3 particles and the aluminum matrix. This melting appears to

representa major fissionproduct releasemechanism.B-5 The

UAl4-phasedecomposes to aluminum and UAI3 above 1005 K, and UAI3
does not melt until it is heated to about 1625 K.B'6 Formation of

w

molten phases in the AI-UAI3 dispersion fuel in a water-cooledreactor

can cause rapid steam generation and chemical reaction with the water.

Fortunately,the UAl4-phaseappears to be quite stable and does not

appear to react with water chemically,even at the melting temperatureof

aluminum and to temperaturesas high as 1100 K.B-7

77



The data on the oxidationof molten aluminum-uraniumalloys in steam

• indicatesthat the oxidationrates are comparableto pure aluminum for

" alloys with uranium contents up to 17 wt% and to temperaturesas high as

" 1873 K. Even though the oxidation rates were rapid at this temperature,

the rates were not at explosivelevels. However, the effects of fission

products on the potential for violent reactionswith water is not well

known.

The current fabricationcosts of aluminidefuels are well known. For

example, an ATR fuel assembly costs about $25,000to fabricate. However,

this figure does not includethe costs of the uranium, shipping,

safeguardsand security, inspectionand pre-operationproof testing. The

235U enrichment level is certain to be a cost driver for BATR fuel even

if the direct costs of the 235U are not applied.

The disposal of spent, highly-enrichedaluminidefuel is based on the

" recovery of residual 235U, which has been performedat the Chemical

, Processing Plant (CPP) at the INEL. The current costs of spent aluminide

fuel disposal are not known, but they are expected to be high enough to

• strive for the highest possible fuel burnup in BATR.

B.2.1.2 Uranium Silicide DispersionFuels

The uranium silicidesdispersed in aluminum have been studied

extensivelyB-3 but have only recently been proposed for use in fuel

assembliesfor high flux reactors.B'8 This fuel form can also be

characterizedas U3Si2 particlesbonded into an aluminum matrix to

form a metastable mixture. Studies are currently underway to develop an

AI-U3Si2 dispersion fuel for use in the ANS. This fuel is being

. consideredfor high flux reactors because of its potentialfor higher

• uraniumdensities.

" The silicidedispersion fuels can be more heavily loaded with uranium in

an aluminum matrix on a volumetricbasis than the aluminide fuels, lt
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is estimatedthat silicide dispersion fuels can be fabricatedand operated

successfullywith uranium concentrationsup to 12 x 1027 atoms U/m3.

The ANS fuel will contain up to 6 x 1027 atoms U/m3.

Outside of the higher uranium density potential, silicidedispersion fuels

appear to be very similar to aluminidedispersion fuels. However, reactor

experiencewith the silicide fuel forms is limitedwhen compared to the

aluminidefuels. Much of the property data on AI-U3Si2 dispersion

fuel materials and forms relative to reactor design can be _ound in

reference B-3. These data indicatethat the silicidedispersion fuels

possess irradiationswelling behavior similarto that observed for the

aluminidefuels. However, much of the irradiationbehavior data is based

on sampleswith low uranium-235enrichment (less than 20% 235U), and

fission rate is usually an importantswelling parameter. Plate blistering

also occurs at the same temperaturesas for the aluminidedispersion

fuels, but the effects of burnup are not well defined for the silicides.

One major difference between the silicide and aluminidedispersion fuels
q,

is the chemical stabilityof the fuel form relative to the aluminum

matrix. The silicide form reacts rapidly and exothermicallywith the the

aluminummatrix above about 865 K. In the aluminideform reactions

betweenthe UAI3 and the aluminummatrix proceed by diffusion and do not

generate significantheat. The heats of reaction are somewhat higher than
B-3

has been observed for the reactionbetween U308 and aluminum.

The U3Si2 fuel form reacts with the aluminum matrix to form

U(AI,Si)3,which is less dense than the pure silicide. This reaction

can also proceed at lower temperaturesbut at much slower rates because

the rate is diffusion controlled. Volumetric swelling of the

silicide-aluminumdispersion fuels is observed as a result of the

interdiffusionreaction processand a concurrent release of impurity

hydrogen.B-9

The behavior of the silicidedispersion fuels during extreme overheating

in water cooled nuclear reactor environmentsis not well defined. Also,
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it appears that only cursory studies of the water corrosion behavior of

the silicide dispersion fuels have been performed.B-3 The data are

• limited on the lifetime and accident behavior of the silicidedispersion

• fuels.

Fabricationof the silicidedispersion fuels is very similarto that for

the aluminidedispersion fuels. Consequently,it is estimatedthat the

fabricationcosts of silicide plate fuel elements will be close to those

already mentioned for the aluminidefuel plates. Fuel plate fabrication

developmentefforts are currently underway in preparationfor the

production of ANS fuel.

The disposal of spent, highly-enrichedsilicide fuel will be based on the

recovery of residual 235U, which has been performedat the Savannah

River Plant.B'3 The costs of spent silicidefuel disposal are not

known, but as with the aluminidefuel, they are expected to be high enough

" to strive for the highest possible fuel burnup.

B.2.2 StainlessStee1-UO2 Dispersion Fuels

Fuel plates containingUO2 dispersed in an austenitic stainlesssteel

have been considered for use in high flux research reactors. Most of the

followingdiscussion is based on data presented in referenceB-lO. Fuel

behavior studieshave been performedon plates that contained up to 40 wt%

UO2. This translatesto a uraniumdensity of about 7.5 x 1027

atoms/m3 in a dispersionthat contains a void fraction sufficientto

accommodatemost of the irradiationswelling. Higher fuel loadingsmay be

possible. The burnup limit listed in Table B-I for the SS-UO2

dispersion fuel is based on the fuel swelling dataB-lO and a volumetric

irradiationswelling limit of about 3_.
I

. The SS-UO2 dispersion fuel is usuallyclad with a similar, compatible

" stainless steel for fission productcontainmentand additional protection

" against water corrosion. Cladding thicknessesin the vicinity of 0.127 mm

on l-mm-thickplates have been demonstratedto be fabricable and fission-
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-producttight in radiationtests, inis cladding thickness is

significantlyless than that used on '._luminummatrix fuels.

The UO2 particlesare relativelyunreactivewith the stainless steel

matrix during fabricationor operation,even when the particles contain

significantquantitiesof fissionproduct elements. Only fission recoil

contaminationof the stainless steel matrix is observed at the relatively

low operatingtemperaturesexpected for high flux test reactors.

The plate-blisteringbehavior of SS-UO2 dispersion fuel is similar to

that observed for the aluminummatrix dispersion fuels. Porous UO2

releases fission gases at temperaturessimilar to those for both the

aluminideand silicide fuel forms.

Even though austeniticstainless steel matrix fuels have high neutron

cross sections,the SS-UO2 dispersionfuel form may offer a significant

safety advantage over the aluminummatrix fuels by virtue of their high

melting points and heat capacities. The total amount of thermal energy

required to melt the matrix material is proportionalto both of these

properties. Violent reactionswith water should also be mitigated by the

high thermal energy required for melting. However, experimentaldata were

not found to support these hypotheses,so it will probably be necessary to

perform accident simulationstudies on these fuels in support of BATR

design studies.

Historically,the meat of this fuel form has been fabricated by standard

cermet production methods. In general, sphericalUO2 particles are

blendedwith 300-series (austenitic)stainlesssteel powder, cold pressed,

and sintered to produce a rollingbillet. The sintered dispersion is clad

with Type 347 stainlesssteel plate, and the resultantplate is rolled to

reduce the total thickness and bond the cladding to the fuel meat.

SS-UO2 dispersion fuels are not currently in production,so some

developmentwould be required to fabricateBATR fuel assemblies.

Fabricationcosts are expected to be slightlyhigher than for the ATR fuel

assemblies because of processdifferencessuch as high temperature
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sinteringof the fuel meat rolling billet. Fabricationcosts could be

much higher if BATR is the only reactor using this fuel type in thet

. future.

- lt is not known whether reprocessingmethods were ever fully developed for

the SS-UO2 dispersion fuels. Any previouslydevelopedreprocessingor

disposal processesfor SS-UO2 dispersion fuels would probably require

modificationin order to meet current environmentalstandards. The

activationof the stainlesssteel in SS-UO2 dispersion fuels is certain

to add to the difficultiesof reprocessingor disposal.

B.3. CONCLUSIONSANDRECOMMENDATIONS

Aluminide dispersion fuels (AI-UAI3) are the first choice for BATR

fuel. The SS-UO2 dispersion fuels are a reasonable second choice, while

. the silicide forms are third. Even the aluminidedispersion fuel forms do

not representa perfect choice, primarilybecause of the relatively small

' amount of thermal energy requiredto form molten phases.

Some work indicatesthe feasibilityof producing higher performance

alumi_idefuels primarily in the area of higher burnup.B-11 A 30%

increase in useful life has been indicatedfor ATR operating conditions,

but further studies are required to indicate fuel performanceexpectations

for a BATR that might operate at a higher burnup rate.

B.4. REFERENCES

B-1. J. M. Beeston, R. R. Hobbins, G. W. Gibson, and W. C. Francis,
"Developmentand IrradiationPerformanceof Uranium Aluminide Fuels
in Test Reactors,"Nuclear Technoloqy,49, 1980, pp. 136-149.

" Chapter 13 in Reactor Handbook,. . . "DispersionFuels,B-2 D L Keller,
Vol. I, Material_i._2nd Ed., IntersciencePublishers, Inc., 1960, pp.

• 304-330.

82



B-3. J. L. Snelgrove, R. F. Domagala, G. L. ffofman, T. C. Wiencek, G. L.

Copeland, R. Ag Hobbs, and R. L. Senn, The Use of U3Si_Dispersed in .,iuminum in Plate-Type Fuel Elements f_-ftesearch
Reactors,ANL/RERTR/TM-11,Argonne National Laboratory,October
1987.

B-4. T. Shibata, T. Tamai, M. Hayashi, J. C. Posey, and J. L. Snelgrove, "
"Releaseof Fission Productsfrom IrradiatedAluminide Fuel at High
Temperatures,'"Nuclear Science and Enqineerinq,_8_Z,1984, pp.
405-417.

B-5. P. G. Ellison, M. L. Hyder, C. L. Angerman, and J. P. Morin, A__
Phenome.nologicalAssessmentof Nuclea..rMetallic Fuel Melt Behavior
D_ur.inqSevere Accide.nts,WSRC-RP-90-1130,WestinghouseSavannah
River Co., October 1990.

B-6. T. B. Massalski (Ed.),Binary Alloy Phase Diaqrams, Vol.1, 2nd
edition, Metals Park, OH: ASM International,1990.

B-7. J. P. Adams and D. L. Hagrman, An Ana.IyticalAssess.me.n..tof the
Chemical Form of Fission ProductsDur...inqPost.ulatedSevere Accidents_
in the SRS Production Reactors,WSRC-RP-1365,WestinghouseSavannah
River Co., December 1990.

B-8. J. M. Ryskamp, D. L. Selby, and R. T. Primm III, "Reactor Design of
the Advanced Neutron Source, Nuclear Technoloqy,93, 1991 pp.
330-349. J

B-9. T. C. Wiencek, R. F. Domagala, and H. R. Thresh, "Thermal
CompatibilityStudies of UnirradiatedUranium Silicide Dispersed in
Aluminum,"N.uclearTechnoloav,71, 1985, pp. 608-616.

B-ZO. M. J. Graber and G. W. Gibson, IrradiationTestinq of..Fue)for the
Mark ICore of l;heArgonne Advanced Research Reacl;or,IN-1160, Idaho
Nuclear Corporation,April 1968.

B-11. L. G. Miller and J. M. Beeston,l_xtendedLifeAluminide Fuel, Final
Report, EGG-2441, Idaho National EngineeringLaboratory,June 1986.

83



APPENDIXC

THERMAL-HYDRAULI C STUD1ES

C. D. Fletcher
I. H. Bl asch

84



- C.1. INTRODUCTION
I

• The following thermal-hydraulictrade-offstudieswere performedto

support the developmentof the Broad ApplicationTest Reactor. The

studieswere performedusing a one-dimensionalmodel representingthe

cross section of a fuel plate with the RELAPS/MOD3computer code. The

base model uses O.51-mm-thick(20-mil)fuel meat, O.38-mm-thick(15-mil)

cladding,O.02-mm-thick(O.7-mil)oxide, 1,98-mm-wide(78-mil)coolant

channel, and the fluid conditionsof the Advanced Test Reactor operating

at 250 MWt with three reactor coolant pumps powered. The equivalent

power density for the base model is I MW/liter.

C.2. PLATE MATERIAL THERMAL LIMIT

• Startingwith the base model that employs aluminum alloy fuel plate

• material properties,the fuel centerlineoperatingtemperaturesfor

various power densitieswere calculated. Then the calculationswere

• repeated using material properties representingtwo alternatefuel plate

alloy materials: zirconium,and stainlesssteel. For zirconium, the

aluminum fuel plate geometrywas retained; however, for the stronger

stainlesssteel it was assumedthat thinner fuel plates could be

employed. The input assumptionsand calculationresults for this study

are given in Table C-I.

The results indicate that the low thermal conductivityof zirconium and

its oxide cause fuel centerline temperaturesto exceed the long term

blistering temperatureat power densitiesgreater than 2 MW/liter. Thus

zirconiummay not be an appropriatefuel material for a BATR where local

- power densities above 2 MW/liter may be experienced• However, this

• finding is very sensitiveto the assumptionsmade on zirconiumoxide

• thermal conductivityand thickness; further confirmatorywork is needed.
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Table C-I. Assumptionsand results for the plate material thermal limit
study

Assumptions Alloy Material
Aluminum Zirconium Stainless Steel

Thermal Conductivity(W/m-K)

Meat 147.0 9.096 14.95
Cladding 237.4 12.34 14.95
Oxide 2.243 2.243 14.95

Therma_ Capacitance
( x 10v J/m°-K)

Meat 2.404 2.502 4.037
Cladding 2.668 1.934 4.111
Oxide 3.099 3.099 4.111

Thicknesses (mm)

Plate 1.270 1.270 1.270
Meat 0.508 0.508 0.762 '
Cladding 0.381 0.381 0.127
Oxide O.01B 0.018 0.018 " •
Coolant Channel 1.981 1.981 1.981"

SolidusTemperature (K) 858 2125 1726 "

BlisteringTemperature (K) 673 673 673

Results

Power Density (MW/liter) Fuel Plate CenterlineTemperature (K)

1.0 404 487 419
2.0 475 644 507
3.0 542 796 592
4.0 593 931 667
5.0 631 1052 722

* For stainlesssteel, the coolant channelwidth and core flow velocity
were maintained,and the core power was reduced by a multiplier of
0.922 to maintain the same core power density.
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The results also indicate that stainlesssteel is superior to aluminum as

. a fuel plate material in several respects. While its thermal conductivity

" is lower than for aluminum, its oxide thermal conductivityis greater.

, Further, its greater strength allows the use of thinner plates.

These combined effects cause the stainlessplate operating temperatures

required for removing the fission heat to only moderatelyexceed those of

the aluminum plates. This thermalpenalty is thereforequite small in

comparisonwith safety benefits of stainlesssteel" mechanical strength,

high melting temperature,and lower concerns for reactionsbetweenmolten

cores and coolants.

C.3. PLATEMATERIALHEAT-UPRATE

The base model and variationsdescribed in Table C-I were used to

• determine the time required for the fuel plates to reach the solidus

• temperaturefollowinga departure from nucleate boiling. The calculations
J

assume continuationof full core power. The results provide an indication

, of the time availableprior to the occurrence of fuel damage for reactor

trip actuation. Calculationresults are shown in Table C-2. Comparison

of results for the different fuel plate materials also provides an

indicationof the relative time availablefor operators to control an

accident following a reactor trip and prior to the occurrenceof fuel

damage. The results indicatethat the time required to reach the fuel

plate melting temperatureis significantlylonger with zirconiumand

stainless steel than with aluminum. These findings are due to the higher

melting temperaturesfor zirconiumand stainlesssteel, and due to the

larger thermal capacity of stainlesssteel.

Table C-2. Time to reach fuel plate solidustemperatureat full reactor
power

Time (Seconds)to Reach SolidusTemperatureo

Power Densit.y(MW/liter) Aluminum Zi____.rconium_StainlessSteel

1.0 0.78 :2.07 2.18
2.0 0.32 0.76 0.95
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C.4, COOLANTSELECTION

The base model described in the plate material was employed to compare the

thermal-hydrauliceffects of using light and heavy water coolants.

Parallel, steady-statecalculationswere performedusing the propertiesof

the two fluids and assuming the core flow velocities are the same. The

study indicatesthat there are only minor differencesin the

thermal-hydraulicperformancesof the two fluids. Coolant and fuel plate

temperaturesare slightly (2-3 K) cooler with heavy water, due to its

higher density and mass flow rate. The core differentialpressurewith

heavy water was about 12% higher than with light water, also as a result

of the density difference. The fuel plate heat transfer coefficientwith

heavy water was about 4% lower than with light water, due to differences

in fluid transport properties.

C.5. EFFECTOF METAL/WATERPATIO ONSAFETYMARGIN

The metal-to-waterratio within the reactor affects the reactor safety

margin because it relates the fuel plate heat flux and the coolant channel

width. A short study was performedto show this relationship.

The base case selected used ATR geometry and 250-MW full-power

conditions. The ATR employs 1.27-mm-thick(50-mil)fuel plates and

1.g8-mm-thick(78-mil)coolant channels at an averagepower density of

I MW/liter. The ATR metal/waterratio is 0.641. For ATR, the limiting

safety margin is flow instabilityresulting from saturation of the fluid

at the core exit. Based on a core inlet temperatureof 325 K (125°F),a

core exit pressure of 1.86 MPa (270 psia), and a core flow velocity of

14.3 m/s (47 ft/s), flow instabilityis predictedto occur at an average

core power density of 4.71 MW/liter.

Next, it was assumed that the coolant channelswere narrowed from 1.98 to

1.27 mm (78 to 50 mils), resultingin a metal/waterratio of 1.00.

Assuming the same core power density and core outlet fluid temperature
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results in a core flow velocity of 17.5 m/s (57.3 ft/s) and a lowering of

- the core exit pressure to 0.91 MPa (137.2 psia). Under these conditions,

" flow instabilitywas predictedto occur at an average core power density

• of 3.73 MW/liter.
o

A final case was studiedwith the base case assumptionsaltere6 by

widening the coolant channel from 1.98 mm to 3.18 mm (78 to 125 mils),

resulting in a metal/waterratio of 0.400. Using the same method as in

the previous paragraph, flow instabilitywas calculatedto occur at a core

power density of 5.01 MW/liter.

In summary, this study shows that the margin to flow instabilitydecreases

from 5.01 at a metal/waterratio of 0.400, to 4.71 at a metal water ratio

of 0.641, to 3.73 at a metal/waterratio of 1.00. The safety margin

therefore is shown to be quite sensitiveto the selectionof the

metal/water ratio and this ratio should be considered a significantdesign

" parameter.

J

.,
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D.1. INTRODUCTION

. The safety requirementsand user needs evaluationsin Sections 2 and 3 led

- to a selectionprocess of the availablereactor concept types. This

process led to narrowingdown the selectionto that of a conventional,

evolutionary(as opposed to revolutionary)test reactor conceptof the

ANS/ATR type. This concept type containsplate fuel and is moderated and

cooled by some combinationof D20 and H20. This reactor concept

should meet the safety and performancerequirementsdefined by the safety

and user needs committees. The operationalrequirementsare essentially"

(a) a thermal flux intensityof approximately1015 cm'2s-I and (b) a

fast flux intensityof approximately1014 cm'2s"I in an irradiation

volume of at least 50 liters. The reactor is to operate at less than

about 500 MWt power with the longestcycles possible.

. As identified in the main report, a reactorconcept composed of several

fuel assembliescooled by light water and contained in one large heavy

water reactor tank was selected for further study. The specific

arrangementof the assemblies and their design details are investigated

here from a reactor physics standpoint• The BATR reactor physics

developmentwork centers on the selectionof the followingthree design

elements: (I) fuel type, (2) materials (fuel, reflector,and internal

components),and (3) core module arrangement.

Terminology"

"Reactor" is a system encompassingall space and characterized

by one multiplicationfactor (k-effective),which is a measure

of the system state" critical,subcritical,or supercritical.

"Module" is a subsegmentof the reactor, characterizedby

being an active as compared to a passive (load) component.
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These three elements were consideredsimultaneously(or interactively).

Early analysis considered items (I) and (2) above. These centered on

selectionof fuel type: ATR, involute,concentric,or other. Also, fuel

material substitutionswere considered in terms of their effects on the

value of the multiplicationfactor, neutron spectrum, and mechanical

properties such as strengthat elevated temperatures,stability and chemical

reactivitywith other components.

Starting with the standardaluminum plate fuel, zircaloy substitutionin ATR

and ANS models (MCNPD-I and PDQD-2) resulted in very small adverse

effects on the multiplicationfactors. The substitutionof stainless steel

with correspondingplate thickness changes to account for realistic

densities and strength of materialsdeployed,yielded large adverse effects

in the multiplicationfactors. Substitutionof molybdenum also yielded very

poor multiplicationfactors for these systems. Thus, the use of stainless

steel as a claddingwould require a significantlyhigher fuel loading than

for AI-6061 or zircaloy. This increasesfuel cost, reduces the neutron flux

in different regions, and may affect safetymargins.
N

The effects of fuel assembly type selection (concentric,arcuate, involute)

on the neutronics is minimal for this highly-enriched(93%) system. These

considerationsare importantfor heat removal analysis. Thus, an average

homogenizedfuel was chosen. This reflects a compositionwith a density

less than that of the averageANS fuel, in which light water has been

substitutedfor heavy water. Thus, the fuel type became a parameterto be

fixed later. The fuel plate material was set as AI-6061 for this study.

The fuel meat is like the ANS fuel meatD-3, AI-U3Si2, with AI-UAID'3

as a possible substitute. The fuel meat may be changed to yet another

compositiondependingon the final dispersionfuel to be chosen.

This work was performedbased on the followingoutline"

(I) Single module (cylinder)studies

- Search for base case
- Fuel clad substitution
- Primary reflectorsubstitution
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In each job run obtain the multiplicationfactor and the thermal and

. fast flux distributions(relativeto a module power of 100 MWt).

(2) Two module studies

• Parametricanalyses for optimizationof fast and thermal fluxes and the
multiplicationfactor due to the interactionof modules.

(3) Full core studies

- 6 modules in a circular core

- 4 x 4 modules in a hexagonalgrid
- 4 x 4 modules in a rectangulargrid.

D.2 SINGLE MODULESTUDIES

A cylindricalfuel assemblywith a height of 95 cm and inner and outer

diametersof 21 and 34 cm, respectively,was selectedafter several

MCNP2 Monte Carlo simulationiterationsover the inner and outer

diameters and height. The cylinder is centered in a 3-m high cylindrical

D20 reflectorwith a diameter of 3 m, as shown in Figure D-I. The

o coolant flow through the cylinder and within its inner radius is H20.

The fuel material is a homogenizedregion of 93% enriched AI-U3Si2

fuel with AI-6061 plates. This correspondsto the ANS fuel material with

a fuel density below the ANS average. This fuel was then homogenizedwith

the H20 coolant, keepingthe same water-to-metalratio as in ANS.

The effects of dispersion fuel substitution,in particular,UAI3 in

place of U3Si2 is not importantfor criticalityevaluationsor flux

level values but rather for burnup and manufacturingconsiderations.

ReplacingU3Si2 with UAI3 in the ANS design has a negligibleeffect

on core reactivity.

• The effects of "primary"reflectorsubstitutionsare outlined in Tables

D-1 through D-4. This is the case where a reflectorcylinder of 7-cm

, thickness is substitutedimmediatelyoutside the fuel in place of the

D20, or a "primary"reflectorcylinder of 5-cm thicknessis substituted

immediatelyinside the fuel in place of the H20. In the last entry of
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Tables D-1 through D-4, the D20 substitution represent:; placing D20 in
. the entire inner reflector. The relativedimensions of 5 and 7 cm were

" obtained by inspectionfrom severalruns but are not optimizeddimensions.

w

The primary conclusionsobtained from this set of single-module

simulationsin MCNP are the following"

I. Ni has the highest effect on flqx shaping among the primary

reflectors. A primaryouter Ni reflector increasesthe thermal and

fast fluxes in the inner reflector. A primary Ni reflector inside the

fuel shell increasesthe thermal flux in the outer reflector.

However, there is a large penalty in the core multiplicationfactor

when nickel is used as the primaryreflector.

2. Be greatly increasesthe core multiplicationfactor when used as the

primary inner reflector. This also increasesthe Fast flux in the

- inner reflector.

3. Heavy water in the central hole provides the greatest increase in the

. core multiplicationfactor. Thus, light water in the fuel with inner

and outer heavy-waterreflectors is a great combinationto achievea

long fuel cycle. This could be achieved by operating the experiment

loops with heavy water. Heavy water in the coolant channels decreases

the core reactivity. Accident scenariosof light or heavy water

ingress into various regions are importantand must be analyzed in the

conceptual reactordesign.

4. A void channel within the H20 inner reflectorincreasesthe thermal

and fast fluxes without significantlyreducing the multiplication

factor. However, a positive reactivityinsertioncould occur upon

• refloodingof this central void.
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D.3. TWOMODULESTUDIES

two module prototype core has been studied to examine the effects of

intermoduleseparationdistance on the fast and thermal neutron fluxes and

on the multiplicationfactor. Table D-5 shows a comparison of the

multiplicationfactor and the peak thermal flux attainable as the

separationbetween Lhe two modules is v,_riedfrom 0.5 D, to ID, to 2D,

where D is the outer fuel module diameter (= 17.5 cm). As expected, the

multiplicationfactor increaseswith decreasing module separation,but 'the

peak thermal flux reaches a maximum for module separation between 2.0 and

0.5 D. For reference,the single-moduleunperturbedcore has a

k-effectiveof 1.1174 (from Table D-I). These results can be used to help

select the optimum spacing of modules in the multiple-annularreactor

concept.

Table D-5. Variation in the multiplicationfactor and the peak thermal flux
with the two module separation

t

Module Peak Thermal F]ux
Separation k-effective (cm-Ls'_]_.__

Infinite* 1.1174 1.99 x 1015
2D = 35.0 cm 1.1354± 0.0027 2 13 x 1015
ID = 17.5 cm 1.1515± 0.0018 5 35 x 1015
O.5D = 8.75 cm 1.1827± 0.0025 1121 x 1015

* This case is for a single module at 100 MW, while for the other cases
the total power is 200 MW (100 MW/module).

D.4, FULL CORESTUDIES

D.4.1 Six Module Ring Full Core

A base case of 6 modules, each identicalto the single base module,

arranged in a circular ring in one large D20 reflectortank, has been

modeled. A base multiplicationfactor, k = 1.2714± 0.0018, was obtained

for an intermoduleseparationof 2D = 35 cm (twice the outer module
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diameter). Figure D-2 is a drawing to scale of this 6-module reactor

arrangement. The many surfaces shown are the flux tally (edit) regions.

The modules are identicalto the base cases discussed above and the

coolant is light water flowing throughthe fueled region and inside the

• inner fuel side plates. The reflectoroutside the fuel sideplates is

heavy water. As expected,the core multiplicationfactor is higher with

m_re modules present.

D.4.2 SixteenModule Full Core

Hexagonal and rectangulararrays of 16 modules (4 by 4), each identicalto

the singl_ base module in a large D20 reflectortank, have been modeled.

The base model multiplicationfactors are k = 1.3116+ 0.0017 and k =

1.3076 + 0.0022, respectively. These are shown in Figures O-3 and D-4,

respectively. Again, the modules are identicalto the base case module

. with inter-moduleseparationof 2D and the reflectoroutside the outer

fuel side plates is heavy water.
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In!lerFuel Side Plate

Fueled Region

Outer Fuel Side Plate

FigureD-2. Six modules in a circular layout core. The intermoduleseparation is
2D, twice the diameter of the fuel side plate of a module. Tally
(edit) surfaces are shown. Drawing is to scale. Outer reflectortank
is outside range of this figure.
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E.1. DESIGN INPUT BASEDONATRFEATURES

The Advanced Test Reactor,designed in the 1960s, has been a very

successiultest reactor, and has a record of thousandsof successful

• radiation exposures. The ATR is a third generation reactor, having been

preceded by the MaterialsTest Reactor (MTR) and EngineeringTest Reactor

(ETR). From the operationsof ATR and its predecessorsover many years,

there is a wealth of design and operatingexperiencethat should be

factored into the design of any new test reactor.

A number of engineeringpersonnel familiarwith the ATR facility and

procedures have made suggestionsregardingcertain design features and

characteristicsthat a new test reactor should incorporate,and other

areas where experiencedictates changes. Most of the recommendationsare

intended to simplifyor improveproceduresduring fuel or experiment

handling operations.

" " E.1.1 General Arrangement

The general arrangementof the ATR and its operatingsystems has proven to

be very satisfactory. One of the ideal arrangements,from an

experimenter'sstandpoint,is the capabilityto leave the experimentloop

piping and seals undisturbedwhile changing or manipulatingirradiation

capsules or reactor _uel. Access ports in the reactor vessel head allow

in-vesseloperationswithout removal of the vessel head. The region above

and around the vessel head is kept clear for experimentsand access for

in-vesseloperations. Controlelement drives and penetrationsare located

in the sides and bottom of the vessel.

While the specific core configurationselected for the BATR will determine

the mechanical arrangementdetails, the general arrangementof the ATR has

• proven very satisfactoryand could be advantageousfor the BATR. Current

. safety criteria would dictate location of all major nozzles in the vessel

at elevations above the top of the core.
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E.1.2 Fuel Handlinq Within the Reactor Vessel
m

The ATR reactor vessel head remains in place during fuel relocationor

replacementoperations. Fuel handling is done through five elliptical

ports in the vessel head, leaving the experimentloop tubes in the central

portion of the head undisturbed. While this is an excellent arrangement

from the experimentalstandpoint,fuel handling is somewhat difficult.

Fuel and other core and experimentalitems are removed from the vessel by

moving them with long handled tools to a discharge port, located in the

side of the vessel at an elevationnear the top of the core.

A number of experiment looQ tube supports and other structures above the

core level interferewith movement of fuel and other radioactivematerials

within the vessel.

A much improvedmeans of moving fuel and other items inside the vessel

should be developed for the BATR. A direct, unobstructedpath for moving

fuel and materials to the discharge port and a procedure to reduce

operating time and personnelexposures is essential. The procedures need

to consider the possible effects of mixing light water with heavy water,

if the latter is employed in the BATR.

E.I.3 Intern_alComponents

The ATR reactor uses berylliumextensivelyfor reflectormaterial

throughoutthe core. Certain berylliumcomponents are large, difficult to

fabricate, and are prone to damage from extended radiation exposure.

BATR internals,particularlyberylliumcomponents,should be designed to

be less prone to failure from material radiationdamage. Con'_ponents

should be replaceablewith a minimum of effort, downtime, and expense.

Modular constructionshould be utilized where practical to simplify

reactor system service.
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. E.1.4 Lower Plenum Access

• Access to the lower plenum region of the ATR reactor vessel is quite

difficultdue to the general arrangementand configurationof internal

components. The BATR vessel and internalsshould be designedwith a means

of access to all regionswhere inspectionor retrievalof loose hardware

may be necessary.

E.I.5 Cable Shim Drives

Shim rods, inserted from below, are pushed up into position in the reactor

by a flexible cable inside a curved guide tube. High resistance from

friction and pressure differentialof these drives should be addressed if

drives of this type are used in the BATR.
p

E.I.6 Fuel Hatch

. Irradiatedfuel and capsules are removed from the ATR reactorvessel

through an underwater dischargeport in the side of the vessel. This

system has functionedvery weil; however, for the BATR a similar system

should have greater operating clearancewith the items to be discharged.

Eo2. CHANGEABLEGRID CONCEPT

Greater flexibilityto accommodatelarger or other special test loops

could be achieved by incorporatinga changeablegrid structurereactor

system. The grid, or core supportand fuel configuration,would be

. changeable,such that reactor fuel could be repositionedto accommodate

, larger or specialtest loops. Alternateconfigurationscould involve

- changes to only a part of the reactor core, or possibly a revised

" arrangementof the entire reactor.
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E.2.1 Reactor core

Alternateconfigurationsof the core andexperimentloopsis primarily

dependenton the fuel assemblyconfiguration.Optionalloop locations

wouldprobablybe limitedto multiplesof the standardfuel assembly

pitch,or possiblyto otherarrangementswith slightly-modifiedfuel

assemblies.

E.2.2 Fuel and Core Support_

Fuelassemblyend fittingscan be designedto engagethe core support

structuresin boththe primaryand alternateconfigurations.If thereis

an interferencebetweennominaland alternatefuellocations,fuel

assemblieswith specialend fittingscouldbe used in the alternate

locations.

Core supportstructuresfor the BATR are necessarilymore complexthan for

the ATR in thatadditionalcore supportstructureis neededto restrain
r 6

the fuel againstthe upward-directedcoolantflow. Designingremovable

uppercore supportstructuresto fit intothe crowdedspacearoundand

betweenthe flowloopsmay be a designchallengefor any core

configuration.Supportand positioningstructurescouldbe designedwith

"insert"sectionsif neededto accommodatespecialor alternatefuel

configurations.Flow controland distributionelementsfor the core inlet

regioncan be designedto operatewith the core in more than one

configuration.Fuel locationsnot in use can be filledwith reflector

elements,capsuleracks,or can otherwisebe blocked. Removablecore

inletorificescan be usedwhereneededfor uniformflowdistributionfor

all configurations.

E.2.3 Pressure Vessel and Head

Alternatelocationsof the test loopsin the coremust be compatiblewith *

the fuel,with limitationsimposedby availablespacein the vessel,and

with spacefor penetrationsthroughthe vesseltop head.
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Test loops with a straight top tube entry are preferredfrom an experiment

design and installationstandpoint,and so the top penetration should be
o

o _lignedwith the test loop section in the core. However the tube below

the core test section could be curved without inhibitingthe test article

• or its installationand removal operations, lt seems then that test loops

with an offset below the core could be rotated about the lower head

penetrationto move the test section to alternatelocations in the core

regionwithout changing the location of the penetrationin the lower head.

Top head penetrationscould be through off-centerlocations in port

flanges. The flangescould be rotated on the ports to reposition the

penetrations. A relocationof a few centimeterswould be possible with

this system, limited primarilyby space requirementsof the other loops

and nozzle size requirements. Displacementsof more than a few

centimeterswould probably require a vessel head with a large replaceable

intermediateflange or a complete new replacementvessel head.

Space limitationson the vessel top head can be managed to an extent by

* ° design variations in the vessel head configuration. All of the standard

and expected alternateconfigurationsshould be integratedinto the

initial vessel and head design so that ASME code compliance can be

designed into all of the expected configurations. The size and location

of the experiment loop tube penetrationswill determinethe degree of

difficultywith the vessel head design. Generally,the larger core with

more widely spaced loop penetrationswill ease the problems with the

vessel head design. A very thick vessel head design could be necessary if

the experiment loop penetrationsare large and are closely spaced.

E.2.4 Control Elements

e

Another limitationon the space availablefur alternatetest loop

locations is the envelope establishedby the peripheral control elements.I

, While it is not desirableto remove or relocate control elements in the
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core, with adequate design and safety analysis, alternatearrangements

involvingrelocated control elements are possible.

b

The sidewall penetrationsfor the peripheralcontrol element drives and

lower head penetrationsfor central core element drives, as used in ATR, o

have a minimum impact on test loops and fuel handling operations. This

type of radial drive for the peripheralcontrol elements can easily

accommodateradial relocationof those elements inside the vessel for

alternatecore and experiment loop configurations.

m

wP
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