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POREWORD

In view of the proliferation concerns caused by the use of highly enri-' ed
uranium (HEU) and in anticipation that the supply of HEU to research and test
reactors will be more restricted in the future, this guidebook has been pre-
pared to assist research reactor operators in addressing the safety and licens~
ing issues for conversion of their reactor cores from the use of HEU fuel to
the use of low enriched uranium (LEU) fuel.

Two previous guidebooks on research reactor core conversion have been
published by the IAEA. The first guidebook (IAEA-TECDOC-233) addressed feasi-
bility studies and fuel development potential for light-water-moderated re~
search reactors and the second guidebook (IABA-TECDOC-324) addressed these
topics for heavy wvater-moderated research reactors. This guidebook addresses
the effects of changes in the safety-related parameters of mixed cores and
the converted core in order to obtain the necessary permission or license for
changing the reactor fuel.

This guidebook has been prepared and coordinated by the International
Atomic Energy Agency, with contributions volunteered by different organizatiunms.
The IAEA is grateful for these contributions and thanks the experts from the

various organizations for preparing the detailed investigations and for evaluat-
ing and summarizing the results.
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PREFACE

This guid book has been prepared to assist research reactor operators
in addressing :he safety and licensing issues for conversion of their reactor
cores from the use of highly enriched uranium (HEU) fuel to the use of low

enriched uranium (LEU) fuel.

It contains a wvide variety of information on

the analyses that are required to prepare an acendment to a Safety Report,
examples of different analyses and licensing documents, the fuels and testing

data that are available, and operation of the reactor facilicy.

Two types of core conversions are considered:
only the fuel and reactor core are changed and (2) conversions where other
major modifications are made to accommodate the fuel change.

(1) conversions where

In most cases, reactor operators will probably choose to convert to LEU
fuel without changes in fuel element dimensions or core configurations, there~
by minimizing the changes in the safety-related parameters of the facilicy.
Many facilities may operate with an interim core using both HEU and LEU fuel
until an equilibrium core with LEU fuel is established. Studies in this
guidebook provide assistance in determining the principles and key safety
parameters with mixed cores.

The book is organized into a Summary and four Volumes of Appendices. The
following table provides a brief overview of the organization.

Zopic

l. Licensing

2. Analysis

3. Analytical Verification

4, Pirls

5. Gperations

6. Safeguards and
Physical Protection

l.  Licensing

Susmary
Chapte: (3)
1
2-6
7-8
9=11
1214

15-16

4

Detailed Information

T apees ol Sty ol

Yoluse Appendix
1 A-F
2 G-8
3 -k
4 L-N

- -~
(4 5
:6‘4-.;,\¢°'

Conversion of a reactor core from the use of HEU fuel to the use of LEU

fuel will generally require

characteristics and on the national
Safety Series No. 35 (1984 Edition) for a

a license amendments o# a new license. Within
this range, there i{s a wide spectrum of possibilities that depend on the reactor

tion to be included in a full Safety Report.

-

v

T
X
L~

L
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Reference can be made to IAEA
tscription of the technical informa-
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The application for permission to change the reactor fuel should require
an amendment to the current Safety Report and/or Safety Specifications address—
ing only those factors affected by the changes in fuel composition and/or core
configuration. The analyses should also include the effect of any changes to
the other systems necessitated by the new fuel., If more stringent regulations
or requirements have been introduced since the original license was granted,
the change to LEU fuel may involve a repetition of the entire licensing
procedure.

Chapter | of the Summary is intended to assist the reactor operator in
preparing an amendment to his Safety Report and/or Safety Specifications for
submission to his licensing authority. The scope is restricted to only those
parts of a Safety Report which are considered likely to be directly affected
by core conversion.

2.  Analvsis

Chapters 2-6 o the Summary and Appendices A~F (Volume l) contain example
analyses and results showing the differences that can be expected in the core
safety parameters and the radioiogical consequences of hypothetical accidents.
Also discussed are methods for preventing loss-of-coolant accidents. There
are seven examples of licensing documents related to core conversion and two
examples of the methods for determining power limits for Safety Specificationms.

3. Analytical Verification

Chapters 7-8 of the Summary and Appendices G-H (Volume 2) contain the
results of a safety-related benchmark problem and comparisons of calculated
and seasured data. Both of these approaches are very useful in ensyring that
the calculational methods employed in the preparation of a Safety Report are
accurate. As a first step, it is recommended that reactor operators/physicists
use their own methods and codes to calculate this benchmark problem, and to
compare the results of calculations with measurements in their own reactor or
in one of the reactor fur which measured data is available in Appendix H.

4. Fuels

The information and test data on reduced enrichment fuels that are avail-
able as of October 1985 are summarized in Chapters 9-11. Detailed data on
the fuel materials, irradiation tests, and post-irradiation examinations (PIE)
can be found in Appendices I and J of Volume 3. Appendix K of this volume
contains detailed examples of fuel specifications «nd inspection procedures
that are very useful in procuring new fuel.

. Qperations

Chapters 12-14 of the Summary and Appendices L-N (Volume 4) contain use-
ful information and recommendations for startup procedures and experiments with
reduced enrichment fuels, and discussions of the experiences of several reactor
operators with aixed coresytoupased of.different-types-of-fuel. Also included
is information on the transportation of fresh and spent fuel, spent fuel storage,
and reprocessing. ”m
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Chapters 15 and 16 of the Summary contain information prepared by the
IAEA on research reactor safeguards and physical protection with various
uranium enrichments and fissile inventories.

7o IAEA Assistance

The IAEA can be contacted, through official channels, to provide coordi-
nating assistance between reactor organizations and those laboratories which
have offered technical assistance for core conversion studies on specific
reactors. If necessary, the IAEA can also provide fellowships to visit those
laboratories for joint studies on core conversion.

For simplicity, the following definitions have been adopted only for this
publication. The legal definition of highly enriched uranium is uranium with
equal to or greater than 20 wel 235y,

HEU - Highly Enriched Uranium (> 70 wez 23%y)
MEU - Medium Enriched Uranium (45 wel 235p)

LEU - Low Enriched Uranium (< 20 we2 235y)
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Conversion u.«mcn core from the use of highly enriched uranium .

fuel to the use of low enriched uranius fuel will generally require ebther 3

license mmendment, s8'a new license. a wide spec~

« The actual requirements for core conversion depend on

the reactor characteristics and on the national sbbwwrton. Figure | shows two
possidile approaches, applicable in different circumstances. — el

Ia this regard, the facility operator would be required to submit an
amendment to, or a revision of, the Safety Report. In either case, the report
should contain technical information proving that the coanverted facility could
continue to be operated without undue risk to public health and safety. The
report should demonstrate that the degres of safety in the new resctor core is
equivalent to that of the previous core. The information should permit a de-
termination of the adequacy of the evaluations; that is, assurance that the
evaluations included are correct and complete and that all the necessary
evaluations have been made.

In compiling the report, the various guidelines and relevant regulations
should be taken into account. Different regulations and requiraments exist in
the various countries, but attention is drawn to IAEA Safety Series No, 1§ =
“Safe Operation of Research Reactors and Critical Assemblies, Code of Practice
and Annexes” (1984 Edicion).

This guidebook on “Safety Aspects of Research Reactor Core Conversion”
is restricted to only those parte of a Safety Report which are considersd
likely to be directly affected by core conversion.

This chapter (s intended to assist the operator in preparing a Safety
Report smendment for submission to his licensing suthority., The format adop~
ted follows that prasented in Annex A of IAEA Safety Sories No. 15 (1984
Edition) and all sections of the Safety Report are listed with the same nus~
bering system. When an amendment of the section is considersd likely because
of the conversion, the relevant subsections are also listed and discussed.

Since not all the subsections are quoted, the oumbers of those quoted are not
always counsecutive,

Commante in (talice indisate the scope of possidle amendmnte.

The attachment to this chapter containe & brief description of the tasks
which must be performed to prepare the (aformation required for the Safety
Report amendment. 1t is divided into two parts, with the first part covering
the tasks related to analysis and planning and the second part covaring the
tasks ralated to the properties and qualification of the fuel.
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Depending upon the extent of the modifications being made, amendments
to the following supporting documents for the Safety Report may also be
required:

= supplementary plans, drawings and descriptions of the plant
and its components,

- ' '
= information on the safeguards and physical securtty of the
plant,
8¢ LR aw 2

- uluy’ specifications .WW".
= information on the environmental impact,

= information on the provisions for spent fuel disposal
(including storage, transfer, reprocessing, burial or other).

Risd of Alteration Gore Comversion Core Comvarsion |
omiy cu-.m.m—'[
Possidie Hardware Sew fanl, sew cors Majer wddf retens
Alterstione ineleding control - -..u“:. ::-...‘uu- e
rods, sew reflactor Sew funl Loeluding contrel rods,
sev reflector
Decummats lfor Mmandment 1o faf Rapare. Completely revised Safety
Appiication m“dnm.znma .nnt-'mbl
including fusl specification speaiflantion
o funl qualification gn:u-mo-m
“ Appilestion for » « Appliestion
Lleanae wmendment . e
licanaing + ¢ “ Enemisetion of *  Bmeniaetion
Procedure liconsing documents a-—-uw':u.'
W o snpert body relevant bodies
“ Approval of Amendment = Approval of licessing
e Safety Rapert documents by the
therity

Fig. 1. Example of Possible Licensing Stepe
y\o\. ot P v

-
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1. INTRODUCT ION GENERAL DESCRIPTION OF THE PACILITY

The first chapter of the Safety Report should present an introduciion
to the report and a general description of the facility,

The gerwmal descwiption meed only indicate the extent of changes
to the faoility and the w~vasone for the changes. References should be given
to melevant supporting docwmwnts, drawinge, ete. for the modified plant. The
legielative and othe» mequirementa welevant to the meactors ehould be identified.

2. SITE CIAMCTERISTICS
Site charaote™ietice are not expected to be affected by core comversion.
3. SAFETY PRINCIPLES AND GENERAL DESIGN CRITERIA

This chapter of the Safety Report should identify, describe, and discuss
the safety principles of the architectural and engloeering design of the struc~
tures, components, equipment, and systems lmportant to safety,

The esafety principles, deeign emitem~ia, and mohanical deeign methods
ame not expected to be affected by core conve reion.

‘. BUILDINGS AND STRUCTURES
Germmally, there ia no effect ezpected hare for some somvereion.
5. macTor

In this chapter of the Safety Report, the applicant should provide an
ewluation and supporting iaformation to establish the capability of the resc~
tor to perform ite safety functions throughout its design lifetime with the new
core under all normal operational modes (includ!ag both transient and steady
state) and accident conditions, This chapter should also include taformation
to support the analyses presented in Chapter 16, Safety Analyses.

5.1 Sumary bescription

A summary description of the sechanical, nuclear, thermal and
hydraulic designs of the wrious reactor components, including the fuel,
reactor wasel internals, and resctivity control systems, should be giwen.
The description should i{ndicate the independent and interrelated performance
and safety functions of esch component. A summary table of the lmportant
design and performance characteristics should be included. A tabulation
of analyeis techniques used, load conditions considered and names of werified
computer codes should be provided,

Dimotly affected by come comversion will be the deneity and enwich-
mnt of the uranium and, possidly, the chemisal somposition of the fual mat.
Aleo, in some sases, fusl alemant daeign, comtrol wod design, and meflector
elament deeign will be affected.
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5.2 Puel System Design

The design bases for the mechanical, chemical, and thermal design
of the fuel system that can affect or limit the safe operation of the facility
should be presented. The description of the fuel system mechanical design
should include the following aspects: (a) mechanical design limits such as
those for allowable stresses, deflection, cycling, and fatigue; (b) capacity
for fuel fission gas inventory and pressure; (c) a listing of material pro-
perties; and (d) considerations for radiation damage, materials selection, and
normal operational vidration.

The chemical design should consider all possible fuel/cladding/coolant
interactions. The description of the thermal design should include such items
a8 maxioum fuel and cladding temperatures and fuel cladding integrity criteria.
Dutails of fuel qualification should be included.

The selection of design dases, actual design description, design evalua~
tion, and the proposed fuel testing and inspection plan should be discussed.

Detalled specifications on mechanical, chemical, and thermal design
could be presented in additional reports. The Safety Report should only
include principal details necessary for understanding nuclear design and
safety analysis. Of special interest are experimentally verified limitations
for the chosen fuel element design.

T™he techmical desewiption of the fusl elemente will be changed owing to
the lover enmichmant and the probuble higher fiseile comtent of each fusl
elament, The phyaical propertias of the i plates, ¢.3. heat sapacity
and themmal conductivity will be changed even if the geometwical shape and
eladding thickness are presemed.

5.3 Muclear Design

The design bases, design description, and awclysis for the nuclear design
of the fuel and reactivity control systems should be provided and discussed,
including nuclear and reactivity control limits such as excess reactivity,
control rod insertions, fuel burnup, negative resctivity feedback, core design
lifetime, fuel replacement philosophy, resctivity coefficients, stabilicy
eriteria, saxisum controlled resctivity insertion rates, control of power
distribution, shutdown margine, stuck rod criteria, rod speeds, chemical and
sechanical shia control, burnable poison requiremeats, and backup and emergency
shutdown provisions.

A comparison of the old and new muclear design should be made in addi-
tion to the mquired new caloulations for presentation of the main shanges
8o the licenaing authorities. The main purpose for this sompamison is to gain
better unde retanding of the safety amalyeis.

WA AN
Come nmw‘;y g me-oonaideration of the fiseile loading

zutnl in (nifial and subsequent sores and re-etatement of meactivity values

shutdoun weaesdwitg pover peaking faotors and burvup data for the various

mtional states during the life of the core. Reflector shanges should be
z...a because, in some coses, they may influsnce core-eise, burwp, form-
factore, ata. Plutonium produced in the fusl may aleo need to be coneidered,
even though the quantities am expected to be emall.
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5.4  Ihemmal and Hydraulic Design

The design bases, design description, and analysis for the thermal and
hydraulic design of the reactor and core coolant system should be provided,
including such items as maxisum fuel and clad temperatures, critical heat flux
ratio (at rated power, at design overpower, and during transients), flow
velocities and distridbution control, coolant and moderator voids, hydraulic
stabilicy, transient limits, fuel cladding integrity criteria, and fuel
sssenbly integrity criteria.

There should be a discussion of the testing and verification tecwmniques
to be used to ensure that the planned thermal and hydraulic design churacter~
istice of the core and the reactor coolant system have been provided and will
remain within required limits throughout core lifetime.

If thare ame no changes in fusl elemant geometry, cove-eise or power
peaking fictore, only the thema! deeign rweds discussiony, otherwise, both
tlm-.z and hydraulic deeign should be diecusesd. A comparison with the old
design ia mecommended.

5.3 Resctor Materials

A liat of the materiale and their specifications for sach comporant
of the control rod syetem and for mactor intemals wvhich have wnde rgore

dwzo should be eented. The affects of changed irmadiation sonditions
om mateiale id be discussed if eignificant.

3.6 lNachoatcel Deeign of Resstivity Contrel Sysceme

information should be presented to establish that the control rods

(dimensions and materials) and the control rod drive systes, which includes
the sssential ancillary squipment and systems, are designed and installed to
provide the required functional performance and are properly isolated from
other equipment., Additionally, infoimation should be presented to establish
the bases for assessiog the combined functional performance of all the re
activity control systems (including insertion times) to mitigate the conse-
quences of anticipated transients and postulated accidents.

If the control rod design has changed, information should be pre-
sented to establish that the comtrol rod dmive syetem, vhich inoludes the
essential ancillary equipment and hydraulie te otill able to pro-
vide the mquimed functiomal performance (ine ng {nesertion timme). Detaile
of the teating programme and the weeults of the tests should be given.

This chapter of the Safety Report should provide information regarding
the reactor coolant system and systems connected to it. Evaluations, together
with the necessary supporting material, should be submitted to show that Lhe
reactor coolant system is adequate to accomplish its objective and to saintain
ite integrity under conditions imposed by all foreseeable resctor behaviour,
either normal or accident conditions. The information should permit & determin
ation of the adequacy of the evaluations. BEvaluations included in other chap-
tars which have a bearing on the reactor coolant system should be referenced.
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If the geometmical of the fusl eleente ia changed ae in Section
5.4, th: pﬁ-'q eooling ::::n performaron my, e altered and a new set
of mommal ocpermation charactaristics coull mnyle. However, {f thaw am mw
Jdrastic changes in fusl element gecrw:ry or mduction of manging to the eafety
limite due to higher power peaking factoms, no eip.(filcant ¢ in the
meactor coolant syetem will cocur for the sam momimal meagto» power level.

7.  ENGINEERED SAFETY FEATURES OR BARRIFAS

Engineered safety featutss may be srovided to ailtligate the consequences
of postulated accidents in spite of the fict that ileve arcidents are very
unlikely. This chapter of the Safety Report should present information in
sufficient detail to permit an adenuate evaluation of the performance capabil~
ity of these features. A listing of the iaformation that snouid be included
is contained in IAEA Safety Series No. 35 (1984 Rdition), Annex A, p. 37,

Nommally, the requirement for an Prewge vy Come Zooling Syetem (ECCS)
or the mequiremants 80 be met by an eiieting JCC8 will not be affecced by
core commemeion if thame am omly mlw+ changes in the decay heat Luvels.

5. INSTRUMENTATION AND CONTROLS

This chaptear of the Safety Report should provide (nformation regarding
the instrumentation and control systems, including the power regulating systems
for reactor control, the reactor protection systes, and other engineered safety
systems instrumsentation. The information provided should emphasize those Lo~
struments and associasted equipment which constitute the reactor safety system,

I there ame no significant shanges in the muclear ond thewml hydmaulie
sharaotereitios of the core (Sections 5.3 and 5.4/, it (e wo* ezpected that
sore comereion will affect the muclear inetrumentation and oomtrol eyatem
other than poseidle m-calidmation at initlal etameup afte = comve mion.

If thare are significant shanges in the wuclear and therml/ Mydraulio
characteriation of the com, new trip settings may have to be determined.

9. macTuc owr

The alectric power systes (s the source of power for the resctor coolant
pumps and other suxiliaries during normal operation and for che safety systes
and cogineared safety features during abnormal and accident conditions. The
faformation in this chapter of the Safety Report should establish the function
al sdaquacy of the safety-related electric power systess and ensure that these

systems have adequate redundancy, independence, and testability i{n conformance
with current criteria.

It fo not expected that the electrio power syster Kll be affecved by
eom somvereion unless major plant shanges are mequired.

This chapter of the Safety Report should provide information conceraing
the auxiliary systems fncluded in the facility., Thous systems that ars essen
tial for the safe shutdown of the resctor or the procection of the health and
safaty of the public should be idencified. The description of sach system,



Estimates of the release of radiocactive materials (by radionuclide)
from each source identified and the subsequent transport sechanism and
relesse path should de provided. [dentify planned operations, including
experiments and anticipated operational occurrences, that may result in
release of radiocactive materials to the eanvironment. Consider leakage
rates and concentrations of radioactive materials for both expected and
design conditions. The bases for all values used rhould be provided. Describe
changes from previous designs that say affect the release of radiocactive
materials to the envirooment.

M

Changes in core matamial mquire me-caleulation of eource terms

arieing [rom the fuel elemnts.

13, MDIOLOGICAL PROTECTION

This chapter of the Safety Report should provide information on methods
for radiological protection as required by the [AE’ Code of Practice (Safety
Series No. 35, 1984 Edition, Chapter 13, p. 16), including estimated occupa~
tional radiation exposuras to operating and construction personnel and to the
public during normal operation and anticipated cperational occurrences. It
should provide information on facility and equipment design, the planning and
procedures programmes, and the techniques and practices employed by the appli~
cant in meeting the stardards for protection against radiation,

It ta ezpected that the only effect would be on the madiation design
,““m.

13.) Radiation Design Peatures

In this section, equipment and facility design features such as shielding,
ventilation, and area and airborne radioactivity monitoring instrumentation
which are intanded to ensure that radiation exposures are within the specified
requirements and as low as reasonably achievable (ALARA) should be described.

The madiation level outeids water or comerete will only be mrgimally
ifluenced by changes in core sise or meflector. Themefore, the radiation
level ia not expected to be affected by core comvereion unless mjor shanges
to the plame are requimed.

Depending upon the detailed meactor de the cetivity in the primary
sirouit comporents my be very serwitive to de time of coolamt om exit
[rom the come. If the coolame [low rate has been inereased at all, the adequw 3y
of the delay eyetem my mequire masscssmnt,

14, CONDUCT OF OPERATIONS

This chapter of the Safety Report should provide (nformation relating to
the preparations and plans for oparation of the facility. Its purpose is to
provide assurance that the applicant will establish and maintain & staff of
adequate size and technical competence and the operating plans to be followed
by the licenses are adequate to protect public health and safety.

The meed to mevise procedures and me-train staff should be comsidared if
mjor changes to the plant am mequired.
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Estimates of the release of radiocactive aaterials (dby radionuclide)
from each source identified and the subsequent transport mechanism and
release path should be provided. Identify planned operations, including
experiments and anticipated operatiora! occurrences, that may result in
release of radioactive materials to the environment. Consider leakage
rates and concentrations of radiocactive materials for both expected and
design conditisns. The bases for all values used should be provided. Describe
changes from previous designs that may affect the release of radiocactive
materials to the envirooment.

M

Changes in core material mequire me-calculation of ecurce terms

arieing from the fuel elements. -

13. RADIOLOGICAL PROTECTION

This chapter of the Safety Report should provide information on methods
for radiological protection as required by the IAE. Code of Practice (Safety
Series No. 35, 1984 Edition, Chapter 13, p. 16), including estimated occupa~
tional radiation exposures to operating and construction personnel and to the
public during normal operation and anticipated operational occurrences. It
should provide information on facility and equipment design, the planning and
procedures programmes, and the techniques and practices employed by the appli-
cant in meeting the s-andards for protection against radiation.

It is expected that the only effect would be on the madiation design
features.

13.3 Radiation Design Feaiures

In this section, equipment and facility design features such as shielding,
ventilation, and area and airborne radiocactivity monitoring {nstrumentation
which are intended to ensure that radiation exposures are within the specified
requirements and as low as reasonably achievable (ALARA) should be described.

The madiation lewel outside water or concrete will only be mrgimally
influenced by changee in core aize or reflaector. Therefore, the radiation
lavel is not expected to be affected by corme comvereion unless major changes
to the plant are required.

Depending upon the detailed reactor design, the activity in the primary
circuit components may ba very semsitive to delay times of coolamt or exit
from the core. If the -oclamt flow rate has been increased at all, the adequacy
of the delay syetem may wquire reassessment.

14, CONDUCT OF OPERATIONS

This chapter of the Safety Report should provide information relating to
the preparations and plans for operation of the facility., Its purpose is to
provide assurance that the applicant will establish and maintain a staff of
adequate size and technical competence and the operating plans to be followed
by the licensee are adequate to protect public health and safety.

The mead to revise procedures and re-train etaff should be considered if
mzjor changes to the plant are required.



14.6 Securi ty

This section of the Safety Report should describe the plans for
physical protection of the facility. It i{s a general practice in many
countries to have these plans described in a separate document (see IAEA
Safety Series No. 35, 1984 Edition, Code of Practice, Section 15, p. 19).

In the sepamate document, a distinction should be made between physical
protection of the plant and of the fusl. The phyeical protectior for the
plant (fiseion product-imentory, MCA) ie not influenced by core comversion.
The physical protectionsof the LEU fusl will be lower in some cases. See
c‘hapaﬂff in the Swwary of this Cuidebook.

e reguirss Ly ve

1S, COMMISSIONING OR TEST PROGRAMME POR CORE CONVERSION

This chapter of the Safety Report should provide information on the test
programme for structures, systems, coamponents, and design features for the
facility. The information provided should address major phases of the test
programme, including pre-operational tests, initial fuel loading and initial
criticality, low-power tests, and power-ascension tests, if applicable.

S 2. .
G—&n‘mc{blc me thods for core comvereion are!meesgmised™ |

o/"'" 7
te Gradual comereion over a rumber of mefuslling cycleal ~
20 Complete come change at ome shutdown. AaMYREI N
~ ook Dt '
e Major plant changes. pa &owA6) nal'a v+ ceore,din ~
- o

The type of teet programme necessary will be different in each ccse.

A start-up programms for verifying the caleulations and for educating
the reacto= cpemtors is necessary. Such a programwe is mequired, especially
tf mized cores are used, in order to aseure that adequate thermmal-hydraulic
safety marging and shutdoum marging are maintained.

fydraulic and meactor physics tests om a new fusl element design must
be performed prior to full-power opemation. The performance of all meactor
syateme must be verified. F. Al

16.  SAFETY ANALYSES

The evaluation of the safety of a research reactor should include
analyses of the response of the reactor to postulated disturbances in
process variables and to postulated malfunctions, failures of equipment, or
operator errors. Such safety analyses provide a significant contribution to
the selection of limiting conditions for operation, limiting safety system

settings, and design specifications for components and systens from the
standpoint of public health and safety.

The situations analyzed should include anticipated operational occur-
rences, of f~design transients that induce fuel failures, and postulated
accidents of low probability (e.g., the sudden loss of integrity of a major
component). The analyses should include an assessment of the consequences
of an assumed fission product release that would result in potential hazards
dot exceeded by those from any accident considered credible.
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Besides fusl element design, core deeign, and fuel relichility, the
accidert amalyeis for core comversion is most important. An.adequate eafety -
mrgin - muet be demomatrated and in some-caess, only a marginal- reduetion of

~“the exieting marging couid be accepted. In mawy cases the comversion of the
fusl only may not mequime mew licerwing procedures for the conversion. The
aceideamt analyeis muet de discusesd wery carefully for the LEU fusl to enaure
that current safety mequirements ame satisfied. If posaidle, the amalyees for
the LEU and 85U designe should be compared in order to have a clear fimal
m~suwnme of all changes,and tha oveail increase or dacrease of the miek.

Reactivity transiants, lose-of-coolant and lose-of-flaw accidants must
be meconaidered and my rwed to e meamalysed awing to possidble shanges in
fusl elemant design and the measporwe of the fuel tc accidant conditions and
poseible changes in temperature feedback coefficients, absorber worths, and
thermmal-hydraulic chamacteristics —The pmababilisy of fiseion product release
muet be revaluasted. ¥ oI i

| Y
magnit

et a O iy

Exmples of M‘ accident s, the—amiyeio-of wbseh my be
affected by the change to LEU fusl, are listed in Table 1. Re-amalyeis of
theese accidents should take into account the changes in the meactor charactar-
tetice after convereion to LEU fuel. The mature and extent ezpected for some
of these changes are summar=ized in Chaptere 2 to 4 and ame described in detail
in Appendices A to D.

The scope of the work depends om ¢t
core and the syetem. .

of the changes to the

17.  SAFETY SPECIFICATIONS

Each Safety Report may contain or refer to Safety Specifications that
set forth safety limi*s and safety system settings, limiting conditions for
safe operation, surveillance requirements, and administrative and organiza~
tional requirements. These are imposed on facility operation for, among
other purposes, the protection of the health and safety of the public. The
safety specifications should be derived from and be consistent with the safety

- i
bvidmwba made to the conditions meferwing to fusl element
loading, temperature and cooling. The conditioms on absorber worths may also
need to be re-evaluated. Trip limits referring to the core thermal-hydraulics

and meactor physice parameters may mequire revieion.

18.  QUALITY ASSURANCE

A ity assurance syetem and epecifications for the new ‘usl, M{- SR
P g between the operator ! -~ ¥ o

and—she—Fuei-—fabwicatar. g2ty
In the case where modifications to the reactor are necessary, the

quality assurance in the design, production and installation of the o
modified syetems should be discuseed.

19. DECOMMISSIONING

In some Member States, there is a requirement to include in the Safety
Report plans for decommissioning the reactor.

The ecope of work depends om the magnitude of the changes to the core
and esyetem.

R
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EXAMPLES OF REPRESENTATIVE ACCIDENTS THAT MAY NBED-T0-8E
.-lI4A!A&!!!!:1E:!:!!!!I!:!l!2!I:AE!!!!!!I..JLJE!!.QQ...!&L__.
’ . .‘JE"‘

DECREASE IN HEAT REMOVAL BY THE REACTOR COOLING SYSTEM

e Primary pumps failure and flow coastdown

e Flow blockage to coolant channels

REACTIVITY INSERTIONS AND POWER DISTRIBUTION ANOMALIES

e Startup accident giving ramp insertion of reactivity

e Cold water ingertion

e Control rod and control rod follower fallure

e Puel loading error

e Flooding or voiding of experimental beam ports, loops,
or thimbles

e Failure or withdrawal of an in~core experiment

e H0 insertion in a D20 system or vice versa, or
loss of H20 coolant where other moderation is used

e Criticality during fuel handling
e Control system runaway
CHANGES IN INVENTORY OR PRESSURE OF REACTOR COOLANT

e Whole core loss-of-coolant accident (LOCA)

RADIOACTIVE RELEASE FROM A SUBSYSTEM OR COMPONENT

e Local failure/melting of 2 few fuel plates or rods
in core

e Fuel element cladding failure in core

o Fuel element failure during handling incident

"See also IAEA Safety Series No. 35 (1984 Edition), Annex A, p. 48
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ATTACHMENT

SUMMARY OF REQUIRED TASKS

This section briefly describes the tasks that must be rerformed to
provide the information required for a Safety Report amendm:nt for core
conversion. The tasks are listed in an order in which they could be logi~-
cally performed and are divided into two parts. The first part (GCeneral
Considerations) includes mostly the analvtical and planning tasks described
in Volume 1 of this guidebook. The second part (Fuel Consideratiouns) in-
cludes tasks related to the properties and qualification of the fuels
described in Volume 2 of this guidebook.

A.l GENERAL CONSIDERATIONS

A.1.1 General Design Features

Summary description of reactor design in comparison with the former
reactor design.

A.l.2 General Design Rules

Statement of the main rules and regulations taken into account in
designing modified systems and components.

A.l1.3 Fuel Management

Summary description of the burnup cycle and the plutonium produc~
tion. Statement of burnup data (discharge burnup of initial core, sub~
sequent cores, fully-converted cores, and equilibrium core).

A.l.4 Power Distribution

Summary description and explanation of the selected fuel element
arrangements and modifications; diagram of a representative power density
distribution over the core cross-section with explanation, statement of
the macroscopic pover density distribution and the local pover density peaks.

A.1.5 Reactivity Balance

Description of the compensation of excess reactivity. Description
of the compensation of reactivity changes (e.g. burnable and Xenon poisoning).
Statement of representative resctivity equivalents (e.g. for stuck control
absorber) and of the maximum reactivity change rate.

Statement of reactivity values of the reactor, of shutdown reactivity

for differen: operational states (cold, zero power, full power) and burnup
states,

A.l.6 Reactivity Coefficients

Definition of the reactivity coefficients, Statement of the reac-
tivity coefficients of the fuel temperature (Doppler ccefficient), of the
moderator temperature, moderator density and woids and power., Representation
of the dependences (e.g. on operational state, burnup) in diagrams.
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A.l.7 Reactor Protection System

Discussion of possible changes in the control rod design and worth,
in the calibration of the linear control and safety channels, and in the trip
safety settings.

A.1.8 Radiation and Shielding

Summary description of the radiation sources in the reactor core, i.e.,
gamma radiation and neutron radiation in different energy groups. Statement of
the radiation flows in the individual shielding media and dose rates (neutrons,
gamma) i{n radial and axial direction.

Statement of tha concentrations of radiocactive materials in the
reactor coolant; statement of the equilibrium activities (reference values in
stationary operation for planning and safety analyses) for the isotopes of the
fission products (noble gases, iodine, solid matter) and of the activation
products (gases, corrosion products).

A.l1.9 Thermohydraulic Design Principles

Statement of the parameters and limits considered in the design (e.g.
critical heat flux ratio, thermodydraulic stability, power density in the fuel,
power distribution in the reactor core).

Description of the flow circuit, statement of operating pressure, coolant
throughput (main and bypass flow), pressure losses, coolant temperatures,
cladding temperatures, admissible fuel element power or heat flux density.

A.1.10 Hot-Channel Factors/Peaking Pactors

Definition of the factors. Statement of the expected values and limits
of acceptability.

A.l1.11 Crictical Heat FPlux Ratio

Definition of the critical heat flux ratio. Statement of its expected
value in the hot channel under different operating conditions and the limits
of acceptability including diagram and explanation.

Description of the determination of the critical heat flux ratio
during regular operation.

A.1.12 Reactor Cooling System

If modifications are necessary (e.g. due to increased core pressure
drop), the following should be provided (1) a summary functional description
of the individual components, (2) a statement of significant characteristics
(e.g. pressure, temperature and throughput), (3) a summary description of the
function and design of the recirculating pumps (e.g. speed, capacity, discharge
flow), and (4) summary descriptions of material and certification tests and
in-service inspecticns.
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A.1.13 Accident Analysis

Calculations (including e.g. assumptions, physical models and mathe~
matical methods, description of the accident course and effects of the
accident) of reactor behaviour during accidents identified in Table | of
of this chapter.

Further specification of the events to be considered (e.g. primary
pumps failure, flow blockage, startup accident, different kinds of LOCA etc.)
has to be considered on a case by case basis.

A.l.14 Esergency Core Cooling System

1f modifications are necessary to an existing ECCS, a description
should be provided of the residual heat production, the functions and operation
of the ECCS design (e.g. capacity redundancy, spatial separation of the
system), and the test possibilities (e.g. functional tests at certain intervals
during operation or during a refuelling operation).

A.l.15 Mixed Cores Operation

Where there will be a transitional period with mixed cores of HEU and LEU
fuel, the scheme to be adopted for changing the core from HEU to LEU should be
described. Safety aspects to be considered {nclude power distribution and
peaking, prediction of burnup, and reactivity effects including the worths of
control absorbers. Where other aspects such as the hydraulic characteristics
of the fuel have changed, the effects of th se should also be considered.

A.1.16 Startup Procedures

Description of the pre-startup tests, startup, zero power and power
range tests including e.g. chemical and radiochemical measurements, measure-
ments of the radiation level, measurements of the shutdown reactivity and
reactivity coefficients, power calibrations.

A.l.17 Operational Procedures

Summary description of changed operating measures if such changes are
oecessary due to the modifications. Procedures for startup, power operation
and calibration, normal and emergency shutdown, decay heat removal, handling
and emergency procedures will need revision to the extent that modificatiors
have been necessary.

A.1.18 Handling and Storing of Fuel Elements

If modifications are needed, description should be provided of the
storage provisions for both fresh and spent fuel elements, their position and
their capacity. Criticality safety considerations should also be descrided
and explained. Description should also be given of the provisions against
crash of heavy loads (e.g. fuel element transport cask) and for spent elements,
the provisions to detect and monitor leaks.
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A.2 FUEL CONSIDERATIONS
A.2.1 Maximus Burnup Levels

Discuss the maximum burnup levels with the new fuel. Coampare this data
with that experienced for the present fuel.

A.2.2 Thermal Power Density

Discuss the maximum power density expected with the new fuel and compare

with the present fuel.

A.2.2 Geometry

Discuss any geometry diiferences that may exist when using the new fuel
both in standard fuel elements and in control elements.

A.2.4 Thermal Characteristics

Discuss the thermal conductivity of the fuel, the maximum fuel and clad
temperatures, the maximum surface heat flux, the maximum coolant velocity,
etc., expected using the new fuel and compare with the present fuel.

A.2.5 Manufactu-ing Data

Describe the manufacturing process of fuel and include all necessary
data tc support the coaclusion that the fuel will perfora safely.

A.2.6 Failure History

Discuss the average or projected rejection rate for the new fuel and
any reactor failure history or estimates using the new fuel. Compare these
values with statistical/historical data for the present fuel.

A.2.7 Puel Swelling or Blistering

Discuss the degree of dimensional stability as a function of specific
power, burnup, and fuel temperature. Those parameters considered to be design

limits should be included as technical specifications and compared with similar
values using the present fuel,

A.2.8 Corrosion Behaviour

Discuss corrosion rates for the fuel cladding under projected typical
water chemistry conditions using the new fuel and compare with similar data
for the present fuel. Include the basis for and any changes required in
water chemistry and surveillance specifications.

A.2.9 Quality Assurance

Describe the quality assurance procedures to be followed in the design
and prod ction of the modified systems and components.
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CHAPTER 2
SAFETY ANALYSES

2.1 Introduction

This summary is based on the work presented in Appendices A and B.
Appendicies A~/ and A-2 present the results of safety analyses performed by
INTERATOM (FRG) and the Argonne National Laboratory (USA), respectively, for
the generic 10 MW reactor based on replacement of the HEU plate-type fuel with
LEU plate-type fuel. Appendix A-3 on the other hand presents the results of
safety analyses performed by GA Technologies (USA) for replacement of the HEU
plate-type fuel with TRIGA LEU rodded-type fuel. Appendix B presents a metho-
dology for probibilistic accident analysis concributed by GEC (UK) and the
UKAEA-SRD (UK), although the information does not comtain a comparative study
of HEU and LEU fuels.

For the calculations in Appendix A, unlike the benchmark studies
(Chapter 6), the contributors were free to select boundary conditions for the
hypothetical accidents consistent with their own regulatory requirements. For
comparison of methods of calculation, reference can be made to Chapter & and
Appendix F.

2.2 Plate~Type Fuels

2.2.1 Equilibrium Cores

nggpondicu A-l and A-2, the same HEU fuel element with 23 plates
and 280 g U is studied. For the LEU core, both contributions examine the
safety parameters of an equilibrium core and each core of a gradual transition
from HEU to LEU fuel. One case
uses an LEU fuel element with 20

Pig. 2.1 10 MW Reactor Core ’ht‘.. 1.0 me~thick fuel meat,
and a fissile loading of 446 g
A B c ® ] r and the other uses ﬂsw’ fuel
element with 390 g U and the

N L& o "+ " c ' 3 saze geometry as the HEU element.

The 5 * 6 element core
(Fig. 2.1) contains 23 M{R-type
fuel elements and 5 control fuel
3 ei.ments. The core is reflected
by graphite on two opposite faces
and is surrounded water. One
" O flux trap is located near the

center of the core and another

] near an edge.

The first step in the cal~-
d O culations was to compare the

operating parameters and safcty

margins of the HEU and LEU equi-
» librium cores tc ensure that

N e ¢ ¢ € € € these characteristics were satis-

factory before beginning the HEU-

to-LEU transition core analysis.
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The data include cycle langths, average 235U discharge burnups,
nuclear power peaking factors, steady-state thermal-hydraulic safety margins,
control rod worths, and shutdown margins.

The cycle lengths are considerably longer in the LEU cores than in the
HEU core because the fissile loading of the LEU elements is much larger.
The percentage of 235U burned in the discharged elements is about the same
in the HEU and LEU cases. The thermal-hydraulic safety margins and the shutdown
margins in all of che cores are shown to be perfectly adequate to guarantee
the safety of the facility.

2.2.2 Transient Analvses

The basic kinetics parameters that were computed for the HEU and LEU
equilibrium cores are shown below:

A ¥ ']
Prompt Neutron Generation Time A, us 55 40-42
Effective Delayed Neutrom Fraction, ge¢¢ 0.0076 0.0073

The reactivity feedback coefficients for the combined effects of mode-
rator temperature and density are nearly the same in the HEU and LEU cores.
However, the LEU cores have much larger Doppler coefficients and larger void
coefficients as well. The latter two coefficients play an important role in
distinguishing LEU fuel from HEU fuel in some of the transieant analyses.

Two types of transients are analyzed in both Appendices A-1 and A-2.
These are:

¢ Loss~of-Flow Transients
* Slow Reactivity Insertion Transients

Loss-of-Flow Transients

It was assumed that the reactor is operating at its maximum overpower
level when the loss-of-flow occurred. The coastdown of the primary flow rate
wvas approximated by an exponential function with a time constant of 1.0s. The
trip setting was at 851 of the nominal flow, with a time delay. of 200 ms be-
fore the shutdown reactivity insertion. The caiculations were terminated at a
relative flow rate of 15% because then the natural circulation flaps are
assumed to open automatically causing a flow reversal.

The results of calculations taken from Appendix A-~1 are shown in
Table 2.1. Comparison of the HEU and LEU cases shows that the peak clad sur-
face temperature, the coolant outlet temperature and the safety margin against
flow instability are almost identical. The only exception is the peak temper-
ature in the fuel meat, which is about 20°C higher for the LEU fuel because of
the lower thermal conductivity of this fuel. Similar results were obtained in
Appendix A-2, where the peak temperatures at the surface of the clad were 114°C
and 113°C in the HEU and LEU cases, respectively.

All of the peak clad surface temperatures computed for this
transient are far below the melting temperature of the cladding, which is
about 600°C but depends on the specific composition of the alloy cladding
material that is used.
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Table 2.1 Fast Loss of Flow Transient

Fuel HED LEU
Initial Power, MW 1.3 11.5
Initial Flow Rate, m’/h 1000 1000
Time Constant for Flow

Decay, s 1.0 1.0
Plow Trip Point, § 85 85
Time Delay, s 0.2 0.2

Power Level at Scram, %
Peak Fuel Temperature, °C
Peak Clad Temperature, °C
Peak Cutlet Temperature, °C
Min. Bubble Detachment
Parameter, ca’K/Ws

At ~ 15 % Relative Flow:
Fuel Temperature, °C
Clad Temperature, °C
Qutlet Texmperature, °C

107.4 (0.363)*
144.1 (0.363)
141.1 (0.363)
80.1 (0.42)
75.4 (0.38)

66.7
66.5

$1.1

106.1 (0.363)
167.4 (0.362)
141.9 (0.363)
80.1 (0.42)
77.3 (0.38)

67.5
66.0
$1.2

Table 2.2 Control Rod Withdrawal Accident (Power Range)

Fuel HEU LEU |
l:activity Insertion Rate, 18.9 19.8 ;
c/s

Initial Power;Mw 10 10 |

Trip Point, MW

Flow Rate, l’/h

Time Delay, s

Peak Power, MW

Total Energy Release to
Tine of Peak Power, Ws
Total Energy Release beyond
'1.5 ml "

Peak Fuel Temperature, °C
Peak Clad Temperature, °C
Peak Outlet Temperature, °C
Min. Bubble Detachment
Parameter, cm’ K/Ws

11.5 (0.775)*
1000

0.2

11.93 (0.975)
1.065 . 1oZ
2.238 . 10

133.3 (0.979)
130.0 (0.37%)
$2.9 (1.0)
114.3 (0,979)

11.5 (0.765)
1000

0.2

11.81 (0.965)
1.081 . 102
2.319 . 10

130.5 (0.9653)
158.4 (0.965)
52.8 (0.963)
117.2 (0.965)

-

*) Quantities in parentheses indicate time (in seconds) at which

values occur
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Slow Reactivity Insertion Transient

It was postulated that all control ~~4s are withdrawn from the core
wvith the nominal control rod drive speed (-)..! ca/s) while the pumps are in
operation. This slow reactivity insertion due to inadvertent control rod
withdrawal may occur during reactor startup. Cases were analyzed for reactor
powers in the startup range (~1 W) and in the power range (~10 MW).

The specific assuwn tions for the ramp rates, trip settings, and time
delays before shutdown reactivity insertion were slightly different in Appen—
dices A-l and A-2. For example, in Appendix A~l, the ramp reactivity inser—
tion rates were assumed to be 0.189 $/s in the HEU case and 0.198 $/s in the
LEU case. In Appendix A-2, the correspcnding ramp rates were computed to be
0.16 $/s in the HEU core and 0.14 $/s ian the LEU core. However, the conclu-
sions in both Appendices are the same.

In Appendix A-l, the peak temperatures reached at the surface of the
cladding were 130°C in the HEU core and 158°C in the LEU core if the inadvertent
control rod withdrawal were to occur in the power range (see Table 2.2). In
Appendix A~2, the corresponding values were 102°C and 101°C in the HEU and LEU
cases, reapectively. All of these values are far below the temperature needed
to initiate melting of the cladding.

Fast Reactivity Insertion Transient

In Appendix A~2, results are also provided for the fast reactivity
insertions necessaiy to initiate melting of the cladding. No i{nitiating
mechanisms for the reactivity insertions are postulated. Validation of the
PARET code and the methods used can be found in Chapter 6 and Appendix F-1,
where calculations are compared with measurements in the SPERT I series of
experiments. Comparisons with the SPERT I experiments have been traditionally
used in Safety Reports for research reactors in the U.S.

The calculations were done for step reactivity insertions and ramp re-
activity insertions in 0.5s from a power level of | W with and without scram a‘
12 MW. A time delay of 25 ms was assumed before the shutdown reactivity
insertion for the cases with scram. The results are shown in Table 2.3.

Table 2.3 Summary of Limiting Reactivity Insertions from a Power Level of | W

to Initiate Melting of 6061 Alloy Cladding at a Surface Temperature
of 582°C for HEU and LEU Equilibrium Cores.

Limiting Reactivity Insertion, §

Scram SAm
Step Insertions, §
Yes 2.3 2.9
No 2.3 2.9
Ramp Insertions, $/0.5s
Yes 3.3 8.1
No 2.8 7.9

All of the limiting reactivity insertions are larger in the LEU equilibrium
core because of its significant prowpt Doppler coefficient and larger void co~
efficient. Results are also shown in Appendix A-2 for the limiting reactivity
insertions for the and LEU cores as a function of the prompt neutron genera—
tion time and as a function of the thermal conductivity of the fuel meat.
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2.2.3 - T ition r

Most research reactor operators are planning to convert their cores
from HEU to LEU fuel by gradually replacing their HEU elements with LEU elements.
Over the years, many reactors have been safely operated with numerous mixed
cores composed of elements with different geometries, different fissile load-
ings, different enrichments, or a combination of these. The same principles
and safety considerations apply to the current conversions from HEU to LEU fuel,

The most important safety parameters in plate-type reactors are the
shutdown margin, the margin to onset of nucleate boiling (ONB), and the margin
to onset of an excursive flow instabilicy. Generally, ONB will occur before
an excursive flow instability. The larger the difference in the fissile content
of the and LEU elements, rhe more care must be exercised.

Since the HEU elements in Appendices A-l and A-2 contain 280 g 235y
and the LEU elements contain either 446 g or 390 g 2350. nuclear power peaking
will be larger in mixed cores of these elements than in the individual equili-
brium cores and the thermal-hydraulic safety margins will be smaller as a
result. Reactors which currently operate near the limits of their heat removal
systems need to carefully examine the nuclear power peaking in mixed cores if
the increase in the fissile content of the LEU replacement elements is as large
as those considered here. Shutdown margins will also be smaller in both the
mixed cores and in the LEU equilibrium core because the neutron spectrum is
harder in the much more highly loaded LEU elements.

Before beginning the neutronics calculations, it i{s prudent to deter—
mine the maxiaua total nuclear power peaking factor that will yield an accept-
able margin to ONB. Since the calculations for the mixed cores are performed
sequertially, the adequacy of the margin to ONB and the limiting shutdown
margin must be checked after each cycle. If one choice of LEU element posi-
tions does not satiify the safety criteria, others must be tried until a
successful solution is found.

Appendices A-! and A-2 present detailed results for the key operational
and safety parameters for each step of a gradual transition from HEU to LEU fuel.
In Appendix A-1, either five or six HEU elements are replaced per cycle and the
cycle length increases each cycle along with the 235y content of the core. The
conversion from HEU to LEU fuel is completed at the beginning of the 5th cycle,
i.e. after a transition phase of 351 full power days of operation.

Appendix A-2 presents transition core results based on replacement of
two elements per cycle. The conversion was completed at the beginning of
the léth cycle after 324 full power days of operation. Only two cycle lengths
were used in this analysis. Eight of the first nine mixed cores were run using
the cycle length of the equilibrium core and the remaining five cycles were
run using the cycle length of the LEU equilibrium core. The core was operated
for a longer rime during the l4th cycle in order to run down the excess reacti-
vity to a value near that expected for the LEU equilibrium core and to maximize
the burnup in two LEU elements that need to be replaced for the next cycle.

Appendices A~1 and A-2 should be consulted for detailed data. All of
the safety criteria are shown to be fully satisfactory in each case.
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2.3 Rod=Type Fuel

Appendix A-3 presents safety analysis results for a 10 MW TRIGA-LEU
reactor which uses GA's 16-rod UZrH fuel (45 wel U) cluster. Figures 2.2
and 2.3 show the general layouts of the core and the fuel cluster.

The 6 x & core arrangement contains 30 fuel clusters, either 4 or §
control rods and either | or 2 water-filled flux traps. The coolant and
reflector are light water. When fresh, each LEU fuel cluster contains 877 g

ancl_ about 0.3 wtl erbium which serves as a burnable absorber. The desired
average 2?50 burnup in fuel clusters discharged from the core is >402. New
fuel clusters are introduced into the center of the core when they are needed.

Data are provided describing the nuclear design characteristics of the
core, power peaking, the prompt negative tewverature coefficient, and the heat
transfer analysis.

Two accident scenarios are analyzed and ciscussed.
Loss-of-Flow Accident

When the reactor is shut down from power under normal operation, the
main ccolant pumps will continue to be operated for a short time until the
fuel temperature declines to 2 near-ambient value. Should the pumps fail or
be shut off because of an emergency during full-power operation, the reactor
would scram on a loss-of-flow signal. Experiments conducted on other force-
flow=cooled TRIGA reactors show that the flow coast-down takes several seconds
and then the flow reverses direction to the natural convection mode very quickly
and smoothly, with essentially no interruption in the fuel temperature decay
rate. Thus, the afterheat from the shut-down reactor will be removed by natural
convec:ion following pump failure or emergency shutdown. Data on a flow coast-
down i1 a 14 MW TRIGA reactor are provided that confirm this conclusion.

Reactivi ty Accident

In this hypothetical startup accident, the entir2 rod bank was assumed
to withdraw from the full-in position at the normal rate of 10 cm/min constant
velocity until a scram occurs. A variety of conditions were also assumed that
- ensure that the results of rthe calculations are conservative. These include:
(1) flow characteristics representative of natural convection flow induced by
removal of accident-generated heat, (2) a fuel temperature scram at a tempera—
ture about 40°C above the normal operation temperature of 640°C, (3) a redundant
pover scram at 12 MW, (4) a 0.2s delay between reaching the scram point and
initiation of scram rod movement, (5) the maximum-worth rod does not scram,
and (6) the period scram does not operate.

The calculational results show that the peak power reaches about 11.6 MW
but that the reactivity insertion is slow enough that sizeable fuel temperatures
are generated before the reactivity insertion is completed. Since the peak
power does not exceed the assumed scram point, the ramp continues until the
fuel temperature at the thermocouple reaches 680°C, Although there would be
bulk boiling in tle channel, the fuel temperature remains low enough to pre~
clude damage becsuse a temperature scram would limit the fuel temperature to
about 700°C. This is about 240°C below the fuel temperature safety limit (when
fuel and clad are at the same temperature) of 940°C.
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2.4 Probabilistic Methods for Accident Analysis

Appendices B-0, B~l, and B~2, although rot referring in any way to the
differences between HEU and LEU. are presented as a guide to probabilistic
safety analysis methods.

The use of Probabilistic Risk Assessment (PRA) is recommended for power
reactors by several leading licensing authorities (such as the USNRC, the UKNII
and some other European authorities), as a supplement to the more traditional,
deterministic appreoaches.

There are in general no mandatory requirements for such studies, and for
research reactors the use of PRA techniques (in licensing) has not been widely
applied.

The demands on both applicant and licensing authority in terms of total
effort and the level of skill are substantial. The decision to use¢ PRA in the
licensing process should not be made lightly, particularly when resources and
previouvs experience are limited and perhaps only one research reactor is
involved.

Even for a single ruurch reactor, the effort required for a full PRA
based treatment can be comparable to that for a major power reactor (see
Appendix B~0) while the benefits may be relatively small.

Nevertheless, the value of limited application of probabilistic asses~
sment methods at appropriate stages of design and operation can be substantial
in the context of evaluating design opticns, design changes, and testing
and maintenance strategies.

Appendix B~0 gives a brief general review of the background related to
the use of PRA in design and licensing and discusses very briefly the require-
ments for a comprehensive PRA approach to safety assessment and review for
licensing purposes. For detailed guidance to these requirements and modelling
methods, reference to NUREG CR-2300 {s recommended. i

Appendices B~l and B~2 provide illustrative examples of how, with
relatively modest effort, supplementary quantitative ideas abcit system perfor—
mance can be generated during redesign and/or re-licensing of a reactor.

Appendix B~l exemplifies a study which would be suitable at an early
design stage, or as a brief comparative review at a later evolutionary stage
of design. It demonstrates how useful feedback about cthe design concept of a
system can be obtained.

Appendix B2 demonstrates how a rather more detailed approach to the
study of the performance of a system may be set within the general context
of an overall risk~based scheme. A still more detailed analysis than that
presented in this example would be required for a complete, indepth study.
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CHAPTER 3

METHODS FOR PREVENTING LOCA

A complete loss~of-coolaat accident (LOCA) in some higher power reactors
can result in partial melting of the fuel from decay heat and release of fis-
sion products into the reactor building. For reactors operating even at rela-
tively low power, the consequences of a complete LOCA must be examined. Even at
low powers, the loss of biological shielding from the water must be considered.

In nearly all research reactors a partial uncovering of the fuel (e.g. by
leakage through horizontal beam tubes) may be possible and this must be studied
separately. In some reactors operating initially at powers of a few MW, a
partial LOCA could result inm boiling at the immersed part of the fuel. Conduc~
tion and steam cooling may be adequate to prevent melting.

The probability of a LOCA is normally reduced to very small values by
engineered safety features such as:

l. Elevation of primary pipework (in pool or pool wall) above the core.

2. Elevation of pool systeam pipework (inm pool or pool wall) above the
core.

3. Antisyphon devices.

4. Valves on reactor vessel above and below core to adait pool water
for natural coanvection cooling.

S. PEmergency spray system from water storage tanks.

6. Pool-liner countinued through beaa tube.

7. Beam tubes sealed and terminated outside core box walls.
8. Sealed protective .overs on beam tube ends in pool walls.
9. Slide-valves in pool walls at beam tube penetrationms.

10. Beam tube shutters (released automatically).

11. Passive flap valves in beam tubes.

The engineered safety features appropriate to a particular reactor are
dependent on its design. In each case a careful study will be necessary for
every sequence of events that could lead to a loss-of-coolant, the effect
of engineered safety features, and the adequacy of any heat removal system
that i{s required to keep the reactor in a safe state until fission product
decay reduces heating to an acceptable level.

Special attention should be given to the fact that some measures taken
against LOCA could, by malfunction, interrupt the coolant flow rate. From
this, a meltdown on operation could result. For example, automatic butterfly
valves in the main pipe need careful design of the automatic control system.
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Where the features protecting against LOCA may be less satisfactory,
provision of an emergency core cooling system (ECCS) should be given additional
consideration, The effect of earthquakes, of a magnitude appropriate to the
site geological conditions, should be considered.

New designs should make the probability of a LOCA as low as possible.

Appendix C considers the protec’ lve measures taken in several reactors of
very different designs: ¢two light water swimming-pool-type reactors (DEMOCRITOS
and SAPHIR), a light water tank-type reactor (HFR-Petten), and two heavy water
tank-type reactors (DIDC aand PLUTO).

Appendix C-]1 describes the engineered safety features against LOCA for the
DEMOCRITOS reactor, which is a swimming-pool-type reactor originally operated
at | MW, when no special features were provided against LOCA. Following up-
rating to 5 MW, one safety concern was a LOCA due to rupture of either a pipe
of the primary cooling system or of an experimental beam tube. Several
alternative methods of protection were considered, but the solution that was
chosen was installation of automatic valves in the primary pipework and
seiled protective covers on the beam tube ends. Purther consideration is now
being given to provision of an anti-syphon device (Fig. 1).

Appendix C-2 describes the engineered safety features against LOCA for
another swimming-pool-type reactor, SAPHIR, in which the power was increased
from 5 MW to 10 MW 1in 1983. In SAPHIR, the pipework layout is elevated above
the core and an anti-syphon arrangement is provided above the core level such
that a complete LOCA cannot occur (Fig. 2). 1n order to prevent a partial
LOCA from a beam tube failure, three measures have been taken: each collimator
is sealed by an aluminum cover, each collimator is provided with a set of shuiLters
against radiation that can be closed by actuation of an electric motor, and a
slide-valve that can be manually actuated by a hydraulic system is installed in
the pool wall of each beam tube end (Fig. 3).

Appendix C-3 describes the protective measures taken against both a
total or partial LOCA in the 45 MW Petten HFR tank-type design. The reactor
core with its adjacent devices is contained in a closed vessel at low pressure
vhich is immersed in a pool. The protective measures against a coamplete
uncovering of the core are a high elevation and U-type design (with a vacuum
break anti-syphon system) of the primary cooling pipes (Pig. 4). For emergency
couling, manually activated valves are provided on the reactor vessel, above

and below the core, to admit pool water for natural convection cooling in the
event of loss of primary cooling.

Iu the original design, beam tubes above and below the cores centerline
were welded on the vessel and core box wal'* to prevent leakage from the
vessel through the tubes. The improvemer Fig. 5) made to protect against
partial uncovering of the core in the new .essel designed for 60 MW are:

(1) the beam tube ends are not welded to the reactor vessel but are sealed and
terminated at about 5 mm from the core box walls, (2) an aluminum protective
cover is bolted at the external pool wall side of each beam tube as a second
barrier to leakage of pool water through the tube, and (3) the beam tube
bellows are removed, thus improving the integrity of the tubes.
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Appendix C-4 deals with the heavy water tank-type reactors DIDO and PLUTO.
The original spray system has been replaced following power uprating from 10 MW
to 25 MW, Probability study (c.f. Appendix B~2 of this guidebook) showed that
there was risk of failure of the smaller pipes of the primary systeml or more
serious, of the bosses where these small pipes join the large primary pipework.
The chosen solution was to isolate the primary pipework from the reactor tank
by rapidly closing powered valves. Water from the sump is then returned
through a cooler to the tank, and will overflow back to the sump. An additional
backup light water injection system is provided, which also gives protection
against seismic events. The reactor design and the system which has been
installed are illusrated in Figs. 6 and 7.
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CHAPTER 4

RADIOLOGICAL CONSEQUENCES et -

- -~
A
r
g —

A common approach in Safety Reports for research and test reactors is to
assume that a hwposheehcal accident results in the release of some portion of
the inventory of radicactive materials from the fuel to the containment/reactor
building and, eventually, in the release of a portion of these materials to the
atuosphere. The consequences to the surrounding population are usually evaluat~-
ed in terms of estimated radiclogical doses from the materials released. The
conversion of a research reactor from a highly enriched core to lower enrichment
will generally require a review of the impact of the conversion on these
previocusly determined radiological consequences. In most cases this impact
will be relatively small.

The main factors which should be considered in performing the radiological
consequence assessment include the following:

L. Core fission product and actinide inventory.
2. Fraction of the core involved in the postulated event.

3. Fractional release from the fuel elements involved in the
postulated event.

4. Reactor design features affecting the release from the fuel
to the containment/building.

S. Passive chemical and physical factors within the containment/

building which can influence the quantity .f material available
for release.

6. Containment/building design features influencing the material
available for release to the atmosphere.

7. Radicactive decay factors.

8. Atmospheric dispersion factors including the effect of
site topography.

9. Demography of the sfite surroundings.

10. Estimation of individual and population exposures and risks.

Numerous methods are available for evaluating these factors. Simple hand
calculations based on fission product yield table inventories, conservative fis-
sion product fractional release data, and non-site specific atmospheric disper-
sion data may be adequate in many cases. However a more detailed evaluation of
the above factors using a sophisticated computer code will often result in sub-
stantial reductions in the dose estimates. Table 4.| from Appendix D-| shows a
comparison of the doses calculated by the two techniques for the generic 10 MW
reactor discussed in Chapter 2 and Appendix A.
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Table 4.1, Comparises of Doses with laventories from ORIGEN Code ve. Yield Tadles

e e D088 8% 300 ® Site Joundery, tes®
e iBhaL 8t 400 o bole Body

Internal External
—800  Time JSone Lung Dhyrotd (ishalscios)  (lamarsion)

100 o i 0.1384 0.1987 A 1.549-02 3.305-02
oRICEN X4 1.308 1.600 .38 o.un 0.182
300 reo i 0.3 0.272¢ 4,305 L.217-02 S.117-02
onices 04 3.06% .3 3.4 0.1849 0.1770
Cumulacive Yialde 2 0 .72 0.4859 .48) $.230- 2 3.730-02
Infintce 04 .a 4540 .70 0.494) 0.2030
Comulative Tialde 2 0 0.1 0.199 448 1.567-02 3.718-02

100 ¢ 04 1.309 1.632 %.70 0.119% 0.2013
——

“Uetng pesk slement, 0.44342 W, in 10 W HEU geoeric resator with a 1.02/4 lesk rate and the
telasse of sﬂumw.maw.uuduxmumm-n.

Appendix D includes radiological consequence methods and calculations
relevant to conversion from a highly enriched core to lower enrichment for
several different types of research reactors and ‘according to various national
practices. Practices used in the United States, the United Kingdom, Greece,
Canada, and the Federal Republic of Germany are described in the appendices.

Appendix D-l describes a model for estimating the radisiogical consequences
from a hypothetical accident in HEU and LEU fueled research and tenc reactors
based on U.S. Nuclear Regulatory Commission requirements. The method incor—
porates fission product inventories and dose conversion data to calculate
doses. The model accounts for contaimment/building leakage, decay of fission
products, and the dispersion of airborne material by diffusion factors based on
release height, wind velocity, atmospheric stability, and diffusion parameters.

This analysis shows that the LEU fuel gives essentially the same dcses

as HEU fuel. Table 4.2 gives a comparison of doses for LEU and HEU fuel for
the generic 10 MW reactor at a 500 m site boundary. The analysis also shows
that the plutonium buildup in the LEU fuel does not significantly irn.rcise the
radiological consequences. Table 4.3 shows the plutonium buildup wichin the
fuel with irradiation time. Figure 4.l shows the variation in isotopic con=
tribution to bone dose with irradiation time and burnuppfor LEU fuel. While
the fractional contributon to bone dose from the plutonium i{sotopes increases
vith time, the bone dose is still substantially below that for the thyroid.



Table «.2. Doses ot 500 » Site Soundary for
10 W Genaric Reactor 100 m.nu |
Element With HEU and LEU Puel |

TN |
Bons Dose, tee
n LOA=1 1304~ |
04 1.308 1,425 ‘
Lung Dose, tes
Y 1.987+1 .00-1
» 4 1.600 1.634
Ihyeatd Dose, ree
s LS 5
» 4
¥hole Sody (laternsl), ree
s 1.5949-2 1.804~2
» 4 1 i21=1 L.217=1
¥hole Sody (sxternsl), res
s 5.30%-2 S.e81-2
» 4 1,812+ 1871
Suraup, 'O “.% 3.0
*Assuaing 1002 of noble gases, 233 of halogens,
and 1T of othar are availsble for relesse from
the contalament, and & leakage rate from the
containment of (1/day (using Regulstory Gulde
1.4 1/Q valuas).

Table 4.3. 10 W LEU Gomeric Resctor - Plutonius Buildup and Doee

“‘m 290 g "' LEY Peak Power (0.4311 W) Elesent
»

l

100 - 3.8l 0.18 0.02 0.1% 0.20% “n
(h.a2) (1.80) (27.0)
200 0.01 .71 0.88 0.14 0.2 0.23% 5
(2.2%) (2.10) ar.n
300 “ 0.04 .19 1.2 0.48 0.319 0.278 LR
(3.14) (2. (16.8)
00 54 0.10 1.0 .20 1.03 0.440 0.300 L
(4.37) (2.60) (26.8)
300 86 0.3 2.3 ).802 1.84 0.6123 0.9 4.4
(6.13%) (2.80) (26.7)
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Appendix D-2 describes methods used by the Safety and Reliability Director-
ate of the UKAEA for conducting a radiological consequence analysis. For the
assessment of accidental releases of radicactive material to the atmosphere, it
would be normal in the UK to use the Tirion of Weerie suites of computer codes.
These contain models of all the important physical processes between the
release from the containment and the dose commitment to the individual. Tirion
is a Gaussian Plume constant weather code containing the following models:
Release Model, Dispersioy Model, Dry Deposition, Radiocactive Decay, Building
Wakes, Lift-Off, Plume-Rise, Plume-Breakup, Inversion Lids, Inhalation Dose,
External Radiation Dose, Consequence of Absorbed Doses, Number of Casualties,
and Deposited Activity.

This appendix also discusses a simpler and quicker method of obtaining
public doses by the use of preprepared solutions to the diffusion equation
plus dose conversion factors. An example of this type of simple calculation is
given where a child thyroid dose of 127 mrem is calculated for a 10 Ci, 2 hour,
I-13]1 release from a 50 m high stack at a distance of 500 @ under worst weather
conditions.
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Appendix D-] describes a model for calculating radiclogical consequences
appropriate for the Democritos research reactor in Athens, Greece. The model
covers all steps of the chain: Source Term, Air Concentration of Radiocactivity,
and Adsorbed Dose, and is purposely simple for use when additional computer
codes are not available. In addition to describing simple methods for calculat~
ing the source term and the release rates for radiocactive effluents, this
appendix gives simple formulae for calculating the radiological dose from all
relevant exposure pathways.

The pathways considered are the external whole body dose due to submersion
in the exhaust air plume, the axternal whole body dose due to the activity de-
posited on the ground, the internal irradiation originating from radionuclides
inhaled with the air, resulting in both critical organ and whole body doses,
external beta radiation from the exhaust air plume and the internal irradiation
due to consumption of contaminated food. 1In order to determine the total dose
of the whole body or of a certain critical organ, the contributions of all
relevant radionuclides via the exposure pathways have to be summed for the
individual receptor. :

Appendix D-4 describes some of the factors to be considered in a radio-
logical consequence anlaysis for a high power Canadian Pesearch Reactor. The
methods of determining the inventory of fission products and some of the factors
affecting the fission product release including the cheaical behaviour of the
radioiodines is considered. Atmospheric dispersion factors including meteo~-
rological conditions, stack heights, ground contours, and building wake effects
are alsc described. Simple formulae are given for calculating whole body external
doses for gamma radiation from a cloud of noble gas fission products. Correc-
tion factors are given to account for the finite size of the noble gas plume
when calculating both the individual dose on the plume centreline and the dose
to a population distributed above the plume centreline.

Appendix D-5 describes a fundamental calculation model for the determina~-
tion of the radiological effects, inside and outside a research reactor, after
hypothetical accidents, with release of high amounts of fission products from
the core as performed by Interatom of the Federal Republic of Germany. Con-
servative calculation methods are used to solve the problem. The reference
reactor for the model assumption i. a pool type (light water) reactor.

Models are presented for the following processes: source term, containment
ani activity enclosure, time dependent activity behaviour in the reactor build-

ing, radiation exposure in the reactor plant, and radiological exposure in the
environment.

In Appendix D~6, GA Technologies Inc. presents methods and sample calcula-
tions for a radiological consequence analysis for U-ZrH fuel failure in a TRIGA
reactor. The analysis summarizes the calculations in tabular form for four
failure modes: single-rod failure in air and three l6-rod cluster failures
in water using both experimentally based fission product release fractions and
conservative design basis release fractions. Fission product inventories and
release fractions, building release and downwind doses are described and com=—
pared to design basis dose criteria.
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One of the critical parameters in any radiological consequence analysis
is the assumed fractional release of fission products from the fuel to the
reactor building. Several of the appendices give typical values which are
used in their jurisdiction and these are summarized in Table 4.4, For noble
gases, it is common to assume a release fraction of 1.0. Radioiodine release
fractions used in safety analyses vary widely depending on the degree of con~
servatism used and the type of accident being considered. For example, it is
common practice in some jurisdictions to assume an effective radioiodine release
fraction of 0.25 from the portion of the fuel that has failed. On the other
hand, for a release under water, most of the radiociodine will remain in the
liquid phase and values ranging from 102 to 10™* are commonly used. A similar
situation exists for particulates where a release fraction of 0.0l is commonly
assumed. In one case this is modified to 10™% due to the presence of the
pool water.

Table 4.4. Fission Product Relesse FPractions - Puel to Resctor Bullding (Practiom of Core Inventory).

L GAZC INTERATON GA (a)
Sapp. D) {App. D=3) {App. D=3) {App. D-6)
Moble Gae 1.0 1.0 1.0 1.0
Radiolodices
Prom Puel to Poel 0.2% 0.25 = 6.3 = 10" (e)
From Poel to Bulldiag
Llemencal 1= 10~ (902)
Orgaaic 1= 1.0 oz)
Total to Building
Elemencal 2.3 = 109
Orgaaic 2.5 = 10}
Tocal 0.2% (&)
0.28 (») 0.25 2.72% = 1072 (a)
1.72 = 107% (o)
Particulatas 9.01 0.01 10~%

m are fraction of gep Laventory.

(%) Asoumed 50I relesse from fuel and 502 of that avaeiladle in the building.
(e) Experimental relesse value.

(d) Ralesss in air,

(a) Design basis relesse value.
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CHAPTER 5
EXAMPLES OF AMENDMENTS TO SAFETY REPORTS

Appendix E contains several Jdocuments intended to illustrate what work
has been required, or is expected to be required, in preparing a Safety Report
amendment for a licensing authority in order to obtain a licence for core
conversion.

The documents present a spectrum of reactor types from critical facilities
to research reactors with power levels between 2 MW and 70 MW. The changes
vhich are addressed range from the testing of prototype elements, to full core
replacement., One reactor required changes to associated plant as well,

In most cases, the documents are summaries indicating the work required.
That for the FNR (Appendix E-3) is the actual Safety Report amendment, and that
for GRR-1 (Appendix E~6) is an example document illustrating the format set out
in this Guidebook (and also IAEA Safety Series No. 35, 1984 Edition) using GRR-l
as an example. With the exception of GRR-1, these documents describe changes
which have been approved and in some cases already successfully implemented.

In all cases, reactor physics parameters were recalculated with the
new fuel. In the case of reactors of significant thermal powers, power distri-
butions were recalculated and the effects on thermal-hydraulic behaviour
considered. Fuel material and cladding behaviour was discussed in detail,
including fuel failure, reference being made to experimental investigation
and fuel testing programmes. Where other significant changes had been made,
their effects were also considered. In some cases the opportunity was taken
to incorporate recently developed requirements into the safety analysis,
In some cases it was also necessary to re-evaluate fission product inventories,
fission product releases and radiological consequences.

It will be seen from the variations between the documents presented
that core conversion to MEU or LEU can encompass a wide range, from chanies
to the fuel material ouly to changes to the core and some associated plant

changes. The extent of the Safety Report amendments required varies from case
to case over a similarly wide range.

Table 5.1 gives an overview of Appendices E~l to E~7 in order to help the
reader to find adequate examples for his individual requirements.
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CHAPTER 6

SAFETY SPECIFICATIONS

Appendix F contains two contributions dealing with determination of the
power limits of a reactor facility with reduced enrichment fuel compared with
highly enriched fuel.

Generally, there will be a strong incentive to retain the primary circuit
without modification. As core conversion requires an increase of uranium
contents, sometimes realized not only by increasing the uranium density in the
fuel meat but also by increasing the fuel meat volume (and thus the thickness
of the fuel plates), the consequences of such geometrical changes have to be
investigated thoroughly, regardless of any changes in the primary circuit.

In Appendix F-1, a general procedure is described for determination of the
new power limits. An adequate criterion is formulated in which not only the
geometrical parameters of the fuel elements change, but also the new coolant
channel flow which can be derived from the new circuit resistance and the pump
characteristics,

In Appendix P-2, the consequences of core conversion are investigated in a
specific reactor (HFR at Petten) for three specific types of LEU elements. The
LEU elements considered are elements with 15, 16 and 18 relatively thick plates.
These are compared with the present 23 plate HEU elements. In this comparison,
the present primary circuit has been considered as a boundary condition,

The limiting power is determined by the bubble detachment criterion. From
this criterion, it follows that the power limit is proportional to the number
of fuel plates (heated area), dependent on the coolant channel thickness, and
proportional to the coolant velocity in the channels. This last quantity is
determined by the primary coolant flow, which is derived from the pump charac~

teristics and the primary circuit resistance. The changes in this resistance
have been calculated.

It is seen that for the cases studied, the loss in heated area (fever
plates) is compensated for more than 50% by an increase inm coolant velocity in
the elements. This increase is due to the circumstance that in this type of
reactor the total flow is influenced weakly »y the reduced flow area of the
considered LEU fuel elements. '
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CHAPTER 7

BENCHMARK CALCULATIONS

7.1 INTRODUCTION

A safety-related denchmark problem for an {dealized lig"~-water, pool=-
type reactor was specified {n order to compare calculational methods used in
various research centres and institutions. The specifications of this problem
are given in Appendix G-0O and the detailed results contributed by five organi-
zations (ANL, INTERATOM, JAERI, EIR, and JEN) are provided in Appendices G-l
through G=5. The reactor and loading specifications are identical to those
cf the 10 MW neutronics benchmark problem defined in IAEA~TECDOC-233 (August
1980) except for the central flux trap.

For heavy-water-moderated research reactors, a separate benchmark problem
for both the neutronics and safety-related parameters was defined and a summary
and the detailed results contributed by five organizations (ANL, HARWELL, AAEC,
JAERI, and RIS®) are provided inm IAEA-TECDOC-324 (January 1985), In the interest
of completeness, selected transient calculations contributed by the AAEC for a
reactor very similar to the heavy water benchmark reactor are included in this
summary and in Appendix G-6.

Since the purpose of these benchmark problems is to compare calculational
methods, the reactor configurations were idealized and simplified. Thus, these
calculations may not correspond to realistic reactor conditions, and only
laited conclusions about actual reactor performance and safety should be drawn
from them, even though some results are very similar to the results of the gen~
eric studies for light water reactors and the specific studies for heavy water
reactors.

The main parameters which have been calculated for the light-water reactor
benchmark problem with HEU and LEU fuels are:

e Prompt Neutron Generation Times
e Delayed Neutron Practions

¢ Isothermal Temperature and Void Reactivity Coefficients

L J

Radial and Local Power Peaking Factors

¢ Control Rod Reactivity Worths

¢ Power and Temperature Responses to Loss of Flow

¢ Power and Temperature Responses to Ramp Reactivity Insertions

In the following sections, the main results of the calculations are
summarized and compared.
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7.2 RESULTS OF STATIC CALCULATIONS
7.2.1 Basic Kinetic Parameters

The results of the calculations of the basic kinetic parameters, namely

prompt neutron generation time (A) and delayed neutron fraction (8g.¢¢) are
presented in Table 7.1.

The values show about a 23T shorter generation time A and a 3-5% lower B 4¢
value for the LEU case compared to the HEU case. This is mainly due to the
harder neutron-spectrum in the LEU case.

Table 7.1 - Basic Kinetic Parameters iy b
Parameter Fuel . ANL INTERATOM JAERI EIR JEN
A 56.0 54.5 57.6 58.8 51.7
(us) LEU 43,7 42,2 44,4 44.8 38.0
Beff HEU 0.761 0.762 0.744 0.778 0.736
(%) LEU 0.728 0.732 0.722 0.736 0.713

Teded Isothermal Reactivity Coefficients

Table 7.2 shows the average values of the temperature coefficients of re-
activity for the HEU and LEU cases over the temperature ranges 20-38°C, 38-50°c,
and 50~100°C for change of water temperature only, change of water density only,
and change of fuel temperature only. Least-squares fits of the data in
Appendices G-l to G=5 were performed to obtain the values shown in Table 7.2
for those cases in which calculations were not done at the specified points.
Also shown in this table is whole~core void cogfudnt of reactivity for a
change in water density from 0.958 - 0.90 g/ca’. FPigure 7.1 gives as an
example the calculated isothermal reactivity differences as functions of
temperature and uranium enrichment.

The dependence of these coefficients on the enrichment of the fuel are
described below:

¢ The density component of the water reactivity coefficient increases and
the temperature component decreases when changing from HEU to LEU fuel.
When the water temperature and density coefficients are combined, the
values for the LEU core are smaller by ~92 over the temperature range
38-50°C and smaller by ~5% over the temperature range 50-100%,

It should be mentioned that the water density coefficient is nearly
linear over the density range 0.998-0.958 g/cm’ (20~100°C). When

plotted against temperature, the reactivity loss due to decreasing
water density is non-linear because the dependence of water density
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Table 7.2 - Isothermal Reactivity Coefficients

INTER-
Effect Fuel ANL ATOM JAERI EIR JEN

Temperature Range: 20-38°C (-&p/°C x 109)
Water Tamp. HEU 11.9 10.4 9.6 12,0 9.0
Only: b LEU 8.2 7.9 9.6 8.5 7e}
Water Density HEU 7.1 6.8 5.7 7.3 12,0
Only: %, LEU 8.3 7.9 6.3 8.5 13.6

+ 19.0 17.2 15.3 19.3 21.0

b it LEU 16.5 15.8 i5.9 17.0 20,7
Fuel Temp. HEU 0.058 . 0,045 0.113 0,02 0.020
Only: o, LEU 2.63 2.19 1.94 2.37 3.15

Temperature Range: 38-50°C (=ag/°C x 109)
Water Temp. HEU 11.9 10.8 10.3 11.6 8.7
Only: ap LEU 8.1 7.7 9.2 8.2 6.8
Water Density HEU 10.4 10,0 7.9 10.4 17.5
Only: %, LEU 12.3 11.2 9.7 11.7 19.6
ory * M, 22.3 20.8 18.2 22.0 26,2

LEU 20,4 18.9 18.9 i9.9 26,4

Fuel Temp. HEU 0.055 0.044 0.104 0,02 0.020
Only: o, LEU 2.58 2.17 1.92 2.16 3,08

Temperature Range: 50-100°C (-a8p/°C = 109%)
Water Temp. HEU 11.6 11.4 11.8 11.2 8.0
Only: o, LEU 7.8 7.5 8.2 7.8 6.2
Water Density HEU 15.7 14.5 12.0 15.9 26,7
Only: ap LEU 18.6 17.1 14,3 18.1 29.8
or, *+ @, HEU 27,3 25.9 23.8 27.1 34,7

LEU 26,4 2.6 22,5 25.9 36.0
Fuel Temp. HEU 0.034 0.042 0.087 0.02 0.019
Only: ‘Tg LEU 2,52 2.12 1.89 2.19 2.94
Water Density Range: 0,958-0.90 g/ca’® (-80/4p,)

Voids or Water HEU 0.296 0.278 0.222 0.300 0,466
Density: a, LEU 0.344 0.316 0.232 0.337 0.513
Water Density Range: 0.998-0,958 g/ca’ (=40/80y)

HEU 0.258 0.239 0.199 0.261 0,442
LEU 0.305 0.280 0.237 0.299 0.490
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on water temperature is non-linear. The data at the bottom of

Table 7.2 show that the water density coefficient is more negative
in the LEU core than in the HEU core by about 15-20% over the density
range 0.998-0,958 g/ca’,

e A safety benefit in changing from REU to LEU fuel is the significant
increase in the fuel temperature coefficient due to the Doppler effect.
This coefficient is almost zero in HEU fuel. The reactivity feedback
due to the Doppler effect is virtually instantaneous as the temperature
of the LEU fuel meat increases, while the reactivity feedback due to
increasing water temperature and decreasing water density is delayed
because heat generated in the fuel meat must be first transferred to
the cladding and then to the water. The Doppler component also has
more weight than the water component because temperature differences
from nominal conditions are generally larger in the fuel meat than in
the water.

o The whole-core void coefficient is more negative by about 10-152 for
LEU fuel than for the HEU fuel over the water density range 0,958-0,90
g/cm’, This increased void cocfficient in the LEU case is very signifi-
cant in the analysis of certain extreme hypothetical accidents.

The changes in the kinetic parameters and reactivity feedback coefficients
discussed above are not meaningful by themselves, but have significance only
when they are combined in the analyses of transients and operational re~
activity swings. The results of these arilyses are discussed in sections
which follow.

7.2.3 Power Defect of Reactivity

For reactor operation, the power defect of reactivity (or the cold-to~
hot reactivity swing) is an important parameter, defined as the total of all
reactivity effects induced by bringing the reactor (at full flow) from cold
zero~power conditions to normal operating conditions. That is:

8power = (o, + ap ) Ty + o, aTe

where b L aﬁ or, are the temperature coefficients of reactivity defined

in Table 7.2 and AT, and AT¢ are the mean temperature differences in the water
and in the fuel from cold zero-power conditions to normal operating conditions.
Some steady-state thermal-hydraulic data calculated for the average channel in
the 10 MW benchmark core with HEU and LEU fuels are shown in Table 7.3.

Table 7.3, Steady-State Thermal-Hydraulic Data for the Average Channel
in the Benchmark Core.

Mean Mean Water Peak
Inlet Flow Water FA Fuel o Outlet Fuel
T t 3 .
Hi g:l» v Rate, T::w ’ .JT.. T:?- , g:. Temp.,  Tesp.,
HEU 38 1000 42,5 4.5 54,7 16.7 67,1 61.7
LEU 38 1000 42.5 4.5 54.9 16.9 47,1 62.0
HEU 20 1000 24.5 4.5 39.3 19.3 29.1 47.6
HEU 20 800 25.8 5.8 43.3 23.3 3.5 53.3
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For the HEU and LEU cases in Table 7.3 with an inle: temperature of
38°C and a flow rate of 1000 m®/h, the mean tpmperature differences between
zero power and full power would be about 4.5°C in the water and about 16.8°C
in the fuel meat.

Table 7.4 shows the water, fuel, and total reactivity differences between
zero and full power computed using the isothermal reactivity coefficients in
Table 7.2 for the temperature range 38-50°C. The difference in the power
defect of reactivity between the HEU and LEU cores in this example is about 4-6¢.

Table 7.4 Power Defect of Reactivity: 4p x 107
8T, = 4.5°C; 4T¢ = 16.8°C

INTER-

Effect Fuel ANL ATOM JAERI EIR JEN
Water Teamp. HEU 1.004 0.936 . 0.819 0.9%0 1.179
+ Density LEU 0.918 0.851 0.851 0.900 1.188
Fuel Temp. HEU 0.009 0.007 0.018 0.003 0.003

LEU 0.433 0.365 0.323 0.363 0.517
80 pover HEU 1.013 0.943 0.837 0.993 1,182
LEU 1.351 1.216 1.174 1,263 1.70°
Bote, 2 0.761 0.762 0,744 0.778 0.73¢C
LEU 0.728 0,732 0.722 0.736 0.713
80 powers © HEU 13.3 12.4 11.3 12.8 16.1
LEU 18.6 16.6 16.3 17.2 23.9

7.2.4 Power Peaking Factors

The results of the specified 2D calculations of the radial and local power
peaking factors when selected fuel elements in the and LEU BOC cores (with
equilibrium fission product concentrations) were replaced with elements having
fresh fuel are shown in Table 7.5, The radial power peaking factor is defined
as the ratio of the average midplane power in a specific element to the average
aidplane power in the core. The local power peaking factor is defined as the
ratio of the maximum midplane power to the average midplane power in the speci-
fied element that was substituted.

The parameter which is most significant in Table 7.5 is the product of the
radial and local factors. For the HEU core with HEU element substitutions and
the LEU core with LEU element substitutions, the limiting radial * local power
peaking factors (in CFE~l or SFE-1) calculated by each contributor are about
the same in both cores, though there are ’on significant differences.

For an initial mixed core (onme LEU element in a HEU core) the radial x
local peaking factors are larger than in the HEU core by about 16 - 20%
because the fissile content of the LEU elements is larger by a factor of 1,39,
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Table 7.5. Power Peaking Factors

Fresh Element INTER-
Core Element Substitutaed ANL ATOM EIR JEN
Radial
HEU in none 1.02 1.05 1.08 1.02
m Cot. Cn"l 1.36 1.12 l.lz 1033
SFE-1 3.13 1.14 1.18 1.14
HEU
Core
LEU in CFE-1 1.49 1,48 1.28 1.47
HEU Core SFE~] 1.21 1.26 1,28 1.29
e e e e e e ——— - —3
LEU LEU in none 1.02 1.04 1.06 0.99
Core LEU Core CFE~-1 1.3} 1.26 1.10 1.29
SFE-1 1.10 1.12 1.15 1.14
Local
HEU in none 1.44 1.37 1.36 1.45
HEU Core CFE~1 1.34 $.25 1.18 1.26
SFE-1 1.43 1.38 1.39 1.39
HEU
core
m 1“ Cn'l lo" 1.35 1022 103‘
HEU Core SFE~1 1.55 1.44 1.48 1.50
_—————
LEU LEU in none 1.56 1.52 1.85 1.58
Core LEU Core CFE~1 j.33 1.24 1.12 1.24
SFE~-1 1.55 1.48 1.85 1.51
ial x Lo
HEU in nonza 1.46 1.44 1,47 1.48
HEU Core CrE~l 1.81 1.56 1.32 1.67
SFE~! 1.59 1.57 1.64 1.59
HEU
Core
LEU in CFE~] 2.16 1.99 1.57 1.97
HEU Core SFE~-1 1.87 1.82 1.90 1.88
LEU LEU in none 1.58 1.57 1.97 1.56
Core LEU Core CFE~] 1,75 1.56 1.23 1.60

SFE~1 .71 1.66 2.13 1.72
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It should be noted that the local peaking factors were computed in a
different manner by each of the contributors. Individual appendices should
be consulted for descriptions of the methods used. In order to calculate the
maximum peaking factors, care should be taken to choose a small enough mesh
vidth and extrapolate to the peak power value or to modify computer codes to
edit power densities based on flux values at the edges of mesh intervals
rather than at the centers of mesh intervals. The latter approach yields
peak power densities that are reasonably independent of the mesh width.

Axial power peaking due to partially-withdrawn control absorbers is also
of interest. In many light-water-moderated MTRs, the axial peaking factor is
1.30 = 1.35 with the control absorbers fully-withdrawn. Three dimensional
calculations of the BOC benchmark cores with the absorbers at Jifferent bank
positions show that the peak axial power density is obtained when the abosor—
bers are 50X withdrawn and that the peak is located at a heigh: of about 20 cm
from the bottom of the active core. Axial power density profiles in SFE-I
and CFE-l are shown in Fig. 7.2 for this case. Table 7.6 lists the peak values
of the power density with the absorbers 502 withdrawn and 1002 withdrawn.

Table 7.6 Peak Power Densities (W/cm?) in CFE~l and SFE-! for HEU
and LEU BOL Cores with Control Rods Withdrawn 50% and 100%.

Control _CFE-1 SFE-1
Po:::iou HEU 1EU LEU/HEU HEU LEU  LEU/HEU
502 Out 258 249 0.97 277 289 1.04
1002 Out 222 218  0.98 238 252 1.06
Ratio %!-"g—:; 116 1.14 1.16 1,18

The peak power densities in all four cases are about 152 larger with the
rods 502 withdrawn rather than 1002 withdrawn. Thus, an axial peaking factor
of 1.50 = 1.55 {s appropriate in 2D calculations to account for the axial power
bulge with the control absorbers 502 withdrawn.

7:3.5 Control Rod Worths

The results of the calculations of control rod worths are shown in
Table 7.7 for the HEU and LEU cores with fresh fuel and in Table 7.8 for the

specified HEU and LEU BOC cores. An excellent agreement between the different
methods i{s observed.

With LEU fuel, the effectiveness of the control rods (measured in §)
decreases by about 5 - 8% for the fresh-fuel core and by about 10 -~ 152 for
burned fue] in the BOC benchmark core.

The results of calculations (see Appendix G-1) with a 3D model of the HEU
and LEU BOC cores with different control rod bank positions are shown in Fig.
7.3, The total reactivity worth in dollars is about 112 smaller in the LEU
case, but the shape of the curves is very similar, The HEU and LEU cores would
be critical with the rods withdrawn about 642 and 682, respectively,
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Table 7.7 Control Rod Worths for Fresh Fuel Cores (4p)

ANL
Monte Carlo Diffusion INTERATOM
Absorber z, 8 2 $ b4 $
HEU Ag-In~Cd 13,43 £ 0,38 1580 1.} 13.3 17.5
Core 17,65 £ 0.50
BsC 16.82 = 0,38 17.0 22.4 37.2 22.6
22.11 = 0,50
Hf 12.70 £ 0,36 12.6 16,6
16,70 £ 0,47
LEU Ag-In-Cd 11.24 £ 0,38 1.5 15.% 11.7 16.0
Core 15.45 2 0,52
ByC 14,95 = 0,40 15.4 21.2 15.3 20.9
20,55 = 0,55
Af 11,07 £ 0,36 11.2  15.4
15.22 = 0,49
Difference Ag-Io~Cd 2.19 ¢ 0,54 1.5 1.2 1.6 1.5
HEU-LEU 2.20 £ 0,72
ByC 1.87 £ 0,55 1.6 1.2 1.9 b7
1.56 £ 0.74
Hf 1.63 = 0,51 1.4 1.2
1.48 £ 0,68

Table 7.8 Control Rod Worths for BOC Cores (40)

ANL
(D1£fusion) INTERATOM JAERI

Absorber b4 3 4 $ b4 $

HEU Ag-1n-Cd 17,0 22.4 16.9  22.2 17.5 23,8

e %C 2.7 28.6 21,3 28.0 23.1 31,0
ue 16,4 21.6

L2y Ag=1n-Cd 4.5 19.9 4.2 19.4 13,9 19.3

Gose B¢ 18.9 26,0 18,3 25.0 19.0 26,4
uf 14,0 19.2

Difference Ag-1n~Cd 2.5 2.5 2.7 2.8 3.6 4.2

i 8C 2.8 2.6 .0 3.0 - el

L H 2.4 2.4
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Outside of the specified benchmark problem, calculations were alsn done
(see Appendix G-2) to compare the relative effectiveness of fork~type and
oval-type absorber designs. The fork-type absorber blades consisted of
AginCd-alloy with steel cladding and the oval-type absorbers consisted of
natural boron carbide (B4C) with a layer of cadmium. The fresh HEU fuel
elements had 23 plates with a fissile content of 180 g, Models for the con-
trol fuel elements were typical of those that are used with the two absorber
designs. The core was modeled as an infinite array with a repeating unit of
five fuel elements and one control element. The total reactivity worth of
the oval-type absorbers was computed to be 9.9% 8k/k and that of the fork-
type absorber was computed to be 13.6 8k/k, an increase of about 36X in shut-
down efficiency for the fork-type absorber.

7.2.6 Hea: P

Calculated valuas of decay heat power versus time after shutdown (see
Appendix G-2) are shown in Fig. 7.4 for the HEU and LEU cores with 10 MW
initial power. For short shutdown times, the deviation between the two curves
is small. For long times, the deviation can be as much as 402, dbut the magni-
tude of the decay heat power is quite small.

4 Decay Meat [ W/Core)

o' 0? 03 0* 0 108 v’ 08 o

Fig. 7.4 Decay Heat versus Shutdown Time for HEU and LEU Benchmark Cores.
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7.3 RESULTS OF TRANSIENT CALCULATIONS

Analyses of the behavior of the HEU and LEU benchmark cores were performed
for the four specified transients:

e Fast Loss-of-Flow Transient
e Slow Loss-of-Flow Transient
e Slow Reactivity Insertion Transient
¢ Fast Reactivity Insertion Transient

Qutside of the problem specifications, calculations were also performed
for the $1.5/0.5s fast reactivity insertion transient to determine (1) the
sensitivity of the results to uncertainties in the kinetics parameters and
thermal conductivity, and (2) the effect of removing the specified scram.

In addition, the behavior of the HEU benchmark core for reactivity
insertions leading to clad melting was compared with results for two SPERT 1
experimental cores (B~24/32 and D~12/25), and reactivity insertiom limits
for clad melting as a function of ramp duration were determined for both the
HEU and LEU benchmark cores.

In the calculational models, the core was represented by two channels:
one representing the average thermal-hydraulic behavior of the core and the
other representing the hottest channel. The axial source distributicns in
both channels were represerted using a number of regions, a chopped cosine

shape, and the power peaking and engineering hot channel factors that were
specified.

7.3.1 Loss-of-Flow Transients

Fast and slow loss-of-flow transients for the HEU and LEU cores were
modeled with exponential flow decay and time constants of 1.0s and 25.0s,
respectively. The transients were initiated from a power of |2 M with a
flow trip point at 85X of nominal flow and a 200 ms time delay before begin-
ning a shutdown reactivity insertion of -$10 in 0.S5s.

The results that were obtained are compare. in Tables 7.9 and 7.10.
Figures 7.5 and 7.6 show typical examples of the variation with time of the
fuel centerline temperature, the clad surface temperature, and the coclant
outlet temperature. The results show that there are almost no differences
between the HEU and LEU cases. The peak surface clad temperature is far below
the melting tempersture of the cladding and the flow instability parameter, n,
is much larger than its limiting value.
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Table 7.9 Fast Loss~of-Flow Transient, l.)-sec Time~Constant, Exponential
Decay, Initial Power: 12 MW, Flow Trip Point: 852 of Nominal Flow

Core ANL INTERATOM JAERI JEN
Power Level at HEU 11.9 11.5 11.7 11.8 |
Scras, W LEU 11.9 11.4 11.7 11.7 |
Peak Fuel Center— HEU 89.2 91.0 99.4 9.5
Line Temp., *C LEU 90.3 91.9 98.7 95.4 ‘
Peak Clad HEU 87.5 89.5 98,4 94,0 |
Surface Temp., *C gy 87.5 89.3 97.1 93,9
Peak Coolant HEU 60.3 56.5 58.4 59.4
Outlet Temp., °C LEU 60.3 56.4 58.1 59.3
nu’u-n- n, HEU 234 257 268
ca® K/Ws LEU 235 258 262

Table 7.10 Slow Loss-of-Flow Transient, 25.0-sec Time-Constant, Exponentcial
Decay, Initial Power: 12 MW, Flow Trip Point: 852 of Nominal Flow

Core ANL INTERATOM JAERL JEN
Power Level at HEU 11.6 11.6 11,6 11.8
‘Scram, MW LEU 11.6 11.5 11.6 11.7
Peak Fuel Cu.uu'- HEU 85.8 87.4 97.4 91.2
Line Temp., °C LEU 86.8 88.2 97.7 91.9
Peak Clad ] HEU 83.9 85.8 96.4 90.7
Surface Temp., °C py 83.7 85.5 9.1 90,3
Peak Coolant HEU 58.9 55.6 $7.7 58.3

o

Outlet Temp., °C LEU 58.8 55.4 57.5% 8.1
Iugim n, HEU 270 293 301
ca® K/Nis LEU 271 295 304
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Fig. 7.5 Transient Responses of HEU and LEU Benchmark Cores to a
Fast Loss-of-Coclant Flow with Decay Time of 1.0 sec.
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Fig. 7.6 Transient Responses of HEU and LEU Benchmark Cores; to a
Slow Loss-of-Coolant Flow with Decay Time of 25.0 sec.
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7.3.2 Slow Reactivity Insertion Transient

The slow reactivity insertion transient was initiated by ramp rates of
$0.10/8 in the HEU core and $0.09/s in the LEU core starting with the reactor
critical at an initial power of | W and full flow. The safety system trip
point was 12 MW with a time delay of 25 ms before beginning a shutdown reac-
tivity insertion of -$10 im 0.5s.

The results are listed in Table 7.11 and an example of the power pro-
files and the temperature profiles at the clad surface, fuel centerline, and
coolant outlet are shown in Fig. 7.7. The minimum periods, peak powers, and
peak temperatures in the fuel, cladding, and at the coolant outlet are in
very good agreement, but there are differences among contridutors in the
energy release to peak power.

The HEU transient reaches the 12 MW trip point about one second earlier
and has a higher peak power than the LEU case because the reactivity feedback
is smaller. The LEU case has a much broader burst shape because the strong
prompt feedback from the Doppler component plays a significant role. Thus,
even though the peak power in the LEU case Just exceeds the trip point, the
energy released to the time of peak power is larger and the peak temperature
at the surface of the cladding is about 78°C instead of about 69°C in the HEU
case. However, both peak cladding temperatures are wvell below the melting
temperature of the cladding. The energy released beyond 12 W is significantly
larger in the HEU case.

7¢3:.) Fast uacuvttz losertion Transients

The fast reactivity transients were initiated by ramp iansertions of
$1.5/0.58 in the HEU core and $1.5/0.9s and $1.35/0.5s in the LEU core start-
ing with t*: reactor critical at an initial power of | W and full flow. As
for the slow reactivity insertion transient, the safety system trip point was

12 W with a time delay of 25 ms befire beginning a shutdown reactivity inser-
tion of ~$10 in 0.5s.

The results for the HEU and LEU cases with $1.5/0.5s are compared in

Table 7.12 and examples of the pover and temperature profiles are shown in
Fig. 7.8. Overall, the data are in very good agreement.

Since the LEU core has a shorter prompt neutron generation time and thus
a smaller minimum period, the peak power is reached slightly earlier. The
pover burst for the LEU core is slightly narrower than in the HEU core, and
even though the peak power is slightly higher for the LEU case, the energy
release is lower. The prompt Doppler feedback from the LEU fuel does not
play a significant role in these fast transients with scram.

The peak fuel centerline temperature is about 13 = 16°C higher in the
LEU core, mainly due to the smaller spacified thermal conductivity of the LEU
fuel meat. The peak clad surface temperature is a few degrees higher and the
Peak coolant outlet temperature is about the same or a few degrees lower in
the LEU case. A brief period of localized nucleate boiling was predicted for
the hot channel in both cores. Overall, there are no significant differences
between the HEU and LEU results for this transient,
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Table 7.11 Slow Reactivity Insertion Transient
Ramps of 0.10 $/s for HEU, 0.09 $/s for LEU
Initial Power: IW; Flow Rate: 1000 a’/h
Trip Point: 12 MW; Time Delay: 25 as
Core ANL INTERATOM JAERI JEN
Minimum Period, s HEU 0.10 0.10 0.10 0,10
LEU 0.11 0.11 0.11 0.11
Peak Power, MW HEU 14,1 14,4 13.8 14.9
LEU 12.4 12.2 12,4 13.0
Energy Release to HEU 1.74 1.53 1.75 1.63
Peak Power, MWJ LEU 4.5 5.94 469 2.10
Peak Fuel c«‘lnr- HEU 70.6 70.5 70.5 69.9
Line Temp., “C LEU 80.6 80.8 8.2 73.2
Peak Clad HEU 69,0 69.2 69.2 69.5
Surface Temp., °C gy 7.7 78.1 78,5 71.9
Peak Coolant 2 HEU 48,1 45,2 47,7 47.5%
Outlet Temp., °C LEU 53,9 Sl.1 52.8 48,8
Energy Released HEU 50 76
Beyond 12 MW, kJ LEU 2 19
lt‘t- n, HEU 483 sy
ca’ R/ LEv 374 502
(e=20 sec) P, W HEU 5 - 7
LEU 15 15 9
E, W HEU .29 2.35 2.20
LEU 5.30 S5.48 2,66
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Fig. 7.7 Transient Responses of the HEU and LEU Benchmark
Cores to a Slow Reactivity Insertion
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Table 7.12 Past Reactivity Insertion Transient
Ramp of 1.5 §/0.5s for HEU and LEU Cores
Initial Power: IW; Flow Rate: 1000 a’/n
Trip Point: 12 MW; Time Delay: 25as

Core ANL INTERATOM JAERI JEN
Minisus Period, ms HEU 15 14 15 14,5

LEU 12 12 12 13,5
Peak Power, MW HEU 132 135 115 133

LEU 148 144 164 116
Energy Release to HEU 3.26 3. 14 2.86 3.47
Peak Pover, W LEU 2,95 2.83 2,95 2,62
Peak Puel Center-  HEU 171 173 158 167
line Temp., °C LEU 183 186 171 166
Peak Clad . U 156 160 147 162
Surface Temp., "C gy 157 168 149 157
Peak Coolant HEU 84 7 62 109
Outlet Temp., °C LEU 82 6 %) 80
Minimua n, ca’®X/Ws RV 3 36

LEU 46 58
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7.3.4 Sensicivicy of Results to Variations in
Thermal Conductivity and Kinecics Paramecers
In this section, the influence of variations in the thermal conductivity
of the LEU fuel meat and in some of the kinetics parameters of the HEU core

is considered for the $1.5/0.5s fast reactivity insertion transient, Detailed
results provided in Appendix G-l are shown in Table 7,13, Only the parameter

indicated was changed in each case.

The thermal conductivity of the LEU fuel meat in the LEU B0C core was
varied from the 0.5 W/cnK value in the benchmark specifications to a maxi~
sum of 1.5 W/ eaK, As expected, the largest change occurred in the peak fuel
temperature. The smallest change occurred in the peak temperature at the
surface of the cladding. In changing the thermal conductivity froa 0.5 to
1.5 W/enK, for example, the peak fuel temperature decreased by 6,32 from
183°C to 172°C and the peak clad temperature increased by only 0,3%, Thus,
uncertainties in the thermal conductivity would not have a significant impact
on the LEU benchmark conclusions.

The effect of variations in the kinetics parameters A and 8 were
addressed by changing the base values by 10X {n the HEU BOC core. The magni~
tude of the changes in the results are larger for a 10X decrease in A than
for a 10T increase in A, Since the inverse period for a super-prompt-critical
step insertion is proportional to B8/A, increasing & is approximately equivalent
to decreasing A by the same amount,

Changing the reactivity feedback of the moderator (water temperature and
density) in the HEU core by * 10% changes the peak fuel temperature by ¥ 0,4%
and the peak temperature at the surface of the cladding by ¥ 0,2%, Again, the
conclusions of the benchmark studies would not be affected by these changes.

Table 7,10 Semsitivicy of Results for the §1.50/0,.% Past
Resctivity [neertion Transient te Variations
ia Thermal Conductivity, Kiseties Parsmaters,
ad Moderstor Pesdback Coefficient

Relonse  Posk  Posk
Coolant
0C Change in Poak te Fask  Puel Clad Outlet
Parsmetar Core  Parametar Pomar Power Temp. Temp. Temp
— X N
Tharsal (¥ .4 0.5+1.0 *.0 .
- -“.7 =0 0.’
V/ e 0.5+1.% *.) “%.) =) 0.9
'm L4 102 -19.0 . & % -
1.3 51 .2 10,)
Gon. Time -0 7.8 i3 “wese 90 *13.)
bott Ny el02 24,0 SO CLIE L N R O T
Moderator L4 .loz 1.4 1.2 0.4 =02 1)

Coefficiont ~102 . .2 0.4 0.2 e
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7.3.5 Self-Limited Transients

Although the transients specified for the bdbenchmark cores do not include
self-limiting cases, it is of interest to some reactor operators to consider
cases where the specified scram {s removed., Table 7.14 taken from Appendix
G-l provides a comparison of both the HEU and LEU benchmark cores for both
protected and unprotected transients of $1.50/0.5 s. Differences in the
prompt neutron genaration time (A) and the Doppler coefficient are largely
responsible for the observed differences in the results.

In the cases with scram, the influence of the larger Doppler coefficient
for the LEU core is overshadowed by the negative reactivity from the inser~
tion of control rods. The smaller A for the LEU core yields a shorter ini-
tial period and a faster rise in power. Consequently, the LEU case with
scram shows a slightly higher peak power than the HEU case. However, the
peak temperatures reached at the clad surface are very similar in both cases.

In the unprotected (self-limited) transients, the influence of the large
Doppler feedback in the LEU core is apparent. All of the values recorded are
substantially lower for this LEU case. The larger void/density coefficient
with LEU also contributes to the differences shown. The maximum cliad surface
temperature in all cases is substantially below the melting point of the clad.

Table 7.14 Self-Limited Transients: $1.50/0.5 s Cases
Witk and Without Scram for HEU and LEU Cores

'.““. f‘*ﬂ. .c
Case . oo (tg,e) Bego Ms Aty Max. (t,8)
With Specified Scram 14,5 132 (0.65%6) 3.26 131 156 (0.672)
HEU
Self~limited 14,5 37! (0.667) 7.30 220 Joe (0.68%)
With Specified Scram 11.9 148 (0.613) .95 126 157 (0.628)
L&
Self-limited 1.9 283 (0.622) 5.56 181 26) (0,642)
Reactivicy Coefficients and Parareters
Coolant
Temperature Void/density, m,.ln.
A, us Bt f $/%c $/% Void 8/°%c
HEU 55,96 7.607-3 1.937=2 0,32%7 3.6~%
LEU 41, 74 7.37’., 1.082+-2 0.‘0‘7 ’o’l.,
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7.3.6 r t th ncs

Appendix G~| contains a comparison of measurements and calculations for
two HEU SPERT I experimental cores (B~24/32 and D~12/25) in order to validate
the PARET/ANL code for transient calculations in which the temperature of
the cladding reaches its selting point. The code vas then used to predict
the reactivity insertions (as a function of ramp duration) that would lead
to clad melting in the HEU and LEU benchmark cores.

Figure 7.9 shows the measured and calculated data for the SPERT 1
D=12/25 core (12 plates per element, 25 elements). The D-12/25 core included
destructive tests "“f‘ indicated extensive plate melting for inverse periovds
greater than ~ 166 o= (~ $2.36 insertion). Also shown in Fig. 7.9 are
results for the step reactivity insertion (~ $2.35) that would lead to clad
melting in the HEU benchmark core. The agreement with experiment is remark~
ably good even though the D~12/25 core and the HEU benchmark core have some=
vhat different characteristics. This similarity of behavior was also noted
in the diverse cores considered ip the SPERT ! series of experiments. The
damage line in Fig. 7.9 (~ 140 s~') shows the threshold for clad damage
from thermal stress.

Figure 7.10 provides a comparison of the HEU and LEU benchmark cores
showing the clad selting threshold for reactivity insertions over a range of
ramp durations from a step to 0.75 8. The areas above the curves indicate
vhere clad melting would be expected. Also shown in this figure is the
corresponding maximus net reactivity inserted (the difference between the
external reactivity inserted and the reactivity from feedback). This maximum
generally occurs at the same time in the transient as the ainimum period.

The curves in Fig. 7.10 show clearly that the LEU core can tolerate a
larger reactivity insertion before clad selting than the HEU core. The maxi-
Bum step ilansertion is ~ $2.80 for the LEU core compared to ~ §2.35 for the
HEU core. The ramp insertions of short duration are equivalent to a step
insertion since the entire ramp is inserted before the power, temperatures,
and feedback have increased substantially, and the liaiting reactivity inser~
tion remains constant. For ramps of longer duration, the feedback resctivicy
limits the net reactivity and turns over the transient before the maximum of
the ramp is reached. A lisiting ramp rate (constant slope) is resched, and a
constant maxisum net reactivity is observed for each case. The lisiciug ramp
rate for the LEU core (~ 14.8 §/8) is more than twice that for the HEU core
(~ 6.4 §/8). The LEU core also shows an earlier transition from the limicting
step portion of the curve to the limiting ramp rate range.

In order to quantify the effect of differences in the HEU and LEU feed~
back coefficients on the limiting reactivity insertions, the LEU case with "
0.58 ramp duration was redone first with zero Doppler coefficient and second
vith zero Doppler coefficient and the HEU void coefficent. The results show
that about 67T of the difference between the HEU and LEU reactivity insertion
limits is due to the LEU Doppler coefficient and that about 28% of the differ~
ence is due to the larger void coefficient in the LEU core. The remaining 5%
ttuuma can be attributed to differences in other parameters such as A and
eff. The benefits of a prompt Doppler coefficent with LEU fuel are clear~
ly demonstrated by these results.
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7.3.7 Self-limiting Transients in Heavy Water Moderated Research
Reactors '

The methods and models for reactivity transient calculations developed
at the AAEC's Lucas Heights Research Laboratories, Sydney, are briefly
described in Appendix G-6. They were validated for application to HIFAR by
comparison with experimental transient data from the very similar SPERT II
BD22/24 heavy water moderated core. Experimental and calculated transient
parameters for this core are compared in Fig. 7.11.

By use of relatively minor modifications of the model, transient para-
meters for HIFAR under zero, low power and operating coolant flow modes
were calculated and are given in Appendix G-6. It can be expected that
very similar re.ults would apply to the 10 MV benchmark reactor discussed
in IAEA-TECDOC-324, because it so closely resembles HIFAR.

Although the data presented are solely for HEU fuelling, they demon-
strate, particularly in Fig. 7.11, that there are validated methods of
transient estimation for heavy water moderated research reactors, compar-
able to those available for light water moderated research reactors.

LR

v

SPERT 11 BO 22/2¢

B
Enuqynd-nnttndcnitulnluhlnlnaaunhttli.lc'p-i-pa-r
Maximum central plate temperature (6,,)

v o AR AR |

Peak Power P (Mv)
s
LA "T"'

~No steam vad
! Shll:mq
pressure
1; 1”
: g
; ]
. p_mm Net steom vod ]
- bowing Qenerahon -
4 .
o’ " e gt g e b 1 " a_a a g aa i Gl el o b
3 1 0 y

Initig. i arse Perod (57)

Fg. 7.1 Wmmmmmmmm—
SPERT N BD 22724



S-66
CHAPTER 8
COMPARISON OF CALCULATIONS WITH MEASUREMENTS
In accordance with core conversion, several institutions have completed
experiments using LEU or MEU fuel to determine the accuracy of "wutronic
calculations. The experimental results were compared with =% ‘eslatiors,

most methods of which are reported in IAEA-TECDOC-233, T. .. s a sul.s are
contained {n Appendix H.

Full Core Comparisons

131S/CEA-Saclay (App. B-1)

Critical experiments with Caramel fuel for three enrichments of LEU were
performed by the CEA in the ISIS reactor at Saclay. The calculations show an
excellent agreement with experiments for reactivity and control rod worth, but
overestimated neutron flux in the core, except for the first outer periphery
of the core.

KUCA/KURRI (A B=-2)

KURRI supplied a variety of data on full-core critical experiments with
MEU and HEU plate-type fuels in the Kyoto University Critical Assembly (KUCA).
The experimental results were analyzed using independent ANL and JAERI code
systems. The comparison between calculations and experiments were very good

for criticality in various core geometries, for flux distributions, and for
void coefficients.

FNR/University of Michigan (App. H-3)

A series of experiments on a full core of LEU and mixed cores of LEU and

HEU fuel of plate type were carried out up to about 72 burnup of the LEU
elements.

The LEU UAly~Al elements were manufactured by NUKEM and by CERCA. ANL
and University of Michigan analyzed experiments on criticality, rod worth,
flux distributions and reaction rate distributions, and a very good agreement
between calculations and measurements was obtained.

Single Element Comparisons
0 A H=4

Prior to the full core experiments in the FNR at University of Michigan,
2 series of critical experiments using HEU, MEU, LEU and mixed fuels in the
Pool Critical Assembly (PCA) at ORNL were performed. These measurements pro-
vided valuable data for comparison with research reactor calculation modelling
for all fresh, mixed-enrichment, and all HEU fueled cores. The experiments
included criticality, flux distribution, rod worth, fission rate, etc.
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R/EIR -3

The naétivity value of an MEU element with 320 g 235y yas measured in
each posizion of a 4 x 4 core arrangement of HEU fuel elements with 280 g 23%,
The results agree reasonably well with two dimensional diffusion calculations.

DR 3/R1S@ (App, H-6)

Calculations for full MEU and LEU cores in the Danish reactor DR 3 are
compared with measurements on three MEU UAly,-Al test fuel elements and three
LEU U308~Al test fuel elements irradiated in HEU cores.

The fast/thermal flux ratios plotted against the 23% content in each
fuel element confirm the calculated ratios within a few percent. The
reactivity losses owing to the increased 238y content in the MEU and LEU
elements, as compensated by increased 23 content, were in good agreement
vith the calculated values. The comparisons comprise measurements up to
sore than 502 burnup of the fuel elements.

RA2/CNEA (App. H-7)

The calculated reactivity change of the control rods worths from HEU to
LEU fuels in the RA~] reactor was compared with measurements of the control rod
vorth in fueled RA-2 core. The comparisons show reasonable agreement,
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CHAPTER 9
FUEL MATERIALS DATA
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CHAPTER 12
STARYUP PROCEDURES AND EXPERIMENTS

Appendix L contains information related to startup procedures and experi-
ments for the conversion of a reactor facility from a highly enriched
uranium core to lower enrichment.

These startup procedures and experiments for an LEU core and for an HEU
core are in principle not different from each other. The experiments and
measurements necessary would depend on the following:

= Completeness of the nuclear and thermohydraulic calculations

= Completeness of the dynamic and safety related calculations

= Comparison of the HEU and LEU core design

= Whether operation will be a mixed (HEU + LEU) core or only LEU core

= Changes in fuel element design

= Changes in control rod or system design

This contribution gives some recommendations for experiments believed to be

necessary or optional. Additional information can be found in a technical

?o;:;u:: "Core Instrumentation and Pre~Operational Procedures, ™ IAEA-TECDOC-304
1 .

The startup programme should be submitted for an independent review to the
regulatory authority.
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CHAPTER 13

EXPERIENCE WITH MIXED CORE OPERATION




CHAPTER 14

TRANSPORTATION, SPENT FUEL STORAGE AND REPROCESSING

This chapter summarizes the contributions in Appendix ! on transportation
of fresh and spent fuel elements, spent fuel storage, and reprocessing. This
information does not influence the core conversion procedure. However, some
items may influence paramecters such as the 235y loading and in turn they can
influence the licensing procedure.

Iransportation

The transportation of fresh fuel elements needs to be licensed. The
IAEA recommendations on physical protection of nuclear material are contained
in INPCIRC/274 (see also Chapter 16). In many countries, the requirements are
more stringent, For transportation, the transport companies have developed
different casks which are described in Appendix N-l. As fresh fuel transport
casks are inexpensive, there are nearly no limiting factors for fresh fuel
elements.

The transportation of spent fuel elements needs t~ be licensed. Since
the casks are very expensive, the reactor operator snould caﬁgully consider
the limiting conditions for the casks: decay heat, U loading,
weight, etc. Usable casks are described in Apnudix N-Z. In some cases, it
may be economical to cut the end boxes from the fuel elements and return only
the fueled regica of the fuel element to the reprocessing plant since repro~

cessing charges depend on the total delivered weight of the aluminum and
uranium,

Spent Fuel Storage

The subcriticality of spent fuel storage configurations needs to be
reconf irmed. Example ulculs:ion- for several storage rack configurations
with various HEU and LEU 235y loadings are provided in Apperdix N-3.

rocess

The U.S. Department of Energy (DOE) will accept until the end of 1987,
aluminide and oxide fuel elements with an initial enrichment »20%, and ch
fuel elements for reprocessing. Studies are in progress for an -nndcd U.Ss.
policy that includes acceptance of LEU aluminide, oxide, and silicide fuels.
This policy is expected to be issued during 1985,
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X oy e CHAPTER 15

| RESEARCH REACTOR SAFEGUARDS
Contributed by IAEA

1.0 Ictroduction

A basic purpose of the Treaty on the Non-Proliferation of Nuclear Weapons,
1 July 1968 (NPT) is to prevent the spread of nuclear weapons. The NPT recog-
nises the Intermational Atomic Energy Agency as a major instrument in the im~
plementation of the Treaty in this regard. Article III of the NPT states, in
part, “Each non-nuclear-weapon State Party to the Treaty undertakes to accept
safeguards, as set forth in an agreement to be negotiated and concluded with
the International Atomic Energy Agency in accordance with the Statutes of the
International Atomic Energy Agency and the Agency's safeguards system, for the
exclusive purpose of verification of the fulfillment of its obligations assumed
under this treaty with a view to preventing diversion of nuclear energy from
peaceful uses to nuclear weapons or other nuclear explosive devices.” The
Agency's safeguards agreements and its application of safeguards are not aimed
at nuclear weapons per se, but rather nuclaar materials. In keeping with the
intent of the NPT, the Agency's programme places major emphasis on the safe-
guarding of nuclear materials that can most readily be made into nuclear wea-
pons. High enriched uranium is one such material and Agency resources can be
conserved if this nuclear material is not used in applications where low en—
riched uranium would serve just as well.

In this section, the IAEA safeguards requirements for research reactors
are briefly described and estimates are given for the Agency effort to safe-
guard research reactors fuelled with uranium of different enrichments. Based
on Agency safeguards activities, costs are estimated for the State and facility
operator to meet their IAEA safeguards obligations using four different facil-
ity fueling examples. It is shown that there can be a safeguards cost
differential of one or more orders of magnitude between using high enriched and
low enriched uranium.

2.0 Intermational Safeguards System

2.1 Basic Safeguards Documents

The International Atomic Energy Agency applies safeguards according to
Agency~State Safeguards mmuts based on the prmum of its Statute’
and either INPCIRC/66/REV. 2,2 or INPCIRC/153 (corrected)’. Although stated
somevhat differently in each agreement, the objective of IAEA safeguards is
to verify compliance with the undertakings of the Agreements. In Agreements
based on INFCIRC/66/Rev. 2, Article III.A.5 of the Agency Statute is referenced

1/ Statute, International Atomic Energy Agency, June !, 1973,

2/ TINFCIRC/66/Rev. 2. The Agency's Safeguards System (1965), As Provisionally
Extended in 1966 and 1968, 16 September 1968,

3/ IN®CIRC/153 (Corrected). The Structure and Content of Agreements Between
the Agency and States Required in Counection with the Treaty on the Non-
proliferation of Nuclear Weapons, June 1972,
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as authorising the Agency to "establish and administer safeguards designed to
ensure that special fissionable and other materials, services, equipment, fac-
ilities, and information made available by the Agency or at its request or
under its supervision or control are not used in such a way as to further any
military purpose.” In Agreements according to INFCIRC/153 (corrected), Article
1, States undertake "to accept safeguards, in accordance with the terms of the
Agreement, on all source or special fissionable material in all peaceful nu-
clear activities within {ts territory, under its jurisdiction or carried out
under its control anywhere, for the exclusive purpose of verifying that such
material {s not diverted to nuclear weapons or other nuclear explosive devices.”
The objectives of safeguards as stated in Article 28 of INFCIRC/153 (corrected)
are "the timely detection of diversion of significant quantities of nuclear
material from peaceful nuclear activities to the manufacture of nuclear weapons
or of other nuclear explosive devices or for purposes unknown, and deterrence
of such diversion by the risk of early detection.”

2.2 Technical Objectives of Safeguards

Both INFCIRC statements relate the purpose of Agency safeguards to the
detection and deterrence of the use of nuclear material for nuclear weapons.
In order for this purpose to be served, the Agency applies safeguards according
to the significant nature of the material and the time estimated to covert the
material to the components of a nuclear weapon. A significant quantity of nu-
clear material is defined as that approximate quantity, taking into account any
conversion process involved, such that the possibility of manufacturing a nu~
clear explosive ievice cannot be excluded.” Table I gives the numerical val-
ues of significant quantities for all nuclear materials under Agency safeguards.

The Agency considers conversion time should correspond in order of magni-
tude to detection time, defined as the maximum time that may elapse between
diversion and its detection by IAEA safeguards. The Agency's safeguards pro—
gramme and its distribution of resources, which directly relate to the effort a
State with which the Agency has a safeguards agreement devotes to its safe-

guards programme, are roughly measured in terms of the State's nuclear material
and its safeguards significance.

Tables 1 and II illustrate the differences between low enriched uranium
(LEU) and high enriched uranium (HEU) in terms of safeguards concerns, i.e.
significant quantities and conversion time., The reason for the differences is
that HEU (uranium where the U-235 content is equal to or greater thanm 20 per—
cent) can be used directly tc make metallic components or a nuclear weapon, If
the HEU i{s in the form of a compound or alloy, it can be separated out by chem
ical processing: this is considered to be a simple, straightforward procedure
and the estimated conversion time for HEU as a compound is 1-3 weeks, as the
metal it is 7-10 days. Low enriched uranium (uranium in which the U-235 con~
tent is less than 20 percent) cannot be made into the components of a nuclear
weapon. LEU must be further enriched, or used in a reactor producing thermal
power to produce plutonium. Neither further enrichment nor the reactor pro-
duction of plutonium are considered straightforward; hence the estimate of one
year for the conversion time of low enriched uranium,

4/ 1AEA Safeguards Glossary, IAEA/SG/INF/1, Vienna, June 1980.



TABLE I
Significant Quantities

Significant Safeguards
Material Quantity Apply to
Direct-use Pu* 8 kg Total element
nuclear
material U-233 8 kg Total isolope
UlUu-235>202] 25 kg U-235 contained
= Plus rules for mixtures where appropriate =~
Indirect-use Ulu=235<20% ) ** 75 kg u=?35 contained
nuclear
material Th 20 kg Total element

= Plus rules for mixtures where appropriate -

*For Pu containing less than 80X Pu-238,.
“Including natural and depleted uranium,

Conversion times are shown in Table II.“

TABLE II
Estimated Material Conversion Times to Finished Pu or U Metal Components

Beginning material form Conversion time
Pu, HEU or U-233 Metal Order of days (7-10)
Pu0y, Pu (NO3)4, or other pure Pu compounds; Order of weeks (1-3)*

or U=233 oxide or other pure compounds;

MOX or other non~irradiated pure mixtures containing
Pu, U[(U=-233 + U-235)>20%); Pu, HEU and/or

U=233 in scrap or other miscellaneous impure coupounds

Pu, HEU or U-233 in irradiated fuel™* Order of months (1-3)

U containing <202 U-235 and U-233; Th Order of one year

*This range is not determined by any single factor but the pure Pu and U zom~
pounds will tend to be at the lower end of the range and the mixtures and
scrap at the higher end.

**criteria for establishing the irradiation to which this classification refers
are under review.
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The higher the enrichment of HEU, the more suitable the material {s for
use in nuclear weapons. The higher the enrichment of LEU, the easier it is %o
enrich that material to 20 percent U-235 or more. The Agency takes enrichment
into account in its implemented safegnards program through use of the term
“"effective kilogram.”™ Effective kilogram {s defined in both INFCIRC/66/Rev. 2
and INFCIRC/153 (Corrected) as a quantity of uranium obtained by taking:

(a) For plutonium, its weight in kilograms;

{(b) PFor uranium with an enrichment of 0.0l (1X) and above, its weight in
kilograms multiplied by the square of its enrichment;

(¢) For uranium with an enrichment below 0.0l (12) and above 0.005
(0.52), its weight in kilograms multiplied by 0.0001; and

(d) For depleted uranium with an enrichment of 0.005 (0.52) or below,
and for Thoriuwm, its wSight in kilograms multiplied by 0.00005."

2.3 Basic Agency Safeguards Measures for Uranium

The specific details of the safeguards implemented at any facility are
based upon the Agreement bdetween the State and the Agency. There are arny sim-
ilarities in the safeguards programmes for both HEU and LEU. For example, rec-
ords must be kept of transfers to and froa the facility and of the location of
material within ~he facility in terms of quantity and type of material; the
facility inventory must be periodically reported to the Agency; changes in des~
ign information and changes in nuclear material inventory must be reported to
the Agency. A system of records #7d reports and a programme of material ac
counting complemented by containment and surveillance devices is the basis for
State~Agency Agreements for both high enriched and low enriched uranium. Also
for both classes of material, the Agency conducts inspections to independently
verify that the quantity of nuclear material reported as on inventory at the
facility by the facility operator is actually at the facility. The effort de-
voted by Agency inspectors to this verification activity is determined by the
quantity of nuclear material at the facility as measured in effective kilo~
grams. Table III shows the relationship between nuclear material enrichment,
weight in kilograms and effective kilograms.

TABLE III
Effective Kilogram Quantities for Uranium ¢’ Varying Enrichments
MASS (kg) of EFFECTIVE KILOGRAMS ( !l‘ll
Uraniee 102 Enrichment 202 Enrichment 95% Enrichment
10 0.1 0.4 9
20 0.2 0.8 1R
50 0.5 2 4>
100 1 4 %0
500 S 20 451
1000 10 40 902
5000 50 200 4512
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3.0 Safeguards Implementation at Research Reactors

3.1 Categorisation of Research Reactors According to Inventory

Both INFCIRC/t5/Rev., 2 and INFCIRC/153 (Corrected) relate inspection eff-
ort to the inventory of nuclear material as measured in effective kilograms at
the facility. The State-Agency Agreement guidelines in these documents have
been studied by Agency staff. Agency inspection effort has been estimated for
four different situations. These are summarised in Table IV,

Table IV shows both maximum effort and actual effort. The maximum effort
is the maximum routine inspection effort the Agency would be authorised to
spend at the facility. The actual effort is the actual routine inspection
effort the Agency would myst probably spent at the facility and would depend on
the Agency-State Agreement and the real conditions of the Agency safeguards
implementation programme.

TABLE IV

Estimated Agency Inspection Effort for Research Reactors (Mandays/year)

Type and Quantity of Fuel Maximum Effort Actual Effort

a. Enrichment < 20% U-235; or 2~-3 0.5 = 1
Inventory less than 5 ekg.

b. Earichment > 202 U-235; 50 1 =2
Inventory < 25kg U-235.

¢. Enrichment > 20% U-235; 0 9 - 15
. Inventory > 25kg U-235,
but < 25kg in fresh fuel.

d. Enrichment > 20X U-235; 50 50
Inventory > 25kg U-235
in fresh fuel. /
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3.2 n n n Ef

Fcr research reactors in either of the first two categories in Table IV,
the inspection effort would consist of an annual physical inventory
verification. Inspection activities during a physical inventory in lude the
following:

- establishment of the updated bock inventory based on the examination of
shipping and receiving documents;

- exzmination of records for self-consistency and verification of the
consistency between records and reports;

- verification of the fresh and irradiated fuel assemblies or elements
based on item ro'nting and identification;

= checking, removing and reapp!ying seals as appropriate.

For research reactors in the third category, an annual PIV would be taken
as above. In addition, interim inspection would be carried out four to six

times per year. The activities performed by the inspectors during these in~
spections would include the following:

= establishment of the updated book inventory based on the examination of
shipping and receiving documents;

= verification of the fresh and spent fuel elements;
= verification of the integrity of applied seals;
= activities related to installed surveilance units,

Essentially, the Agency inspection effort for a research reacter with this
type and quantity of fuel is estimated to be the same as for a light water reactor.

For research reactors having fuel as described in the last category, it
would be necessary to inspect the facility onm a frequency corresponding to the
1=3 werk detection time. i.e. routine inspections about every 3} weeks. In ad-
dition, because of the safeguards significance of the HEU, the Agency may re-
commend physical inventory verifications up to four times per year. All these
activities by the Agency inspectors are estimated to require 50 mandays of effort,

3.3 Safeguards at Generic Research Reactor Fuelled with Different Uranium
Enrichments

Changes in reactor core parameters as a result of converting the core from
high enriched to low-enriched uranium have already been nportod.’ The
Agency safeguards programme as it applies to HEU and LEU fuelled reactors can
be illustrated by considering the generic 10 MW research reactor described in
that report. Calculations were made for the fuel loadings for the reactor
using uranium enriched to 93T, 202 and 6.5% in the U-235 isotope. These fuel
loadings along with estimated new fuel requirements are shown in Table V.

5/ Research Reactor Core Conversion from the Use of Highly Enriched Uranium to
the Use of Low Enriched Uranium Fuels. Guidebook IAEA-TECDOC-233, Vienna 1980,
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IABLE V
Fuel Inventories for Generic 10 MW Ructors
Enrichment New Fuel Core Fuel Spent Fuel
(2 U-235) (kg U-235) (kg U-235) (g Pu/Element)
93 8 4.5 0.6
20 11.6 8 14
6.5 15 10 44

The U~235 content of the core fuel is calculated on the basis that the
fissile material has been depleted to where new fuel must be added. Burnup is
fifty to sixty oercent and therefcre the core fuel is safeguarded according to
the measures applied to spent fuel, (See Tables I and II)., Plutonium content
has also been calculated for spent fuel and unless the spent fuel is allowed to
accumulate, the plutonium inventory should remain less than | ekg. According
to the definition of ekg and the information in Table IV, this reactor fueled
with 932 enriched uranium would receive 1-2 mandays of Agency inspection per
year with the Agency capable of devoting up to 50 mandays per year if it were
considered necessavy. If the total facility inventory exceeded 25kg U-235 or
if the new fuel inventory exceeded 25 kg U~235, the Agency inspection effort
would increase to 9-15 and 50 mandays, respectively.

At a U-235 enrichment of 20%, the 11.6kg of U-235 as new fuel represents
about 0.4 ekg. In this case, the Agency would conduct one inspection per year
of 1-2 mandays. This would apply as long as the inventory is kept below 5 ekg.
In the third situation, 15kg U~235 in 6.52 enriched fuel is 0.6 ekg. Again, one
inspection per year of | manday duration would be the expected Agency effort.

Currently, the IAEA has Agency-State Agreements to the effect that the
actual routine inspection effort (ARIE) at thirty three research reactors oper—
ating with cores of uranium enriched to 20X or greater in the uranium-235 isotope
is more than 500 man days. If the cores of these reactors were converted to less
than 20X U=235 enrichment, the Agency ARIE could be significantly reduced.

4.0 Conclusions

The significauce to the research reactor operator of the IAEA inspector
effort in fulfilling its safeguards obligations is that the facility staff can
be expected to devote an effort comparable to that of the Agency in the prepar-
ation for and during an IAEA inspection. Certainly, while the inspector is
conducting the inspection, facility records must be made available to him along
with explanations and discussions of the records by the facility staff. As he
is verifying the presence of the fuel, checking seals or servicing surveillance
devices, facility staff must accompany him. The Agency inspection effort as esti-
mated in Table IV can be used as a lower limit to approximate the facility effort
in support of the Agency's programme. It is fredible to suggest the facilicy
effort added to the State effort in support of Agency inspections could be 2-3
times the mandays shown in Table IV; e.g. in those instances where the State
wishes to have its governmental representatives present during the iaspection.

In summary, the enrichment and quantity of uranium at a research reactor
determines the safeguards costs to the IAEA, the State and the facility oper—
ator., The difference between the safeguards costs for a research reactor
fueled with REU and one fueled with LEU can be as great as fifty,
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CHAPTER 15
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RESEARCH REACTOR SAFEGUARDS S

Contributed by IAEA

1.0 Introduction

A basic purpose of the Treaty on the Non-Proliferation of Nuclegr Weapons,
I July 1968 (N?T) is to prevent the spraad of nuclear weapons. The NPT recog-
nises the International Atomic Energy Agency as a major instrument in the im~
plementation of the Treaty in this regarc. Article III of the NPT states, in
part, “Each non-nuclear-weapon State Party to the Treaty undertakes to accept
safeguards, as set forth in an agreement to be negotiated and concluded with
the Intermational Atomic Energy Agency in accordance with the Statutes of the
International Atomic Energy Agency and the Agency's safeguards system, for the
exclusive purpose of verification of the fulfillment of its obligations assumed
under this treaty with a view to preventing diversion of nuclear energy from
peaceful uses to nuclear weapons or other nuclear explosive devices.” The
Agency's safeguards agreements and its application of safeguards are not aimed
at nuclear veapons per se, but rather nuclear materials. In keeping with the
intent of the NPT, the Agency's programme places major emphasis on the safe-
guarding of nuclear materials that can most readily be made into nuclear wea-
pons. High enriched uranium is one such material and Agency resources can be
conserved if this nuclear material is not used in applications where low en-
riched uranium would serve just as well.

In this section, the IAEA safeguards requirements for research reactors
are briefly described and estimates are given for the Agency effort to safe-
guard research reactors fuelled with uranium of different enrichments. Based
oo Agency safeguards activities, costs are estimated for the State and facility
operator to meet their IAEA safeguards obligations using four different facil-
ity fueling examples. It is shown that there can be a safeguards cost

differential of one or more orders of magnitude becween using high enriched and
low enriched uranium.

2.0 International Safeguards System
2.1 Basic Safeguards Documents

The International Atomic Energy Agency applies safeguards according to
Agency-State Safeguards Agreements based on the provisions of its Statute!
and either INPCIRC/66/REV. 2,? or INPCIRC/153 (corrected)’. Although stated
somewhat differently in each agreement, the objective of IAEA safeguards is
to verify compliance with the undertakings of the Agreements. In Agreements
based on INFCIRC/66/Rev. 2, Article III.A.5 of the Agency Statute is referenced

1/ Statute, International Atomic Energy Agency, June 1, 1973,

2/ INPCIRC/66/Rev. 2. The Agency's Safeguards System (1965), As Provisionally
Extended in 1966 and 1968, 16 September 1968,

3/ INPCIRC/153 (Corrected). The Structure and Content of Agreements Between
the Agency and States Required in Connection with the Treaty on the Non-
proliferation of Nuclear Weapons, June 1972, :
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as authorising the Agency to "establish and administer safeguards designed to
ensure that special fissionable and other materials, services, equipment, fac-
ilities, and information made available by the Agency or at its request or
under its supervision or control are not used in such a way as to further any
military purpose.” In Agreements according to INFCIRC/153 (corrected), Article
1, States undertake "to accept safeguards, in accordance with the terms of the
Agreement, on all source or special fissionable material in all peaceful nu-
clear activities within its territory, under its jurisdiction or carried out
under its control anywhere, for the exclusive purpose of verifying that such
material is not diverted to nuclear weapons or other nuclear explosive devices."
The objectives of safeguards as stated in A-ticle 28 of INFCIRC/IS3 (corrected)
are "the timely detection of diversion of significant quantities of nuclear
material from peaceful nuclear activities to the manufacture of nuclear weapons
or of other nuclear explosive devices or for purposes unknown, and deterrence
of such diversion by the risk of early detection,”

pone—
2.2 Technical Objectives of Safeguards

—

——

Both INFCIRC statements relate the purpose of Agency safeguards to the
detection and deterrence of the use of nuclear material for nuclear weapons.
In order for this purpose to be served, the Agency applies .lfe(uards‘ascording
to the significant nature of the material and the time estimated to covert the
material to Lhe components of a nuclear wespon. A significant quantity of nu-
clear material is defined as that approximate quantity, taking into account any
conversion process involved, such that the possibility of manufacturing a nu-
clear explosive device cannot be exclu:ded.“ Table I gives the numerical val-
ues of significant quuntities for all nuclear materials under Agency safeguards,

The Agency considers conversion time should correspond in order of magni-
tude to detection time, defined as the maximum time that may elapse between
diversion and its detection by IAEA safeguards. The Agency's safeguards pro-
gramme and its distribution of resources, which directly relate to the effort a
State with which the Agency has a safeguards agreement devotes to its safe-

guards programme, are roughly measured in terms of the State's nuclear material
and its safeguards significance.

Tables I and II 1llustrate the differences between low enriched uranium
(LEU) and high enriched uranium (HEU) in terms of safeguards concerns, i.e.
significant quantities and conversion time. The reason for the differences is
that HEU (uranium where the U-235 content is equal to cr greater than 20 per-
cent) can be used directly to make metallic components oW a nuclear weapon, If
the HEU is in the form of a compound or alloy, it can be ‘separated out by chem~
ical processing: this is considered to be a simple, straightforward procedure
and the estimated conversion time for HEU as a compound is 1-] weeks, as the
metal it is 7-10 days. (Low enriched uranium (uranium in which the U-235 con<
tent 15 less than 20 percent) cannot be made into the components of a nuclear
weapon. ) LEU must be further enriched, or used in a reactor producing thermal
power to produce plutonium. Neither further enrichment nor the reactor pro-
duction of plutonium are considered straightforward; hence the estimate of one
year for the conversion time of low enriched uranium.

4/ 1AEA Safeguards Glossary, IAEA/SG/INF/1, Vienna, June 1980,
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TABLE I -

Significant Quantities

Significant Safeguards
Material Quanticty Apply to
Direct-use Pu* 8 kg Total element
nuclear
material U=-232 8 kg Total isotope
Ulu-235>202) 25 kg U=-235 contained
= Plus rules for mixtures where appropriate -
Indirect-use Ulu=-235¢20%)** 75 kg U-235 contained
nuc lear
material Th 20 kg Total element

= Plus rules for mixtures where appropriate -

*For Pu containing less than 80T Pu-238.
“Includin; natural and depleted uranium.

Conversion times are shown in Table II.“

TABLE I1

Estimated Material Conversion Times to Finished Pu or U Metal Components

Beginning material form Conversion time
Pu, HEU or U=233 Metal Order of days (7-10)
Pu0y, Pu (NO3)4, or other pure Pu compounds; Order of weeks (1-3)*

HEU or U-233 oxide or other pure compounds;

MOX or other non~irradiated pure mixtures containing
Pu, U[(U-233 + U-235)»202); Pu, HEU and/or

U=233 in scrap or other miscellaneous impure compounds

Pu, HEU or U=233 in irradiated fuel®™* Order of months (1-3)

U containing <20X U-235 and U-233; Th Order of one year

*This range is not determined by any single factor but the pure Pu and U com~
pounds will tend to be at the lower end of the range and the mixtures and
scrap at the higher end.

*Criteria for establishing the irradiation to which this classification refers
are under review.
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The higher the enrichment of HEU, the more suitable the material i{s for
use in nuclear weapons. The higher the enrichment of LEU, the easier it is to
enrich that material to 20 pearcent U-235 or more. The Agency takes enrichment
into account in its implemented safeguards program through use of the term
"effective kilogram.™ Effec:tive kilogram is defined in both INFCIRC/66/Rev. 2
and INFCIRC/153 (Corrected) as a quantity of uranium obtained by taking:

(a) For plutonium, its weight in kilograms;

(B) For uranium with an enrichment of 0.0l (1Z) and above, its weight in
kilograms multiplied by the square of its enrichment;

(c) For uranium with an enrichment below 0.01 (1) and above 0.005
(0.52), its weight in kilograms multiplied by 0.0001; and

(d) For depleted uranium with an enrichment of 0,005 (0.5%) or below,
and for Thorium, its weight in kilograms multiplied by 0.00005,"

2.3 Basic Agency Safeguards Measures for Uranium

The specific details of the safeguards implemented at any facility are
based upon the Agreement between the State and the Agency. There are many sim-
ilarities in the safeguards programmes for both HEU and LEU. For example, rec-
ords must be kept of transfers to and from the facility and of the location of
material within the facility in terms of quantity and type of material; the
facility inventory must be periodically reported to the Agency; changes in des-
ign information and changes in nuclear material inventory must be reported to
the Agency. A system of records and reports and a programme of material ac—
counting complemented by containment and surveillance devices is the basis for
State~Agency Agreements for both high enriched and low enriched uranium. Also
for both classes of material, the Agency conducts inspections to independently
verify that the quantity of nuclear material reported as on inventory at the
facility by the facility operator is actually at the ta:tuty.f/ The effort de-
voted by Agency inspectors to this verification activity is determined by the
quantity of nuclear material at the facility as measured in effective kilo~
grams. Table III shows the relationship between nuclear material enrichment,
veight in kilograms and effective kilograms.

TABLE III
Effective Kilogram Quantities for Uranium of Varying Enrichments
MASS (kg) of IVE K RAMS (
shaniun 102 Enrichment | 202 Enrichment ﬁi Enrichment
10 0.1 0.4 9
20 0.2 0.8 18
50 0.5 2 45
100 1 4 90
500 5 20 451
1000 10 40 902
5000 50 200 4512

5/ Qfﬁum,"SM fesiad &uﬁw: STR-#8 Maxel 1953

-
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3.0 af ards Ilmplementation R arch Reactors

3.1 Categorisation of Research Reactors According to Inventory

Both INFCIRC/66/Rev. 2 and INFCIRC/153 (Corrected) relate inspection eff~-
ort to the inventory of nuclear material as measured in effective kilograms at
the facility. The State~Agency Agreement guidelines in these documents have
been studied by Agency staff. Agency inspection effort has been estimated for
four different situations. These are summarised in Table IV,

Table IV shows both maximum effort amd actual effort. The maximum effort
is the maximum routine inspection effort the Agency would be authorised to
spend at the facility. The actual effort is the actual routine imspection
effort the Agency would most probably spend at the facility and would depend on
the Agency-State Agreement and the real conditions of the Agency safeguards
implementation programme,

TABLE IV

Estimated Agency Inspectfon Effort for Research Reactors (Mandays/year)

Type and Quantity of Fuel Maximum Effort Actual Effort

a. Enrichment < 20% U-235; or 2-3 0.5 -1

Inventory less than 5 ekg.

b. Enrichment > 20X U-235; 50 1-2
Inventory < 25kg U-235.

¢. Enrichment > 202 U-235; 50 9 -15
Inventory > 25kg U-235,
but < 25kg in fresh fuel.

d. Enrichment > 202 U-235; S0 50
Inventory > 25kg U~235
in fresh fuel.
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3.2 ncy Inspection Effor

For research reactors in either of the first two categories in Table v,
the inspection effort would consist of an annual physical inventory

verification. Inspection activities during a physical inventory include the
following:

- esgablishment of the updated book inventory based on the examination of
shipping and receiving documents;

= examination of records for self-consistency and verification of the
consistency between records and reports;

- verification of the fresh and irradiated fuel assemblies or elements
based on item counting and identification;

=~ checking, removing and reapplying seals as appropriate.

For research reactors in the third category, an annual PIV would be taken
as above. In addition, i{nt<~‘m inspection would be carried out four to six

times per year. The activities performed by the inspectors during these in-
spections would include the following:

=~ establishment of the updated book inventory based on the examination of
shipping and receiving documents;

= verification of the fresh and spent fuel elements;
= wverification of the integrity of applied seals;

= activities related to installed surveilance units.

Essentially, the Agency inspection effort for a research reactor with this
type and quantity of fuel is estimated to be the same as for a light water reactor.

For research reactors having fuel as described in the last category, it
would be necessary to inspect the facility on a frequency corresponding to the
1-3 week detection time. i.e. routine inspections about every 3 weeks. In ad-
dition, because of the safeguards significance of the HEU, the Agency may re-
commend physical inventory verifications up to four times per year. All these
activities by the Agency inspectors are estimated to require 50 mandays of effort.

3.3 Safeguards at Generic Research Reactor Fuelled
Enrichments

with Different Urani

Changes in reactor core parameters as a result of converting the core from
high enriched to low-enriched uranium have already been r-’ortod.‘ The
Agency safeguards programme as it applies to HEU snd LEU fuelled reactors can
be illustrated by considering the generic 10 MW research reactor described in
that report., Calculations were made for the fuel loadings for the reactor
using uranium enriched to 93X, 202 and 6.5% in the U=235 isotope. These fuel
loadings along with estimated new fuel requirements are shown in Table V.

&/ Research Reactor Core Conversion from the Use of Highly Enriched Uranium to
the Use of Low Enriched Uranium Fuels. Guidebook IAEA-TECDOC-233, Vienna 1980,
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TABLE V
Fuel Inventories for Generic 10 MW loactors

Enrichment New Fuel Core Fuel Spent Fuel
(X U=235) (kg U=-235) (kg U=-235) (g Pu/Element)

93 8 4.5 0.6

20 11.6 8 14

6.5 15 10 44

The U-235 content of the core fuel is calculated on the basis that the
fissile material has been depleted to where nev fuel must be added. Burnup is ,
fifty to sixty percent and therefore the core fuel is safeguarded according to,.g,'
the measures applied to spent fuel. (See Tables I and II). Plutonium content L —
has also been calculated for spent fu and unless the spent fuel is allowed to 5
accumulate, the plutonium inventory @hould)remain less than t=ekg. " According -
to the definition of ekg and the information in Table IV, this reactor fueled ; y
with 932 enriched uranium would receive 1-2 mandays of Agency inspection per
year with the Agency capable of devoting up to 50 mandays per year if it were
considered necessary. If the total facility inventory exceeded 25kg U-235 or
if the new fuel inventory exceeded 25 kg U-235, the Agency inspection effort

would increase to 9-15 and 50 mandays, respectively.
4.3

\__._\_A#U-HS enrichment of 202, the 11.6kg of U~235 as new fuel represents
about ekg. In this case, the Agency would conduct one inspection per year
of 1-2 mandays. This would apply as long as the inventory kept below 5 ekg.

In the third situation, 15kg U=235 in 6.5% enriched fuel is kg. Again, one
inspection per year of | manday duration would be the expected Agency) effort.

Currently, the IAEA has Agency-State Agreements to the effect that the
actual routine inspection effort (ARIE) at thirty three research reactors oper-
ating with cores of uranium enriched to 20% or greater in the uranium=235 isotope
is more than 500 man days. 1If the cores of these reactors were converted to less
than 20X U=235 enrichment, the Agency ARIE ~uyld be significantly reduced.

4.0 Conclusions

The significance to the research reactor operator of the IAEA inspector
effort in fulfilling its safeguards obligations {s that the facility staff can
be expected to devote an effort comparable to that of the Agency in the prepar-
ation for and during an IAEA inspection. Certainly, while the inspector is
conducting the inspection, facility records must be made available to him along
with explanations and discussions of the records by the facility staff. As he
is verifying the presence of the fuel, checking seals or servicing surveillance
devices, facility staff must accompany him. The Agency inspection effort as esti-
mated in Table IV can be used as a lower limit to approximate the facility effort
in support of the Agency's programme. It is credible to suggest the facility
effort added to the State effort in support of Agency inspections could be 2-3
times the mandays shown in Table IV; e.g. in those instances where the State
wishes to have its governmental representatives present during the inspection,

In summary, the enrichment and quantity of uranium at a research reactor
determines the safeguards costs to the IAEA, the State and the facility oper—
ator. The difference between the safeguards costs for a research reactor
fueled with HEU and one fueled with LEU can be as great as fifcy.
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CHAPTER 16

Contributed by IAEA

e Background

The physical protection of nuclear material and facilities has been
attracting increasing attention in the last decade. There has been growing
concern that the theft of plutonium, enriched uranium or uranium-233 would
enable individuals or groups of individuals to construct a nuclear explosive
device or to use these materials as radiological contaminants and that an act
of sabotage against a nuclear facility could also create a radioclogical hazard
to the public. In order to cope with these potential hazards through inter-
national efforts, the Agency was called upon to prepare a set of recommenda:ions
for the protection of nuclear material and facilities against willful hostile
acts, e.g. theft or unauthorized removal of nuclear material or sabotage against
auclear facilities committed on sub~national levels. The Agency's work toward
this end resulted in the publication in 1975 of the booklet entitled “The
Physical Protection of Nuclear Material” which was revised and re-issued in
1977 under the same title (INPCIRC/225/Rev.l). The recommended measures of
this document relate to the physical protection of nuclear material in use,
transi’. and storage and have been used by an increasing number of Member States
as guides in the preparation of their national regulations. These recommenda~
tions vhich are by themselves not mandatory upon States are also incorporated
into in:ernational agreements binding upon States and/or the Agency, such as
safeg.ards agreements (see, for instance, the Safeguards Agreement of 10 Febru-
ary 1977 between the Agency, Canada and Spain - INFCIRC/247, Second Amendment
to the Agreement for Cooperation between the Agency and the United States of
America which entered into force on 6 May 1980 - (INFCIRC/S5/MOD.2). It should
also be noted here that the Convention of the Physical Protection of Nuclear
Material (INPCIRC/274/Rev.l) concluded on 26 October 1979 and opened for signa-
ture on 3 March 1980 provides for :he levels of physical protection applied in

international transport of nuclear material categorized in a form similar to
that of INFCIRC/225/Rev.l.

2. Nature and Scope of the Agency Recommendations

INFCIRC/225/Rev.] 1is a set of recommendations which may serve as gulde-
lines for national regulatory authorities of Member States. It recommends
that the State should promulgate and review regularly its comprehensive regula-
tions for the physical protection of nuclear material whether in State or
private possession. It further provides that the State should license activities
only when they comply with these regulations.

The recommended measures of INFCIRC/225/Rev.l are intended for all
nuclear facilities and shipment: however, it i: recognized that research type
facilities outside the nuclear fuel cycle and their corresponding shipments
may not be able to meet the recommendations, in which case the State's physical
protection system may make specific exceptions on a case-by-case basis,
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It should be noted that the measures recommended in INFCIRC/225/Rev. |
are based on _he state of the art in physical protection and on the types of
nuclear facilities existing in 1977. The document also recognizes that the
design of a physical protection system for a specific facility may vary from
those recommended when prevailing circumstances indicate a need for a different
level of physical protection.

As for recommendations pertaining to nuclear power reactors as distinct
from other nuclear facilities it provides that at reactors using natural or
low-enriched uranium, the principal attractiveness relates only to possible
sabotage, which could prove a radiological hazard to the public, whereas at
reactors using plutonium or highly enriched uranium, the fuel material is
attractive to a potential thief before it is irradiated in the rea~tors.

3. Categorization of Material

The physical protection measures recommended in INFCIRC/225/Rev.] are
base¢d on the assumption that the more attractive a given nuclear material or a
nuclear facility using such material is as a potential target for a hostile
act which could lead to a nuclear diversion or radiocactive dispersal, the more
stringeat and extensive the protective measures applied should be. INFCIRC/225/
Rev.! :ategorizes nuclear material in order to ensure an appropriate relacion=-
ship between the nuclear material concerned and the protective measure appliied.
The categorization of nuclear material set out in INFCIRC/225/Rev.l is

reproduced below. TARLE: CATEGORIZATION OF NUCLEAR MATERIAL®
Material Porm 1 11 1§41
1. Plucontwm® ! | Unirrediaced? 2 kg or more Lase than 2 kg but 500 g or lLese®
sore than 300 g

1. Ureatw-13%¢ | Unirradiaced®

= ursmius eariched to 5 kg or wore Lass than 5 kg dut I kg or lese®
202 2259 or more sore chen | kg

= wranium enviched to - 10 or wore Lass than 10
102 335) but less » -
thaa 202

|

~ uranium eariched sbove - - 10 kg or more
satural, but lass then
10z 218y

3. Ursstue-233 Unirradieced® 1 kg or more Lase thas 7 kg bdut 500 g or laset

=

*All plutoaium except that with ieotoplc concentration exceeding 80% in plutontus-238.

Matertal set frradisted (s & resctor or ssterial irradiated ia & resctor but with s rediation level
w-xuoehuch-lﬂu‘dh-um-utm.

€Lass than » rediol iy significant quantity should be exempted.

d¥acural urenlium, eted uranium sad chorium and quantities of uranium enriched to less then 02 not
falling in Category [II should be protected (s sccordeance with prudent Wanagement practice.

“Irradisced fual should be protectad ee Category I, 11 or III nucleer saterial depending on the catagory
of the fresh fual. However, fuel which by vtm'ot ite original flseile material contens is included
48 Category ! or Il before irradistion should only be reduced oee Category level, while the radiation
level from the fusl axceeds 100 tada/h ot one meter unehielded.

f™he State's Compatent suthority should decermine Lf there is & credible threat to disperse plutonium
malevolently, The State should then aoply physical protection requirements for Category I, I or IIL
of nuclear material, ss it deems 4ppropriste and without regard to the plutonium quantity specifled
under each category hersln, o the plutoaium Leotopes in those fuancities and forms deterwined by the
State to fall within the scope of the credible dispersal threst.
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The categorization of material shown is based on the potential hazard of
the material which itself depends on the type of matarial, isotopic composition
physical and chenical form and guantity of material. It covers all plutonium,
except that with isotopic concentration exceeding 80% in Pull®, yranium=235
enriched to 10X or more and uranium™233 (though outside of the scope of the
present study), irrespective of their quantities; but it is foot-noted that
less than a radiologically significant quantity of these materials should be
exempted. Also covered is uranium™235 enriched above natural, but less than
102 in the quantity of 10 kg or more. It suggests in a footnote that natural
uranium, depleted uranium and thorium, and less than 10 kg of uranium™235 en-
riched to less than 10X not falling within the scope of thir categorization
should be protected in accordance with prudent management practice. This cate-
gorization applies to irradiated fuel as well.

&. gsptection Helsure{

Againsi the scope and the structure of INFCIRC/225/Rev.l, as summarized
in the preceding paragraphs, should be weighed the relevance and applicabilicy
of the recommended physical protection measures to the present subject of
licensing issues related to research reactor core conversion.

Although it i{s not the purpose here to present an array of recommended
seasures in detail, it may still be useful to outline the basic contents of
the recommendations as they relate to the requirements for nuclear material
in use and storage:

1) A higher level of physical protection is required for Cate ory I
material. The nuclear material inm this category is to be used and
stored within special inner areas encircled by the protected urea,
which is characterized bv separate physical barriers, differentiated
restrictions and controls on personnel access; limiting the aumber
of personnel having access to the minimua necessity, constant
personnel survelllance, search of all persons and packages entering
and leaving the inner area, badging of persons, the checking and
custody of keys or key-cards, 24 hour guarding service, special
design of storage area within an inner area, alarms and TV monitors
for storage area, internal and external patrol, use of independant
duplicated transmission system, - etc.

A medium level of physical protection is required for Category I1I
material. The nuclear material in this category should be used

and stored within a protected area for which a somevhat less rigid
protection system needs to be provided; such a system includes

access control by limiting the number of persons admitted, {ssuing

of badges and provision of visitor-escourts, occasional search of
persons and packages entering the protected area, checking and custody
of keys, continuous personnel surveillance, etc,

A lower level of physical protection is required for Category III
material. The nuclear material in this category should be used and
stored within an area to which access is controlled but no special
protected area is necessary: the requirements for this category are
limited to such matters as training of personnel, the operator's
general responsibility for movements of nuclear material, detection
of unauthorized intrusion and appropriate actions by guards or off-
site emergency teams, preparation of emcrgency plan of action and
security surveys. All of thase measures are to be applied equally
or more rigidly to Categories I and II above.




