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,

j In view of the proliferation concerns caused by the use of highly enrided

| uranius (REU)' and in anticipation that the supply of HEU to research and tese
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 (IAEA-TECDOC-324) addressed these
topics for heavrwater-moderated research reactors. This guidebook addresses
the effects of changes in the safetrrelated parameters of mixed cores and
the converted core in order to obtain the necessary permission or license for
changing the reactor fuel.

,

I This guidebook has been prepared and coordinat6d by the International
Atomic Energy Agency, with contributions volunteered by different organizations.
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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This guid<tbook has been prepared to assist research reactor operators
in addressing 'che safety and licensing issues for conversion of their reactor
cores from the use of highly enriched uranium (NEU) fuel to the use of low
enriched uranium (LEU) fuel. It contains a wide variety of information on

: the analyses that are required to prepare an amendment to a Safety Report, ,

examples of different analyses and licensing documents, the fuels and testing,

* data that are available, and operation of the reactor facility.

, Two-types of core conversions are considered: (1) conversions where

{ only the fuel and reactor core are changed and (2) conversions where other
major modifications are made to accommodate the fuel change.

In most cases, reactor operators will probably choose to convert to LEU
fuel without changes in fuel element dimensions or core configurations, there-

J by aintaizing the changes in the safety-related parameters of the f acility. '

Many facilities may operate with an interia core using both HEU and LEU fuel
until an equilibrium core with LED fuel is established. Studies in this*

guidebook provide assistance in determining the principles and key safety
j parameters with mixed cores.
I

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

Sunasty Detailed Inforastion.

Tooic Chantarie) Volume Anoendix,

1. Licensing 1 . .

j 2. Analysis 2-6 1 A-F
1

3. Analytical Verification 7-8 ~

2 G-R I;

f

4 A ris 9-11 3 I-K
'

'
5. Operations 12-14 4 L-N

i

6. Safeguards and
Physical Protection 15-16 - -,

MT g h4tri,,( d64.=4 a. a1. Licensing

Conversion of a reactor core from the use of HEU fuel to the use of LIU
fuel will generally require e% a license amendmente pe a new license. Within

~

this range, there is a wide spectrum of possibilities tfat depend on the reactor ,

!

characteristics and on the national :1... ^ ' Reference can be made to IAEA -)
4

Safety Series No. 35 (1984 Edition) for ab-- cription of the technical informa-s
tion to be included in a full Safety Report? ' . 4, ., y 3 , ,

g.

'

i
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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- .i
! ing only those factors affected by the changes in fuel composition and/or core ;

i configuration. The analyses should also include the effect of any changes to I

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 LED fuel may involve a repetition of the entire licensing

t

procedure. i
,

>

Chapter 1 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 i

; by core conversion. !
; i

2. Analysis
.'g

<

Chapters 2-6 o. the Summary and Appendices A-F (Volume 1) contain example
analyses and results showing the differences that can be expected in the core<

j safety parameters and the radioregical 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 Specifications.

3. Analytical Verification

i
Chapters 7-8 of the Summary and Appendices G-R (Volume 2) contain thet

! results of a safety-related benchmark probles and comparisons of calculated
'

and measured data. Both of these approaches are very useful in ensuring that
| the calculational methods employed in the preparation of a Safety Report-are
i. 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
j compare the results of calculations with measurements in their own reactor or

in one of the reactor far which unasured data is available in Appendix H.
1

4.- Fuels

|' The information and test data on reduced enrichment fuels that are avail-
| able as of October 1985 are summarised in Chapters 9-11. Detailed data on

the fuel asterials, irradiation tests, and post-irradiation examinations (PIE)^.

i can be found in Appendices I and J of Volume 3. Appendix K of this volume
! contains detailed examples of fuel specifications and inspection procedures
! that are very useful in procuring new fuel. -
[
, 5. Operations

!
Chapters 12-14 of the Summary and Appendices L-N (Volume 4)- contain use-

|- ful information and recommendations for startup procedures and experiments with
i: reduced ' enrichment fuels, and discussions of the experiences of sevetal reactor
*

operators with mixed cores,L , --@' ff fh.. . vr.. .j" -inel. Also included
| is information on the transportation of fresh and spent ' fuel,: spent fuel storage, -
{- and reprocessing..

.
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6. Safemuards and physical protection

Chapters 15 and 16 of the Summary contain information prepared by the
IAEA on research reactor safeguards and physical protection with various
uranius enrichments and fissile ~ inventories.

7. 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 wt1 235g,

HEU - Righly Enriched Uranium Q 70 wt1 235g)

MU - Medium Enriched Uranium (45 we% 235g)

LEU - Low Enriched Uranium' (< 20 ve% 235g)

..

.
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:

!

j 10pfC310 38 4DORRSSED IN A

} SAFETY REPORT AlENDIS]Ft FOR QDR2 OpWVgR$1Qg
i

y '.'.t ' *
. . .

Introdsettee g( gg y , /t. . .

,

Conversies of ter eere free the use of h'ighly eerished mession
feel to the use e 1 eerished erasise feel will generally regelre e h a
11eeeee aseadeeste a now 11eeeee. "l ' :'': :Mn '.e-e-wide-eyee-_ . ,

j . . _ d , - * k* " * ' . The actual regelresente for eere soeversies depend on
-

,

j the reaeter characteristics and en the settees! M . pigere 1 shows two
peselbile approaches, applicable le different cireesistances pj afi , 4 ", .

i In this regard, the facility operater would be required to embait se
! aseademet to, or a revistee of, the Safety Repo'et. Ze either case, the report
i should eestate tesheical information provies that the converted facility seeld

contiene to be operated withest undee risk to public health and safety. The
report should demonstrate that the degree of safety in the new reacter core to
equivaleet to that of the previese sere. The infesmettee should permit a de--
tersteeties of the adequacy of the evaluattenes that is, assersees that the
evaluettoes tecluded are eerfect and complete and that all the necessary
evaluations have been made.

Ze semp111eg the report, the variese guidellees and relevant regulatione
should be takes inte assemet. Different regulations and requiremente estet in
the variosa cometries, but atteettee to drame to IAEA Safety Series No. 35 -
" Safe Operettee of Research Reasters and Critical Aeoseblies, Code of practies
and Asesses" (1984 Bdities).

This guidebook on " Safety Aspeets of Research Raeeter Core Ceeversion"
{ is restricted to esly these perte of a safety Report which are semeldered
g likely to be directly affected by sore soeversies.

This chapter le intended to assist the operator to propertes a Safety,

Report amendesst for metateeles to his 11eeneing notherity. The forest eder;

j ted follows that presented is Aseen A el 1ASA Safety Series No. 35 (1984
i Edities) and all oestices of the Safety Report are listed with the sees nee-

bortes system. When as assadesat of the seettee to semeldered likely because
of the soeversies, the relevant seheestiees are aloe listed and disesseed.

I Since est all the embeestices are quoted, the sombers of those quoted are set
| alseye seeeeestive.
i

| . C'essente is desties indiasts siis esepe et possible musedupwe.
i

| The attachenet to this chapter aestates a brief descripties of the teoke
| which east be performed to prepare the informattee required for the Safety
| Report amendeest. It le divided tote see parte, with the first part severing
! the taska related to analyste and ptseeing and the second part severies the

teeke related to the properties and qualificaties of the feel.

.

* O
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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,
*

p,,

information on the safeguards and physical setsetty of the-

plant,
g -t e. M, ie s - -

.

saf ety specifications ner 13gladed-t= A ",.iety Asporte.-
e

information on the environmental impact.-

information on the provisions for spent fuel disposal-

(including storagi, transfer, reprocessing, burial or other).
i

j une .: ut-ni- . s.evees - se,. soeve,s,ee ,

cele etaneenstienteme*|4

Posettle seeda te now fat. ese ene enjoe endifiuttene of eyneneuterettone t= ten n
rees.

e uneet ese um ee se emittee te
. ressutw = = r e t tentantes een e.a e e.,

, es, estautw
J

,seeemen e see amenemen te seroer sepees, ene,tenst ewiese saturae,ttensee ewtonen e eetevene ene,ues se,see testeesee to t
sestesses tot e,sesstensee e,wsts.euse ese tot
ese t=a oestatantes 2 stensee

i

a,,aseeste so, .- a ,, asea ses ree e.
1 eses amesessee es. iseeame

teme*== ifueweses seemaattee se. . no.sen ses e, one.
stuestas seeemene emesse u e, og
tr se es,see her ros esse t esee

: a,,e wet of Ammeensee-
A,,eeeel of lieeestese

es seees , amesee ese am e my one
owneestr

'

*rtsee sedarsentene ear to e oweed by (e) e es.4 te e,seems the reeststy, (t) e,seau f aststr
renwee enten e.geare endsetensees se eeen se septease tem esseentee, (en te eegemer et
enerow eeeeer remeen, anden e44 togatee esearteessees esse ettne.e owe eeseensee. .

sun
leees,eeer e4cht be revoeled by a eeet ow of the veestee oefeer seesidsted e,,ee,elete te eles
of the estiesel regeniteepese, the ese of e se festlity, the ,seles of taas stone the pesetene
eeetes, the esteet of cheesee to the feell lr stees thee rootes, the essee of esteetes eseemsesem3

ts.e end the e,eeeeles steesse.

u.as ;.ut- u..+ ~ r . &| "i,Fig. 1.
'

taanple of Possible 1,1 censing Steps ;.

,

' ', + uv

.
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WAFTERS OF A SAFETT REPORY INDIC& TING TROSE LIEELT TO REQUIRE |

AmumsmT ma e m murtaSzaN |
!

!
*

'

1. INTEDUCr10N AND GENERAL DESCRIPTION OF TM PAQLITT

The first chapter of the Safety Report eheeld present se introduetten
to the report and a peeral descripties of the facility.

The punt deoenpsion need enty indianse she essens of ekonges
se she faef tisy and she mesem for she ehanges. Asfonnese should be giwn
so mienens suppersing doeanense, dmeinge, eso. for she modified plans. The
teatelastw and asher neguimeense mIsenne se she maesem should be identified.

2. SITE WARACFERISTI G

Sise okaneeseMettee an nos espeeted so be affeesed by som eenverefon.

3. SAFETT PRIN G PLES AND GENERAL DESI M G1TERIA

This chapter of the Safety Report should identify, describe, and discuse
the safety principles of the architectural and engineering desty of the ettue-
tures, eenpemente, equipeest, and systems important to safety.

The esfesy pHneiples, doete eMeeMa, and mahanteel deste ushode
am nos espeesed so be effeesed by een somenian.

4 actLDINGS AND STaDCrURSS

Genenity, shen is no effees espeesed hem few oom eenvenion.

5. aEACrom

la this chapter of the Safety Report, the applicant should provide an
evolusties and supporttag infereettee to establish the espebility of the rese~
ter to perfors its safety fumettees threedtemt its desip lifeties with the new
core under all eereal operational medes (including both traesteet and steady,

state) and seeident senditions. This skapter ehem14 aise include informaties
to support the sealyses presented to Onapter 16, Safety Analyses.

5.1 Suenery beseristies

A ouenory descriptica of the anchaetaal, suelear, thersel and
hydres11e deoipe of the arteus reseter esepeeente, testuding the fuel,"
reester vessel intereola, and resetivity aestrel systees, should be gives.
The descripties should tedicate the tedependent and interrelated perferessee
and safety fumettees of eseh eenposent. A ouenory table of the toportant
desip and perferesase eherseteristice eheuld be included. - A tabuistion
of seelysis teeke& ques used, lead eendittees seasidered and sense of verified
eseputer sedes should be provided.

Ennesty effeesed by esce sensoreden vi!! he she demity and ende4-
mens of the uranime and, peest&ty, she ehespient eneyeelsten of she j%et mas.
Atee, in eene esene, fuel elemens 4004p, eonent ved help, and mfleesor
alonens deety otLL be effeeeed.

,

-?
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l 5.2 Fuel Sveten Design [
i

1 The design bases for the nochanical, cheatcal, and thermal design
of the fuel system that can affect or limit the safe operation of the facility'

,

i eheuld be presented. The description of the fuel systen mechanical design |

| obould taclude the following aspects: (a) sechanical design limite such as !

4
these for allowable stresses, deflection, cycling, and f atigue; (b) capacity

a for fuel fiestos gas leventory and preneure: (c) a listing of material pro-
] perties; and (d) coseiderations for radiation damage, esteriale selection, and
j mermal operational vibration.

t

The chemical design eheuld coseider all possible fuel / cladding / coolant
'

interactions. The description of the thermal design should include such iteme [

as mentaua fuel and cladding temperatures and fuel cladding integrity criteria. i.

j Details of fuel qualification should be included. [.

c

! The selection of design bases, actual design description, design evalue- '

tien, and the proposed fuel testing and inspection plan should be discussed.

Detailed specifications on mechanical, chemical, and thermal design
could be presented is additional reporte. The Safety Report should only

: laciude principal details necessary for understanding nuclear design and ,

' safety analysis. Of special interest are esperimentally verified limitations i

for the choses fuel element design.

yhe seeksiest deseWpsten of the fwl elemense W11 be ehanged eWay se .

the lowe enHahnene arut the probable higher flee 41e sentent of esak ful I,

I elemme. The phystest properties of the fhet ptases, e.g. hess espaaisy i
i azuf themst eenduestWey wilt be e4anped even if she geometMost shape and

etadding shieknees am pmenned. r

*

j S.3 Nuclear Destas

i- The design bases, design description, and sulyste for the nuclear design
of the fuel and reactivity control systene should be provided sad discussed,
including nuclear and reactivity control liette such as esceos reactivity,
control rod insertione, fuel burnup, negative reactivity feedback, core design,

| lifettee, fuel replacement philosophy, reactivity coefficiente, stability
3

| criteria, maniaua controlled reactivity insertion rates, control of power *

distributies, einstdeva margias, stuck red criteria, red speeds, cheatcal and L

i* anchanical shia control, burnable poises requiremente, and backup and emergency '

i ehutdows previsione.
..

,

A segadeon of she old and new meteer dreign ehem14 no made in addi-,

|. tien so the equimd new estautattene fee presenestien of the min ekanese'

se she Eiseming autheMties. The anin pumeee fee shie eenpseteen is se pain,

! besser undsmesading of the enfesy selysis.

core some any u m-eeneide ntion o
L med,ed in cia.1. se ease. w. mme e , -e.s.f the fleetle tending ,

em. er mee.tu.,.Eme
and skuedeun "rI;M pow,e peaking fossere and buemp does few she usWous

. .

;
-

i spemstenst eestes during the life gf she sere. Asfleeter eksapse eheutd be
dienusend beeaune, in eens esees, they my 448mnee eere-efen, hue' esp, fasen
feeters,see. plusoniust produesd in she fhsel my stee need se 6e eeneidemd,-

{ even though she ,usnettfee em esposeed to be east!.

!

>

'
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5.4 Thermal and avdraulie Desian

i The design bases, design description, and analysis for the thermal and
' hydraulic design of the reactor and core coolant system should be provided, |

includtag such itene as manieue fuel and clad temperatures, critical heat flus
; ratio (at rated power, at design overpower, and during transiente), flou

'

i velocities and distribution control, coolant and moderator voide, hydraulic
'

stability, transiest limite, fuel cladding integrity criteria, and fuel ,

j assembly integrity crite'ria.
;i

i
There should be a discuestos of the testing and verification toe.iniquee !

4

to be used to ensure that the planned thermal and hydraulie design character- ''

istice of the core and the resetor coolant system have been provided and will
remain withis required limits throughout core lifeties.

!

If them am no abanges in fuel e! amens goonstry, ecco-stas or power
peaking (20 sore, only the themst deetp neede dieeuesion; otheNien, both
skennt amt hydmutta design should he'dieeuesed. A eosperison wish she old
design is meaneended. i

,

' $e
i

! 5.5 teostor Materiale
s

,

i A ties of the asseriste amt their specifiessione for eseh componens ,,

j of the sonsret rod eyesen amt for massor insemate which have undergone .-

e ekould be pseensed. The effeese of okanged irmdiation oomtitione
.

'

i

| on assertate should be dieeuesed if eignifiaans. |

5.6 Mechcaical Desian of toastivity Control Systems
!

Informaties should be presented to establish that the control rede r

(dimensions and asteriale) and the control red drive systes, which includes |
: the essential aseillary equipment and systems, are designed and installed to j

provide the required fumettonal performance and are properly teclated from
other equipment. Additieselly, infomattee should be presented to establish
the beoes for aseeestes the combined fumettonal performenee of all the re-
activity control eyetene (including laserttee times) to attigata the conee- p

quences of anticipated transiente and postulated accidente.,

! If she son Pol Pod design has abanged, igomation eheutd be pm.
{ eensed so sessbtish shst the senspel red drise eyeesaq, uhteh ineludes the

;
: essenstat ane(13aq spipsons amt hydmutta eyeesas, te esitt ehte se pro- ;

| eide she mruimd funesions! perfomanen lineludim inneretan sineel. Desatte
,

af the sessing proymsus and she seules of the seese eheuld be giuss.3 ,

| 6. REACFOR QDOLANT SYSTEM AND CDIRECTEp SYSTINE
I' This chapter of the safety Report should provide information regarding
; the reacter eoelant system and eyetees connected to it. Evaluations, together
| with the necessary supporting esterial, should be submitted to show that the
! resetor coolant system is adequate to aceseptish its objective and to asintain

its integrity under eendittene impeeed by all foreseeable reester behaviour,-

either nevnel or accident sendittene. The informatten should permit a determin-
|ation of the adequacy of the evaluettene. Evoluettene included in other shay- '

;

i ters which have a bearing on the resetor eeelset systen should be referenced.
!

|,
! i

!

<
.
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; If the paastetest ehepe of the fm8 etewnee te ehanpd as da seesten
; 8.d, the petmary eselig etreuts perfomems mai, N attemd and a new ees

,

of nemm1 opemsten ekspeeeeetestes eestd sputs. # sue w e, if the m a m o ;
#

Jmeste ebenpe ta fw& elemem pourin er mduetten of = e se she esfety !4

: Itatte du to higher pause peaktg fasseco, no esp.lftsam e in the
messer seelant eyseem will coeur fee the asse nominst posesee pause lopet.

i 7. EEll!EEEER_lAIIIDEAIHR ER_QE_BAREIRES. _s.

1 Engineered safety featsees may be ,Stevided to attigate the eensequences
! et postulated accidente in spite of the fact that tt ece tetidente are very
| unlikely. This shapter of the Safety, Report should present inforestion la '

i sufficient detail to permit as adeouste evaluation of the performasse capabil-
1 ity of these features. A listing of the information that enem14 he included

to sentained la IAEA Safety Series N3 35 (1984 Edition), Ameen A, p. 37. ;
;r

j somstly, she mgutmasm fee an Emsgemy com coettny system (20C3) E

er she mgutmasse so be mes by sa artestny tC03 pt!1 not be effeeced by Ij -

| som senessten if them am only st.w,4 shanpa in she deesy haas hoste.'

i

| S. INTRUMNTATICW Alf0 CDirrt0L3 ;

t

This chapter of the Safety Report should provide informaties regarding I

f' the tastrueestattee and centrol systeem, including the power regulating systems
for reseter eestrel, the resetor preteetles eyetes, and other engineered safety;

I systees lastrueestaties. The taformation provided should emphasise these in-
I strumente and asseeisted equipeset which eenetitute the reaeter safety system.

.

I

j If eksm am no airffisens skages in she'nuelear end eksmat/hydmutte (
; shamesemistes of the som (seestems 4.3 and 4.41, to te we espeesed thss
I som somsmien will effees the melear taesmassasten and eenscot eyessa
j ethee shan peset43e m-es144meten as intedet esepe-up ofece sementen.

! If shem em eigniftsam shampe in the melear and themst/hydmuttaj' shameseriestes of the seco, new sety sessinge any hace se be doesmind.
.

!
9. ELECTRIC POWER

|
1

.

4 The atestrie power system to the oestee of power for the reester eeelant!. peeps and ether aus111erles dertag aereal operatles and fer the safesy ofatse'
. and engineered 'eafety features during abeereal and aseident sendittene. The
i; informaties in this shapter of the Safety Report should establish the fumettee-
1; al adequeey of the safety-related electrie power systees and escure that these i
ji systees have adequate reduodeesy, ledependense, and testability in confermance
]'' with surrent eriteria.
t

'. Is de nos espeeeed ekse she eteespie 'pouse eyeses ott! be effeeted by
* eem somemien unleen nader plan skenyee em mquimd.

I 10 . AllI1LIART SYSTEM
, ^

?

[ m . ch.,t.t .f ihe S.f.ty .,.rt .hould ,re.54. i.f.reais.e .serei.g i

I
the assiliary systone ineluded in the facility. These systene that are essee- I

taal for the este shutdown of the reester er the preteettee of the health and [
} eafety of the pub 11e should be identified. The descripties of each systee, {

; :

i i
4 6

| [..
g

' '

a.g,
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! Estiestee of the release of radiomative esteriale (by radieeme11de) j

! free each source identified and the subsequent transport sechanism and i
! release path should be provided. Identify planned operations, lacludtag i

esperimoats and satteipated operational oceurtences, that may result la i
release of radioactive esterials to the environment. Consider leakage
rates and eeseestrations of radieestive materials for both espected and i

design conditione. The bases for all values used should be provided. Describe
changes free previous designs that may affect the release of radioactive

3

materials to the envireement. j
W

Changes in een anserial mquim m-estaulation of eeuren sonne
arisiny from the fuel elemense.

,

j 13. RADIOLOGICAL PROTECT 1JI f
:

| This chapter of the safety Report should provide information en methode i
j for radiological preteetles as required by the IAEA Code of Practice (Safety .

Series No. 35, 1984 Edittee, Chapter 13, p.16), includies estiested occupe- }
tional radiaties espesures te operating and cesstructies pereennel and to the '

public during normal operation and anticipated operational occurrences. It ,

should provide informaties en feellity and equipment design, the pleanlag and .
!precedures programmes, and the techniques and practices employed by the app 11-

cant ta meeting the etsedards for protecties against radiation.
|

It is emented that she only effect ueutd be on the mdiation design
g fessume. ;

j i

} 13.3 Radiaties Desta Peatures |
! ;
* 'In this oesties, equipment and f acility deetga features such as ohteldias,

ventilattee, and area and airborne radiomativity eenitettag instrueestation i

which are intended to ensure that radiation espesures are within the specified !

j requiremente and as low se reaseeably achievable (ALARA) should be described.
!4

{ rhe mdission teost ensedde unter er eeneste ud11 only be encytes!!y |
i i<tunnend by ekanges in een eine or mfleeser. Themfon, the mdiation !
| level is not eepensed so be affensed by een eennemien unleen ander akanone ;

I se she plaw are mquimd.
{

Depending upon she doenized meeser design, eks sette(sy in she pedang !

espeudt engenews any be seg semistan se delay tinse of ese8se on este !
from the eem. If she eeelen flew men kan been inemesed at all, the adegan:ay
of she delay eyeene any mguds mesensesum.

14 CDNDOCf 0F OPERAT10ll8 !

IThie.shapter of the safety tapert should provide informattee relating to
the properatione and plans for operettee of the feellity. Its purpose le to
provide soeurasse that the applieene will establish and esistain a staf f of
adequate else and technical scopetense and the operating plans to be followed
by the 11eeeeee are adequate to preteet public health and safety.- ,

,

| f%e med to messe 7::2= and m-tmin eseff skeute he eeneidend if
j as/se ekenpes se she pIse em mguimd.

I

!
,

i

!

!
i
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; Estimates of the release of radioactive asterials (by radionuclide) i

free each source identified and the subsequent transport mechanise and;

, release path should be provided. Identify planned operations, including i

) experinents and anticipated operatior,a1 occurrences, that may result in'
release of radioactive materials to the' environment. Consider leakage

'

rates and concentrations of radioactive materials for both expected and
j . design conditions. The bases for all values used should be provided. Describe

.

; changes from previous designs that may affect the release of radioactive !

; asterials to the environnent.

W ,

Changes in con meeriat mquin n-aaloutation of souron tems*

,

arising from the fust staannes. ,

13. ' RADIOLOGICAL PROTECTION-

I This chapter of the Safety Report should provide information on methods !
for radioloCical protection as required by the IAEA Code of Practice (Safety ''

j 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
I procedures programmes, and the techniques and practices employed by the appli- .

*

cant in meeting the s::andards for protection agains e radiation.

i It is ,espected that the only effect would be on the ndiation design
j featuna.

13.3 Radiation Design Features

In this section, equipment and f acility design features such as shielding,
! ventilation, and area and airborne radioactivity monitoring instrumentation
; which are intended to ensure that radiation exposures are within the specified

requirements and as low as reasonably achievable (ALARA) should be described.
t

. i' N ndiation tout outside uater or conents vi1.1 only be urgimity '

i i<tuenced by changes in con sian or nflootor. Thenfon, the ndiation
,

| tout is not espected to be affected by oore convenion unless mice changes '

i to the plant an nquind.
| .

.

*

i Depending upon the detailed reactor design, the actietty in the gnum
aircuit conponents may be um sensittu to delay tians of coolant on emit

,

feca the con. If the coolant fico nte has been inonased at all, the adeqsaxoy
i of the delay systen my :wquin massessasnt. '

,

14. CDISUCT OF OPERATIONSy
t

.: Thia, 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 compete 9ce and the operating plans, to be followed. ,

by the licensee are adequate to protect public health and . safety. *

' * The need.to noise procedures and n-tmin st4ff should be considend if
.

'
.

mfor changes to the plant an mquind.

;

:k
,

n

,
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14.6 Security

This section of the Safety Report should describe the plans for
physical protection of the facility. It is 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 sepante docunne, a distinction should be mde betueen physical
protection of the plant and of the ful. The physiaat protection for the
plant 1[isii5n ir,-k- %=2 cry, MAT is not i<tuenced by con conunion.
The physiaat protectic the LEU funt vitt be lover in son cases. See ,

- Chapter in the Sunenn' this Guidebook. ~

b T t. W t c w L v. % *

15. CDMMISSIONING OR TEST PROGRAMME FOR (%)RE CONVERSION
,

:

This chapter of the Safety Report should provide information on the test
programme for structures, systems, components, 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. <

,,,j w'
c.- i. ::gpossible methods for con conunion are: ::pkW ', . .

fe Gndual convenion our a number of nfuelling cycles." % * '
,

gfa Complete co n chany at one shutdown.. c up a e .: i 1.n
4, ta .i .

de M for plant changes, h e.cMai M i W 'N C F b O* ''

; -'
r v

The type of test pr,2yt _ _ necessary will be diffannt in each case.

A start-up y,,,y~ - _ for wrifying the oatoulations and for educating '

the nactor openson is noosean. Such a pwy-.- is nqui n d, espealatty 1
-

if arlssd cores an used, in oder to assure that adequxte thermst-hydnutia
safety urgine and shutdown mmine an mintained. i

f

Rydnutic and nactor physics tests on a new fuel stament design met
\ be perfomed prior to futt-pouer opension. The perfonexnce of att nactory

. ad systeme must be wrified. , 4 .: .; ~ w
16. SApETY ANAI,YSES

The evaluation of the safety of a research reactor should include
i analyses of the response of the reactor to postulated disturbances in

process variables and to postulated as1 functions, failures of equipment, or
i operator errors. Such safety analyses provide a significant contribution to

the selection of limiting coMitions for operation, limiting safety system .
settings, and design specifications for components and systems from the
standpoint of public health and safety.

The situations analysed should include anticipated operational occur->

'

rences, off-design transients that induce fuel f ailures, 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
not exceeded by those from any accident considered credible.

_. .- ___ _ _ . _ _ _ . _ . _ _ . . . . . _ _ _ _ . _ _ _ _ ~ _ . _ _ _ _
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Besides fut element desip, con desip, amt fut nitchitity, the |
accidone amtysis for con conunion is most important. An, adequate safaty~ ~ |
nnmiqmust be demonetnted ant in som-easeo, ontytr wrginal-nduction of |

f the emissing-ms mine could be.aaoepted. In mm eases the conunk of the
- fuel only any not nquire new Licensing proondums for the convenk. The

aooident anstysis must be discussed nem aanfutty for the tw fuel to annun
thst ournne safety requinments are satisfied. If possible, the antyees for ;

the LM ani EM desips should be 00 mand in oder to have a clear fint ;- .

neune of att okanges.~' *u 2.u'i-inensee or"deenase of-the risk.
,

, ;

' }|eactivity tnnstants, tone-of-coolant and toes-of-ftcu accidents met
i be nooneidend and nry need to be nonstysed owing to possible skanges in
\ fut element desip and the naponee of the fuel to aooident conditione and ;

possible changes in tempentun feedback oceffiotents, absorber vorthe, and.

themnt-hydmuito chanatoristics. Zhe pashah$3t,ey,.of fissh product nisase1 |,

m et be n valuaced. p r -*
i e U#') .s

.

"

The scope of the voA depends on the ognit of the changes to the
; con and the system. '

'
g. ..

Ranmtes of . 7 ^ ^ ' M|aooidents
rofeyiia V \^7 I

'

r
' 'b . !;:h n my be'

affected by the okanee to Em fut, an listed in Table 1. Re-a mtyeis of ,|
these accidents should take into account the changes in the nactor ohanater-.

istics after convenM to LN funt. The natun ami extent espected for some
of these changes an sunnsvised in Chapten 2 to 4 and an described in detait'i
in Appentices A to D.

;- 17. SAFETY SPECIFICATIONS

Each safety Report may contain or refer to Safety Specifications that
'

set forth safety limits and safety systes settings, liatting conditions for
! safe operation, surveillance requirements, and administrative and organisa-
j 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

analysis in chantgr_1,6. 9 , g g,,, u ,|. , Q [ g ,, 73,, ..,
,, W w \ .

. "

; 19evisione . be ude to the conditke nferring to funt elearnt' .

V. Loading, tementun and oooting. The conditione on absorber norths any also
' _ - need to be n-enstuated. Trip tiette nferring to the son themat-hydnuties"

and naator physics pannesen my mquin noiston.
s-

i 18. QUALITY ASSURANCE

i %, A quntity assunnon systen and specifiestione for the new funt, T~. L 'v.s.
.

""
'

eptabF , i i! , J., L f,,, .h!! % e,4.4 betueen1he~openear L~I 'l f . ; . ,| ~* t |. i f&'== ten.. Qs,~, _. . ( * ' _, '-,3

+1 In the esse uhen modifMtione to the maator an necessary, -the *'

quality assurance in the desip, production and installation of the ''.\a,,
..

modified systene should be discussed. '
,

,

19. DgCOMMISSIONING
,

;
'

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

'

The scope of ook depends on the axgnitude of the changes co the core .
and system.

,

I

(. - . _ .
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TABLE Ipg .~6n n
EXAMPLES OF REFRTSENTAT4V8 ACCIDENTS THAT MAY 4589--79-8E-

RE .ANALYZEU-ia a 5A7ETT-1tEPORT-AMENDMENT 70R CORE CDNVERSION*
v e. . .' ' . ; , Me

I')'' G'-

DECREASE IN HEAT REMOVAL BY THE REACTOR CDOLING SYSTEM

e Primary pumps f ailure 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 insertion

e Control rod and control rod follower failure

e Fuel loading error
.

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

t

'
e Failure or withdrawal of an in-core experiment

H O insertion in a D 0 system or tice versa, ore 2 2

loss of H2O coolant where other moderation is used -

Criticality during fuel handlinge

e Control system runaway

CHANGES IN INVENTORY OR FRESSURE OF REACTOR COOLANT

Whole core' lose-of-coolant accident (LOCA)e

RADI0 ACTIVE RELEASE FROM A SUBSTSTEM OR CONFONENT

Local f ailure/ melting of a few fuel plates or . rodse
in core

e Fuel element cladding failure in core

Fuel element failure 'during handling incidente *

f

___

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

|

, - . , , -.- - - . , , - - -~ .-
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ATTAODENT

SUMMARY OF REQUIRED TASKS,

This section briefly describes the tasks that must be performed to
provide the inforastion required for a Safety Report amendment for core ;

conve rsion. The tasks are listed in an order in which they could be logi-
cally performed and are divided into two parts. The first part (General
Considerations) includes mostly the analytical and planning tasks described
in Volume 1 of this guidebook. The second part (Fuel Considerations) in-

| cludes tasks related to the properties and qualification of the fuels
described in Volume 2 of this guidebook.

A.1 GENERAL 0)MSIDERATIONS

A.I.1 General Design Features

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

A.1.2 General ~ Design Rules
i

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

.

A.I.3 Fuel Management.
4 ,

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.I.4 Power Distribution

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

the ascroscopic power density distribution and the local power density peaks.i'
,

A.1.5 Reactiitty Balance
,

| Description of the compensation of excess reactivity. Description
of the compensation of reactivity changes (e.g. ' burnable and Zenon poisoning).
Statement of representative reactivity equivalents (e.g. for stuck control,

| . absorber) and of the maximum reactivity changs rate.

Statement of reactivity values of the reactor, of shutdown reactivity '

- .i for different operational states (cold, sero power, full power) and burnup
- states.

F

I
| A;1.6 Reactivity Coefficients
| ,

Definition of the reactivity coefficients. Statement of the reac-
tivity coefficients of the fuel temperature (Doppler coefficient), of the
anderator temperature, moderator density and voids and power. c Representation-
of the dependences (e.g. on operational state, burnup) in diagrams.

.

+
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A.1.7 Reactor Protection System

Discussion of possible changes in the control rod det.ign 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. ,
d - gamma radiation and neutron radiation in different energy groups. Statement of

the radiation flows in the_ individual shielding media and dose rates (neutrons,t

gamma) in radial and axial direction. .
!

1

-

|.

Statement of the concentrations of radioactive 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
i products (gases, corrosion products).

A.I.9 Thermohydraulie 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,

j power distribution in the reactor core).

j Description of the flow circuit, statement of operating pressure, coolant
'

throughput (main and bypass flow), pressure losses, coolant tempe ratures,
j cladding temperatures, admissible fuel element power or heat flux density.
i

A. I .10 . Bot-Channel Factors / Peaking Factors
,

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

A.1.11 Critical Heat Flux Ratio
i Definition of the critical heat flux ratio. Statement of its expected
j 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.I.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 significaint characteristics
(e.g. pressure, temperature and throughput), (3) a summary description of the
inaction and design of the recirculating pumps (e.g. speed, capacity, discharge
flow), and (4) summary descriptions of material ami certification tests and
in-service inspections.

| .

;

. _- .-.

d

'

-
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A.1.13 Accident Analysis
,

: Calculations (including e.g. assumptions, physical models and mathe-
natical methods, description of the accident course and effects of the ,

i accident) of reactor behaviour during accidents identified in Table 1 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.) .F -

,

has to be considered on a case by case basis.
'

|-
'

A.1.14 Emergency Core Cooling Systes
,

If modifications are necessary to an existing ECCS, a description
should be provided of the residual heat production, the functions and operation

j of the ECCS design (e.g. capacity redundancy, spatial separation of the
i system), and the test possibilities (e.g. functional tests at certain intervals
j during operation or during a refuelling operation).
.

} A.1.15 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 include 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 these should also be considered.

1

A.1.16 Startup Procedures

Description of the pre-startup tests, startup, sero power and power,

j 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.1.17 Operational Procedures .

| -

| Suanary description of changed operating measures if such changes are
! necessary 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 modificatior.s
have been necessary.

,

f

A.1.18 Handling and Storing of Fuel Elements

If modifications are needed, description should be provided of the - i

storage provisions for both fresh and spent fuel elements, their position and
their capacity. Criticality safety considerations should also. be described -

-

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.

I

b

i
+

e
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A.2 FUEL CONSIDERATIONS

A.2.1 Maximus Burnup Levels

i Discuss the maximum burnup levels with the new fuel. Compare 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.2.3 Geometry '

>
,

Discuss any seemetry differences 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
i 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 Manufacturing Data
;

! Describe the manufacturing process of fuel and include all necessary
data to support the coaclusion that the fuel will perform safely.

1,

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 Fuel Swelling or Blistering
i

Discuss the degree of dimensional stability as a function of specific
power, burnup, and fuel temperature. Those parameters considered to be design4

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 A&surahce

Describe the quality assurance procedures to be followed in the design
and produ.ction of the modified systems and components.

*
,

I

.

|

3

;:
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CHAFTER 2

I
- . _ SAFETY ANALYSES

2.1 Introduction
;

This summary is based on the work presented in Appendices A and B.
Appendicies A-1 and A-2 present the results of safety analyses performed by.

.INTERATON (FRG) and the Argonne National Laboratory (USA), respectively, for ~

the generic 10 W 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 CA Technologies (USA) for replacement'of the HEU+

plate-type fuel with TRIGA LEU rodded-type fuel. Appendix B presents a metho-
dology for prohibilistic accident analysis contributed by CEC (UK) and the
UKAEA-SRD (UK), although the information does not contain 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 6 and
Appendix F.

2.2 Plate-Type Fuels.

2.2.1 Equilibrium Cores

IngpendicesA-1andA-2,thesameHEUfuel'elementwith23 places
. and 280 g U is studied. For the LEU core, both contributions examine the
i safety parameters of an equilibrium core ~and each core of a gradual transition

. from HEU to LEU fuel. One case
uses an LED fuel' element with 20
lP aces, 1.0 as-thick fuel seat,

i Fig. 2.1 10 MK Reactor Core
and a fissile loading of 446 g,

a a c a F and the other uses gg5 I"*1
element with 390 g U and the [

1 C C c c C C same geometry as the HEU element. I

The 5 x 6 element core
2'

(Fig. 2.1) contains 23 MfR-type
!- fuel elements and 5 control fuel

elr.sents. The core is reflected !3
by graphite on two opposite faces
and is surrounded water. One

4
- flux trap is located near the

center of the core and another
- near an edge.

5

The first step in the cal-
culations was to compare theO8 operating parameters and safety i

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

, g' g g g g
these characteristics were satis-
factory before beginning the HEU-
.to-LEU transition core analysis.

l
. . .

|

r
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|

'

The data include cycle langths, average 235U discharge *burnups, I

nuclear power peaking factors, steady-state thermal-hydraulic safety margins,4

control rod worths, and shutdown margins.'

t

The cycle lengths are considerably longer in the LEU cores than in tho' |'

HEU core because the fissile loading of the IEU elements is much larger..
The percentage of 235U burned in the discharged elements is about the same

,

in the HEU and I.EU cases. The thermal-hydraulic safety margins and the shutdown |
*

margins in all of the cores are shown to be perfectly adequate to guarantee !
,

i the safety of the facility.

2.2.2 Transient Analyses
,

.

:
i The basic kinetics parameters that were computed for the HEU and. LEU

equilibrium cores are shown below:4

.HEU LEU
,

Proept Neutron Generation Time A ps 55 40-42

Effective Delayed Neutron Fraction, gegg 0.0076 0.0073'

; The reactivity feedback coefficients for the combined effects of mode-
j 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 transient 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
;- was approximated by an exponential function with a time constant of 1.0s.- The

trip setting was at 85% of the nominal flow, with a time delay.of 200 as.be- - i

fore the shutdown reactivity insertion. The calculations 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 free Appendix A-1 are shown in ~
,

Table 2.1. Comparison of the EED 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 seat, 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.st the surface.of the clad were 114*C'

and 113*C in the HEU and LEU cases, respectively.
i

i All of the peak clad surface temperatures computed for this . )
i transient are far below the melting temperature of the cladding, which is. i

- about 600*C but depends on the specific composition of the alloy cladding
material that is used.

|
j

l

.
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; Table 2.1 Fast Loss of Flew Transient

Fuel HEU LEU

*

Initial Power, MW 11.5 11.5'

3Initial Flow Rate, m /h 1000 1000
Time Constant for Flow -

Decay, a ~1.0 1.0
Flow Trip Point, % 85 85
Time Delay, s 0.2 0.2
Power Level at Scram, % 107.4 (0.363) * 106.1 (0.363)
Peak Fuel Temperature, 'C 144.1 (0.363) 167.4 (0.363) !

! Peak Clad Temperature, 'C 141.1 (0.363) 141.9 (0.363)
Peak Cutlet Temperature, *C 80.1 (0.42) 80.1 (0.42),4

.'
Min. Bubble Detachment 75.4 (0.38) 77.3 (0.38)

8Parameter, cm K/Ws

At ~ 15 % Relative Flow:
Fuel Temperature, *C 66.7 67.5
Clad Temperature, *C 66.5 66.0
Outlet Temperature, 'C 51.1 51.2,

1

1

!

Table 2.2 Control Rod Withdrawal Accident - (Power Range)
,

Fuel HEU LEU
'

Reactivity Insertion Rate, 18.9 19.8
c/s
Initial Power;MW 10 10.,

; Trip Point, MW 11.5 (0.775) * 11.5 (0.765)
Flow Rata, m /h 1000' 1000

8

Time Delay, s 0.2 0.2
Peak Power, MN 11.93 (0.975) 11,81 (0.965).

Total Energy Release to,

7 7Time of Peak Power, Ws
. 1.065 . 10 1.051 . 10

6 6Total Energy Release beyond 2.338 10 2.319 10
11.5 MW, Ws '

.

Peak Fuel Temperature, 'C 133.3 (0.975) 130.5 (0.965)
: Peak Clad Temperature, *C 130.0 (0.975) 158.4 (0.965)

Peak Outlet Temperature, 'C 52.9-(1.0) 52.8 (0.965)
Min. Bubble Detachment 114.3.(0.975) 117.2 (0.965)-
Parameter, cm* K/Ws.

|- as

J

.

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

,

A 7

|
i
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Slow Reactivity Insertion Transient |
|

It was postulated that all control -~4s are withdrawn from the core
with the nominal control rod drive speed M .21 cm/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 assun tions for the ramp rates, trip settings, and time I.

delays before shutdown reactivity insertion were slightly different in Appen- |
'

dices A-1 and A-2. For example, in Appendix A-1, the ramp reactivity inser- 1

tion rates were assumed to be 0.189 $/s in the HEU case and 0.198 $/s in the i

LED case. In Appendix A-2, the corresponding ramp rates were computed to be ,

0.16, $/s in the HEU core and 0.14 $/s in the LEU core. However, the conclu- '

sions in both Appendices are the same.

In Appendix A-1, 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

cor. trol 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
4 cases, respectively. 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 6

insertions necessa:y to initiate melting of the cladding. No initiating
,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-4

activity insertions in 0.5s from a power level of 1 W with and without scram at
12 MW. A time delay of 25 as 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 1 W
$. to Initiate Melting of 6061 Alloy Cladding at a Surface' Temperature
{ of 582*C for HEU and LEU Equilibrina Cores.

Limiting Reactivity Insertion, $
Scram HEU LEU

7 Stoo Insertions. 3
Yes 2.3 2.9
No 2.3 2.9

Ramo 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 prompt Doppler coefficient and larger void co-

<'

efficient. Results are also shown in Appendix. A-2 for the limiting reactivity - !

insertions for the REU and LEU cores as a function of the prompt neutron genera-I

[ tion time and as a function of the thermal conductivity of the fuel usat.
| '

I >
:

,

'
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2.2.3 HEU-to-LEU Transition Cores

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
i to onset of an excursive flow instability. Generally, ONB will occur before
*

an excursive flow instability. The larger the difference in the fissile content
of the HEU and LEU elements, the more care must be exercised.

Since the HEU elements in Appendices A-1 and A-2 contain 280 g 235g
and the LED elements contain either 446 g or 390 g 235U, 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
| aixed cores and in the LEU equilibrium core because the neutron spectrum is

harder in the auch more highly loaded LEU elements.

Before beginning the neutronics . calculations. .it is prudent to deter-
: aine the ,masinua total nuclear power peaking f actor that will yield an accept-
. able margin to ONB. Since the calculations for the mixed. cores are performed
j sequercially, the adequacy of the margin to ONB and the limiting shutdown
! margin must be checked af ter each cycle. If one choice of LEU element posi-
| tions does not satisfy the safety criteria, others must be tried until a
t successful solution is found.
'

Appendices A-1 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 thej' cycle length increases each cycle along with the 235U concent of the core.~ The

; conversion from HEU to LED fuel is completed at the beginning of the 5th cycle,
i.e. af ter a transition phase of _351 full power days of operation.

Appendix A-2 presents transition core results based on replacement of,

i two HEU elements per cycle. The conversion was completed at the beginning of.
the'14th cycle after 324 full power days of operation. Only two cycle lengths

j were used in this analysis. Eight of the first nine mixed cores were run using
the cycle length of the HEU equilibrium core and the remaining five _ cycles were,

*

run using the cycis length of the LEU equilibrium core. ' The core was operated
i for a longer time during the 14th cycle in order to run down the excess reacti-

vity to a value near that expected for the LEU ' equilibrium. core and to maximise
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.
4

_

.

-

|

|.
-

L -- . . _ , .m



. - _ . . . . . - . _ . . _ .. . . _ _ __ ___ _ . _ . _. - _ _ _ _ _ _ _ ____

-.

.

'
.. .

i

S-21

' '

2.3 Rod-Type Fuel

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

The 6 x.6 core arrangement contains 30 fuel clusters, either 4 or 54

control rods and either 1 or 2 water-filled flux traps. -The coolant and,

reflector are light water. When fresh, each LEU fuel cluster contains 877 g
235U and about 0.8 wtX erbius which serves as a burnable absorber. The. desire'd

235ave rage U burnup in fuel clusters discharged from the core is >40%.- 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 eerserature coefficient, and the heat

transfer analysis.
.

Two accident scenarios are analyzed and cascussed.
:

Loss-of-Flow Accident

] When the reactor is shut down from power under normal operation, the -

. main ecolant pumps will continue to be operated for a short time until the 6

fuel temperature declines to a near-ambient value. . Should the pumps fail or
be shut off because of an energency during full power operation, the reactor

| would scraa on a loss-of-flow signal. Experiments conducted on other force-
, flow-cooled TRIGA reactors show that the flow coast-down taxes several seconds . ;

{ and then the flow reverses direction to the natural convection mode very quickly j
and sanochly, with essentially no' interruption in the fuel temperature decay. }

,

rate. Thus, the af terheat from the shut-down reactor will be removed by natural
j convection following pump failure or emergency shutdown. Data on a flow coast-

down in a 14 MW TRIGA reactor are provided that confirm this conclusion.4

Reactivity Accident '
,

In this hypothetical startup accident, the entire rod bank was assumed L

to withdraw from the full-in position at the normal rate of 10 cm/ min constant
velocity until a scras occurs. A variety of conditions were also assumed that ,

"
7 - ensure that the results of the calculations are conservative. These includes.

(1) flow characteristics representative of natural. convection flow -induced by
remova.1 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 ;

power 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 seras,
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 temperaturesc

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 t'.e channel, the fue1' temperature remains low enough to pre-
clude damage because 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-1, and B-2, although tot referring in any way to the,

; differences between HEU and LEU, are presented as a guide to probabilistic
s'fety analysis methods. :j a

The use of Probabilistic Risk Assessment (FRA) 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,
j deterministic approaches. {

There are in general no sendatory requirements for such studies, and fort ,

'' research reactors the use of PRA techniques (in _ licensing) has not been videly I
,

applied.
|

The demands on both applicant and licensing authority in terms of total

: effort and the level of skill are substantial. The decision to usa PRA in the ;

; licensing process should not be made lightly, particularly when resources and-
previous experience are limited and perhaps only one research reactor is - '

4

involved. t

Even for a single research reactor, the effort required for a full PRA
based treatment can be comparable to that for a major power reactor (see4

Appendix B-0) while the benefits may be relatively small.

Nevertheless, the value of . limited application of probabilistic asses- e

; sment methods at appropriate stages of design and operation can be . substantial
i in the context of evaluating design options, design changes, and testing
I 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 is recommanded. '
;

Appendices B-1 and B-2, provide ' illustrative examples of how', with !

relatively modest effort, ' supplementary quantitative ideas abcse systes perfor-
.'

aance can be generated during redesign and/or re-licensing of a reactor.<

Appendix B-1 exemplifies 'a study which would be ' suitable at an early
i - design stage, or as a brief comparative review at a later evolutionary stage
| of design. It demonstrates how useful feedback about the design concept of a '

' system can be obtained.
i.
| Appendix 32 demonstrates how a rather more detailed approach to the

-

study of the performance of a system any 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,. in-depth study.
|
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CHAPTER 3

MTHODS FOR PREVENTING LOCA

:

i A complete loss-of-coolaat accident (LOCA) in some higher power reactors
j 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 aust 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 W, a .

,

partial LOCA could result in boiling at the immersed part of the fuel. Conduc-
tion and stesa cooling may be adequate to prevent selting.,

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

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

2. Elevation of pool systes pipework (in pool or pool wall) above the
core.

3. Antisyphon devices.

4. valves on reactor vessel above and below core to admit pool water
j for natural convection cooling.

5. Bsergency spray' system from water storage tanks.<

,

6. Pool-liner continued through beam tube..

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

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 I

of engineered safety features, and the adequacy of any heat removal system
that is 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

i this, a meltdown on operation could result. For example, automatic butterfly
! valves in the main pipe need careful design of the autoestic 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
1 consideration. The effect of earthquakes, of a magnitude appropriate to-the

j site geological conditions, should be considered.

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

Appendix C considers the protective 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-Fetten), and two heavy water'

tank-type reactors (DIDO and PLUT0).
~

Appendix C-1 describes the engineered safety features against LOCA fo'r the
DEMDCRITOS reactor, which is a swimming-pool-type reactor originally operated
at 1 W, when no special features were provided against LOCA. Following up-
rating to 5 W, one safety concern was a LOCA due to rupture of either a pipe

'

of the primary cooling system or of an experimental beam tube. .Seve ral
; alternative methods of protection were considered, but the solution that was
'

chosen was installation of automatic valves in the primary pipework and ,

sealed protective covers on the beam tube ends. Further consideration is now
j being given to provision of an anti-syphon device (Fig.1).

Appemlix C-2 describes the engineered safety features against LOCA for
another. swimming pool-type reactor, SAPHIR, in which the power was increased*

from 5 W to 10 W in 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). In order .co 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 shut.ters
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 ini

the pool vall of each besa tube end (Fig. 3). .

4

Appendix C-3 describes the protective seasures taken against both a,

'

, total or partial LOCA in the 45 W Petten HFR tank-type design. The reactor
; core with its adjacent devices is contained in a closed vessel at low pressure
j which is immersed in a pool. The protective measures against a complete

uncovering of the core are a high elevation and U-type design (with a vacuum<

break anti-syphon system) of the primary cooling pipes (Fig. 4). For emergency
'

; cooling, 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.

In the original design, beam tubes above and below the core centerline
were welded on the vessel and core box waJ h to prevent leakage from the

; vessel through the tubes. The improvener.:t . Fig. 5) ande to protect against
i partial uncovering of the core in the new vessel designed for 60 W are:
: (1) the beam tube ends are not welded to the reactor vessel but.'are sealed and! terminated at about 5 na from the core box walls (2) an aluminua protective

cover is bolted at the external pool well side of each beam tube as a second
barrier to leakage of. pool water through the tube, and (3) the beam tube4

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 f rom 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 systeal 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.

i
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CRAPTER 4

RADIOLOGICAL CONSEQUENCES ' I' t '

- .-

. . . ..

v- -

.,,.

,. -- f "' ' " , ,
'

..,

j A common approach /in Safety Reports for research and test reactors is to . *

assume that a ty;:th:iTrel accident results in the release of some portion of.> -

the inventory of radioactive materials from the fuel to the containment / reactor
building and, eventually, in the release of a portion of these materials to the

~

^

atmosphere. The consequences to the surrounding population are usually evaluat-
ed in terms of estimated radiological doses from the materials released. The4

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
previously determined radiological consequences. In most cases this impact

; will be relatively small.
,

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

1. Core fission product and actinide inventory.

I
2. Fraction of the core involved in the postulated event.

,

3. Fractional release from the fuel elements involved in the
| postulated event.
1

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

,

i 5. Passive chemical and physical factors within the containment / i

i. building which can influence the quantity of material available
j for release.,

.
6. Containment / building design features influencing the material

' available for release to the atmosphere.
i

7. Radioactive decay factors.
i
* 8. Atmospheric dispersion factors including the effect of
j site topography.
4

9. Demography of the site surroundings.
4

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 4.1 from Appendix D-1 shows a
comparison of the doses calculated by the two techniques for the generic 10 MW -
reactor discussed in Chapter 2 and Appendix A.

!

|
-

I

i

|
- -- . - . - .- -- - - , _ - - - . - . - .. . . . .. . .- _
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i

i

i

Table 4.1. Co.,ortes. en p.ees Wah 1.ve. settee f re. Os108N Code vs. Tield Tottee I

4i
'

3.ee et SOS . Site Seu.dery, re.'
'

1.halatt m.le a.de
!*

. 1.see 1 tatee.at
| ce h ,Jagg , h 3 31311 (tabetettee) 11 aretee)

*

100 PPS 2h 0 1304 0 1987 4.449 1 549-48 3.305-03
esteEN 30 4 1.305 1 488 M.30 0.4175 0 14423 ,

i 388 FFS 2h 0.3121 0.3FM 4.303 2.287-o3 3 117-02
esteEE 30 4 3.065 2.330 23.74 0.1449 0.1770

5
.

J Cu.mtetive fielde 2h I. Fit 0.4499 ' ' 4.443 5.230 02 3.730-01
j 1.e1. ate 30 4 17.47 4.544 . M.70 0.4943 0.3030 i

(

{- o etes1*e fielde 3h G.1373 0.1999 4.443 1.567-43 . 3 714-03
-

; tes d ma 3.300 1.43: m.70 - e.4 9s 0.2045;

!, .

!-
e es e. ele 0.44xa .. i. it = s. s e e . . i.=u 1.e. ,e.e e ..e

. 1

les .e teos .e mal. . ::: w h.tese . e.e is .e ett m.e e. es e4 ..
.
>

4

i

! '

t

j Appendix D includes radiological consequence asthods 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 .
j. practices. Practices used in the United States, the United Kingdom, Greece, ;
j Canada, and the Federal Republic of Germany are described in the appendices. >

1
- -

. . .

-

: Appendix D-1 describes a model for estimating the radiologicalicensequences
| from a hypothetical accident in REU and LEU fueled research and test 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 containment / building leakage, decay of fission,

products, and the ' dispersion of airborne material by diffusion factors based on4

i release height, wind velocity, atmospheric stability, and diffusion parameters.
|
{ This analysis shows that the LEU fuel gives essentially the same doses '

as HEU fuel. Table 4.2 gives a comparison of doses for LEU and HEU fuel for . '

j

the generic 10 MW reactor at a 500 m site boundary. The analysis also Whous,

!. that the plutonium buildup in the LEU fael does not significantly iFiurease the
! radiological consequences. Table 4.3 shows the plutonius buildup wichin the.
!' ~

,

fuel with irradiation time. Figure 4.1 shows the variation in isotopic con .
i - tribution to bone does with irradiation time and burnuppor LEU fuel. While-
| the fractional contributon to bone dose from the plutonium isotopes increases
i with time, the bone dose is still substantially below that for_ the thyroid. .
t.
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|
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Tante 4.2. Deeee et 500 m site towedery for
to w Ceeerte teacter 100 FPD Feek
81eeemt With MEU sed LEU Fuel'

MEU LEU
teme Deee ree

2h t.344-4 1.504-4
30 4 1.305 1 423

Lums Does, ree

2h 1.987-4 2.038-8
30 d 1.600 1.634.

Threeld Deee. rom

3h 4.419 4.519
30 4 26.34 26.90

whete tedy (laternet), ree

2h 8.349-2 1.604 2
30 d 4.171-L 1 217-8

whete lady (eeteree!) rem

2h S.305-2 S.466-2
30 4 1.412-1 8 474-1

tursue. WD 44.34 45.11

*asousees 1005 et noble seems. ISE of helegees.
and it of other era esellette for rolesse free
the seaseleases, and a leakage rate free the
concetemesa of 12/ day (metag teGulatory Ce&de
1 4 g/Q values).

.

Totte 4.3. 10 sef LEU Cr.nerte teactor - F1stentue tutidwp sed Deee

390 m H85 LEU Peak Power (0.4511 *) Element
Aten I

tered. Sureup itsee, a Deee. roe et 2 h (30 d)M "N frUf. M II".189. frlI.L tone h M
100 14 3.68 0.14 0.02 0.850 0.205 4.52

-

(1.42) (8.63) (27.0)
200 20 0.01 6.78 0.64 0.16 0.233 0.250 4.53

(2.23) (2.10) (27.8)
300 41. 0.04 9.19 8.36 0.44 0.389 0.278 4.44

(3.14) (2.37) (26.4)
400 $4 0.10 88.0 2.20 8.03 0.440 0.300 4.48

(6.37) (2.60) (26.4)
500 66 0.23 12.3 3.402 1.e4 0.663 0.389 4.43

(6.tS) ( 2.80) (26.7)

.

9

.,

'%



,.- - - .- - .. - - . - .. . . . _ - -. . . . - . . .

.*
.

.

;.

.

S-36

ng w, .. s -
e to no se 4e se oc to so

i 4
-

6 6 6 I 1
iu -

-
'

1

re 244 -

Ire ner*89
,

to - ,
-

,

t.91
.

4 -

Ce=144 $.8

.

x 3u -

. ] ~ r

-

;

-

I' a,

< iy :
<

1. .

!
-

l

St.9e
4

1

3 .

Sn, -
3

~ re-244

as 440

m
f f I f

o ano aos me .oo soo een

tremeans Tsm., are

! Fig. 4.1 . Variation in Isotopic Contribution to Bone
! Dose With Irradiation Time for LEU Fuel

.AppendixD-2describesmethodsusedbythe[SafetyandReliability. Director-
; ' ace of the UKAEA for conducting a radiological consequence analysis. . For; the
'

~ assessment of accidental releases of radioactive material to the acaosphere, it
would be normal in the UK to use the Tirion.of Weerie suites of computer codes.

i These~contain models of all the'important physical processes between the'

. release from the containment and the. dose cosaiteent to the individual. Tirion
. is a Gaussian Plume constant weather code containing the following models: ~*

Release Model,'Dispersiop Model, Dry Deposition, Radiosceive Decay, Building-
. Wakes,-Lift-Off,' Plume-Alse,' Plume-Breakup, Inversion Lids,1 Inhalation Dose,,

External Radia. tion Dose, Consequence of Absorbed Doses Number of Casualties,t.

and Deposited Activity.-

,

This appendix also discusses.a simpler and quicker method'of obtaining.,

'

public doses by'the use'of'proprepared solutions to the diffusion equation-
.,

plus dose conversion factors.i An example of this type of simpleLealculation is
-given where a child thyroid dose of 127 area is calculated for a 10 C1, 2Lhour,;

t - I-131 release from a 50 m high stack at a distance of 500 a 'under worst weather'
conditions.

.

t

!
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Appendix D-3 describes a model for calculating radiological consequences
; appropriate for the Democritos research reactor in Athens, Greece. The model

covers all steps of the chain: Source Tern, Air Concentration of Radioactivity,,

and Adsorbed Dose, and is purposely simple' for -use when additional computer >;

1; codes are not available. In addition to describing simple methods ^for calculat-
ing the source term and the release rates for radioactive effluents, this
appendix gives simple formulae for calculating the radiological dose from all

,

relevant exposure pat.hways.>

1

; The pathwaysiconsidered are the external whole body dose due to submers' ion
i in the exhaust air plume, the external 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 ishole body doses. |
external beta radiation from the exhaust air plume and the internal irradiation :

'

' due to consumption of contaminated food. In 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-
1

, logical consequence anlaysis for a high power Canadian Research Reactor. The
methods of determining the inventory of fission products and some of the factors,

affect,ing the fission product release including the chemical behaviour of the '
1: radiciodines is considered. Atmospheric dispersion factors including meteo- '

[ rological conditions, stack heights, ground centours, and building wake ef fects
are also 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 centraline and the dose.,

to a population distributed abo,ve 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, af ter,

hypothetical accidents, with release of high amounts of fission products from'

the-core as performed by Interatoe of the Federal Republic of Germany. Con-
servative calculation methods are used to solve the problem. The. reference
reactor for'the model assumption is a pool type (light water) reactor.

|

Models are presented for the following processes: source term, containment
and 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, CA Technologies Inc. presents methods ~and sample calcula-
<

tions for a radiological consequence analysis for U-ZrH fuel failure in a TRIGAc

. reactor. The analysis summarizes the calculations in' tabular form for four
~

failure modest single-rod failure in air and three 16-rod cluster failures .
in water using both experimentally based fission pro, duct , 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.-
.

i
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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. Radiciodine 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 ef fective 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 radiciodine.will remain in the
liquid phase and values ranging f rom 10-2 go 10-4 are commonly used. A similar
situation exists for particulates where a release fraction of 0.01 'is commonly
assumed. In one case this is modified to 10-5 due to the presence of the
pool water.

Table 4.4. Fission Fredmet Release Freettees - Fuel to teactor Buildles (Freettee of Core leveetery).

.

AuL CAsc luftaATOtt c4 (a)
(Ass. ht) (Ass. D-3) (Ass. >$) (Ass. 3-4)

potle One 1.0 1.0 1.0 1.0

Redseledises

From Feel to Feel 0.23 0.23 a 4 3 a 10** (c)
Free Feel to Se11 dies

21eemetal 10** 10"1 (902)
Orgente 10*2 g,0 (102)

Total to Besiding

Elemental 2.5 m 10-8
orgente 2.5 m 10-8
Tetal 0.23 (d) '

O.23 (b) 0.23 2.723 = 10-2 (e)
1.72 a 10-8 (e)

Fertienlatee 0.01 0.08 10*5

(e) Telues gives are fracties of gap teventory.
(b) Aseused SOE rolesee free fuel and $02 ef that eve 11stle to the buildleg.
(c) Soportametal release value.
(d) Rolesee to ear.
(e) Deesse beste release value.

\
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QlAPTER 5

EIAMPLES OF AMENDMENTS TO SAFETY REPORTS

a

Appendix E contains several documents 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
conve rs ion.

The documents present a spectrum of reactor types from critical f acilities
to research reactors with power levels between 2 MW and 70 MW. The changes
which 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 GER-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-1
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 physica parameters were recalculated with the
new fuel. In the case of reactors of significant therasi powers, power distri-,

: butions were recalculated and the effects on thermal-hydraulic behaviour -
i

l' considered. Fuel material and cladding behaviour was discussed in detail,
including fuel f ailure, reference being made to experimental investigation
and fuel testing programmes. _ Where other significant changes had been made,
their ef fects were also considered. In some cases the opportunity was taken
to incorporate recently developed requirements into the safety analysis. .

i In some cases it was also necessary to re-evaluate fission product inventories,
~

1, fission product releases and radiological consequences.

It will be seen from the variations between the documents presented<

that core conversion to MEU or LED can encompass a wide range, from chan:tes
to the fuel asterial only 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-1 to E-7 in order to help the
'

reader to find adequate ' examples for his individual requirements.

!
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CHAPTER 6

SAFETT SPECIFICATIONS
.

4

Appendix F contains two contributions dealing with determination of the
i 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 a'nd the pump
charaetaris tics.

In Appendix F-2, the consequences of core conversion are investigated in a,

; specific reactor (HF1 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

1 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 -

'

i teristics and the primary circuit resistance. The changes in this resistance
! have been calculated.
|
1 It is seen that for the cases studied, the loss ~ in heated area (fewer
i plates) is compensated for more than 50% by an increase in coolant velocity in
j the elements. This increase is due to the circumstance that in this type of
i reactor the total flow is influenced weakly by the reduced flow area of'the
'

considered LEU fuel elements. '

i

|

}'. .
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CHAPTER 7

i

BENCHMARK CALCULATIONS' I
a

9

r

i
;

7.1 INTRODUCTION

k
A safety-related benchmark problem for an idealized ligt& water, pool- ;

type reactor was specified in order to compare calculational methods used in i
. . various research centres and institutions. The specifications of this problem
I ,+ i

are given in Appendix G-O and the detailed results contributed by five organi- !

sations (ANL, INTERATON, JAERI, EIR, and JEN) are provided in Appendices G-1 [
'

through G-5. The reactor and loading specifications:are identical to those t
*

; of the 10 MW neutronics benchmark probles defined in IAEA-TECDOC-233 (August. I
j 1980) except for the central flux trap.

{
*

_

!
. . i

| For heavy-water-moderated research reactors, a separate benchmark probles '

for. both the neutronics and safety-related parameters was defined and a summary ;
'

; and the detailed results contributed by five organizations (ANL, HARWELL, AAEC, . j
JAERI, and RISW) are provided in IAEA-TECDOC-324 (January 1985). In the interest ;

4

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 !
j methods, the reactor configurations were idealized and simplified.~ Thus, these !

calculations may not correspond to realistic reactor conditions, and only ' ;
i

limited 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 -y

| reactors.
:

The main parameters which have been calculated for the light-water. reactor ;
benchmark problem with REU and LIU -fuels are:

-
|r

,
,
,

o Prompt Neutron Generation Times .;

; e Delayed Neutron Fractions

Isothermal Temperature and Void Reactivity Coefficients Ie
i i

Radial and Local Power Peaking Factorse
L i

,

| e Control Rod Reactivity Worths

| e Power and Temperature Responses to Loss of Flow
c
"

Power and Temperature Responses to Ramp Reactivity Insertionse

r
|- In the following sections, the main results of the calculations are

.

- summarized and compared. I
I
|
'

t.
4

I

|
-

|' ;

i: !
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7.2 RESULTS OF STATIC CAL.CUIATIONS,

7.2.1 Basic Kinetic Parameters
1|

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

prompt neutron generation ties (A) and delayed neutron fraction (8,gg) are '|
presented in Table 7.1. l

'..
|

The values show about a 23% shorter generation time A and a 3-5% lower 8 gg |
value for the LEU case compared to the HEU case. This is mainly due to the ,

harder neutron-spectrum in the LEU case. |,

| t
>

. s .

| Table 7.1 - Basic Kinetic Parameters 4.[ 'N
./ .J \,

,

- s

Farameter Fuel ANL INTERATON JAERI EIE JEN.

._

,

A HEU 56.0 54.5 57.6 58.8 51.7 '

<

! (us) LEU 43.7 42.2 44.4 44.8 38.0
I t

[ 8eff HEU 0.761 0.762 0.744 0.778 0.736
,

(%) LEU 0.728 '0.732 0.722 0.736 0.713
f

7.2.2 Isothermal Reactivity Coefficients -l,

|- Table 7.2 shows the average values of the temperature coefficients of re- r

j activity for the REU and LIU cases over the temperature ranges 20-38'C, 38-50*C,
i 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-1 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 cogfficient of reactivity for a
i change in water density from 0.958 - 0.90 g/cm . Figure 7.'1 gives as an

example the calculated isothermal reactivity. differences as functions of
p temperature and uranium enrichment.

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

. -

!. ,

The density component of the water reactivity coefficient increases ande. '

j 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 ses11er by -91 over the temperature range<

,j 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/cm3 (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 Coef ficients

,

INTE1t=
Effect Fuel ANL ATON JAERI EIR JEN ,

5Temperature Range: 20-38'c'(-Ao/*C x 10 )

: Water Tamp. HEU 11.9 10.4 9.6 12.0 9.0
only e, LEU 8.2 7.9 9.6 8.5 7.1-r
Water Density HEU 7.1 6.8 5.1 7.3 12.0
only: aD , LEU 8.3 7.9 6.3 8.5 13.6-

*T,+ aD, HEU 19.0 17.2 15.3 19.3 21.0,

LEU 16.5 .15.8 15.9 17.0 20.7
. .

* Fuel Temp. HEU 0.058 0.045 0.113 0.02 0.020.

i Only: org LW 2.63 2.19 1.94 2.37 3.15

5Temperature Range: 38-50*C (-Ao/*C = 10 )

Water Temp. HEU 11.9 10.8 10.3 11.6 ,8.7
Only: o, LE 8.1 7.7 9.2 8.2 6.8

* r
| Water Density HEU 10.4 10.0 7.9 -10.4 17.5
' only: aD , LEU 12.3 11.2 9.7 11.7 - 19.6

*r, + % HE 22.3 20.8 18.2 22.0 26.2
LEU 20.4 18.9 18.9' 19.9 26.4 ,

Fuel Temp. HEU 0.055 0.044 0.104 0.02 0.020
only: org LEU 2.58 2.17 1.92 2.16 3.08.

j.. Temperature Range: 50-100*C (-Ao/*C x-10 ).5

! Water Temp. HW 11.6 11.4 11.8 11.2 8.0
| Only: or, LIU 7. 8 7. 5 8. '2 7.8 6.2
, Water Density HEU 15.7 14.5 12.0 15.9 26.7' -

'

Only: aD , LEU - .18.6 17.1 14.3 18.1 29.8

f *T,+ aD , HEU 27.3 .25.9 23.8- '27.1 34.7
LEU 26.4 24.6 22.5 25.9 36.0

Fuel Temp. HE 0.034 0.042 0.087 0.02. 0.019'

Only org LEU 2.52 2.12 1.89 '2.19 2.94
4

j Water Density Range 0.958-0.90 g/cm3 (-Ao/Ao )'w
'

Yoids or Water RW 0.296 0.278 0.222 0.300 0.466
Density: a LEU 0.344 0.316 0.232 0.337 0.513v

( Water Density Range 0.998-0.958 g/cm3 (-Ao/Ao )v

HEU 0.258 0.239 0.199 0.261 0.442
LEU 0.305 'O.280 0.237 0.299 0.490

.

l.!
[
'
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Fig. 7.1 Isothermal Raactivity Feedback Data Corresponding to Changes
in Water Temperature Only, Water Density Only, Fuel Temperature
Only, and Water Void Fraction Only for the HEU, MEU, and LEU Cores
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on water temperature is non-linear. The data at the bottom of )

! Table 7.2 show that the water density coef ficient is more negative :
. in the LEU core than in the M core by about 15-20% over the density i

3
| range 0.998-0.958 g/cm . i

i e A safety benefit in changing from HEU to LEU fuel is the significant . :

increase in the fuel temperature coefficient due to the Doppler effect. 1

This coefficient is almost sero in M fuel. The reactivity feedback |
due to the Doppler effect is virtually instantaneous as the temperature .{;

; of the LEU fuel amat 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 if

c the cladding and then to the water. The Doppler component also has ;
f more weight than the water component because temperature differences

,

: from nominal conditions are generally larger in the fuel anat than in j
i the water. !

f<

e' The whole-core void coefficient -is more negative by about 10-15% for :;

LEU fuel than for the m fuel over the water density. range 0.958-0.90 ;
,

g/cm . This increased void coefficient in the LEU case is very signifi- f
3

cant in the analysis of certain extreme hypothetical accidents. |
t

The changes in the kinetic parameters and reactivity feedback coefficients ;

[' discussed above are not meaningful by themselves, but have significance only i
; when they are combined in the analyses of transients and operational re-

|
| activity swings. The results of these aralyses are discussed in sections ,

; which follow. !
:

7.2.3 Power Defect of Reactivity
{

4

;-

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 ~!

sero power conditions to normal operating conditions. That is: '

t

Ap ower " (*T, + ag) E, + org Egp,.

|.

| where *r . aD,, and *rg are the temperature coefficients of reactivity definedy ;

in Table 7.2 and AT, and ATg are the mean temperature differences in the water ;

and in the fuel from cold aero power conditions to normal operating conditions. j
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. t
,

Mesa- Mean Water Peak I

- Inlet Flow Water Fuel _ Outlet Fuel [_ _

Temp., Rgte, Temp., AT,, Temp.,, ATg, Temp.,- Temp.,
'

| Fuel 'C a /h 'C 'C 'C 'C 'C 'C
| HEU 38 1000' 42.5 4.5 54.7. 16.7 47.1 61.7

'

LEU 38 1000 42.5 4.5 54.9 16.9 '47.1 62.0
i

HEU 20 1000 24.5 4.5 39.3 '19.3 29.1 '47.6 1
HEU 20 800 25.8 5.8 43.3_ 23.3 31.5 53.3 i

:
,

I

+

:_ _ _ _ __
-

!
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For the HEU and LEU cases in Table 7.3 with an inlet temperature of
338'c and a flow rate of 1000 m /h, the mean ecmperature 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 c.

Table 7.4 Power Defect of Reactivity: Ao x 103
AT, = 4.5'C; ATg = 16.8'c

i INTER-
Effect Fuel ANL ATON JAERI EIR JEN

| Water Temp. HEU 1.004 0.936 . 0.819 0.990 _ 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
LED 0.433 0.365 0.323 0.363 0.517

A0 ower HEU 1.013 0.943 0.837 0.993 1.182p
LEU 1.351 1.216 1.174 1.263 1.705

Saff, % HEU 0.761 0.762 0.744 0.778 0.736
LEU 0.728 0.732 0.722 0.736 0.713

A0 ower, C HEU 13.3 12.4 11.3 12.8 16.1p
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
i peaking f actors when selected fuel elements in the HEU and LEU EOC 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
midplane 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-i fled 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 EEU core with HEU element substitutions and
the LEU core with LEU element substitutions, the limiting radial x local power*

peaking factors (in CFE-1 or SFE-1) calculated by each contributor are about
the same in both cores, though there are gone significant differences.

For an initial aimed core (one 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.

.

e

k
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,

Table 7.5. Fower Feaking Factors,

i

i

Fresh Element INTER-
Core Element Substituted ANL ATOM EIR JEN-

Radial
,

HEU in none 1.02 1.05 1.08 1.02
HEU Core CFE-1 1.36 1.32 1.12 1.33

SFE-1 1.11 1.14 1.18 1.14
HED

Core
LED in CFE-1 1.49 1.48 1.28 1.47-

,

HEU Core SFE-1 1.21 1.26 1.28 1.25

;

LED LEU in none 1.02 1.04 1.06 0.99
; Core LEU Core CFE-1 1.31 1.26 1.10 1.29

} SFE-1 1.10 1.12 1.15 1.14

,

Local,

i

| HEU in none 1.44 1.37 1.16 1.45
|, HEU Core CFE-1 1.34- 1.25 1.18 1.26
'' SFE-1 1.43 1.38 1.39 - 1.39

HEU
j. Core
j LEU in CFE-1 1.45 1.35 -1.22 1.34

HEU Core SFE-1 1.55 1.44 1.48 1.50

'
LEU LEU in none 1.56 1.52 1.85 1.58

j. Core LEU Core CFE-1 1.33 1.24 1.12 1.24
SF'-1 1.55 1.48 1.85 1.51E,.

;;r.

Radial x Local

HEU in nona 1.46 1.44 1.47 -1.48
'> HEU Core CFE-1 1.81 1.66 1.32 1.67

SFE-1 1.59 1.57 1.64 1.59
HEU

Core'

LEU in lCFE-1- 2.16 1.99 1.57 1.97
HEU Core SFE-1 1.87 1.82- 1.90 1.88

I f

LEU LEU in none 1.58 1.57 1.97. 1.56
Core LEU Core 1CFE-1 1.75- 1.56 1.23- 1.60

~SFE-1 1.71 1.66 .2.13 1.72
' !

-, , _ .. ._r. . _ - - . _ - . . . _ . . .
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It should be noted that the local peaking f actors 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.

width 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 NTRs, the axial peaking f actor is<

1.30 - 1.35 with the control absorbers fully-withdrawn. Three dimensional
,

calculations of the BOC benchmark cores with the absorbers at different bank
i positions show that the peak axial power density is obtained when the abosor-

bers are 50% withdrawn and that the peak is located at a height of about 20 ca ifrom the bottom of the active core.- Axial power density profiles in SFE-1 . i

and CFE-1 are shown in Fig. 7.2 for this case. Table 7.6 lists the peak values-
of the power density with the absorbers 50% withdrawn and 100% withdrawn.

'
.

1

I Table 7.6 Peak Power Densities (W/cm3) in CFE-1 and SFE-1 for HEU
[ and LEU BOL Cores with Control Rods Withdrawn 50% and 1002.

! Control CFE-1 SFE-1
Rod,

; Position HEU IED LEU /HEU HEU LEU LEU /HEU
1

j 50% out 258 249 0.97 277 289 1.04
100% out 222 218 0.98 238 252 1.06

Ratio 1.16 1.14 1.16 1.150% e

:

; The peak power densities in all four cases are about 15% larger with the
j rods 50% withdrawn rather than 100% withdrawn. Thus,~an axial peaking factor

,

; of 1.50 - 1.55 is appropriate in 2D calculations to account for the axial power
bulge with the control absorbers 50% withdrawn.

. 7.2.5 Control Eod Worths

The results of the calculations of control rod worths are shown in
Table 7.7 for the HEU and LED cores with freek fuel and in Table 7.8 for the
specified HEU and LEU BOC cores. An excellent agreement between the different

!- methods is observed.

With LEU fuel, the effectiveness of the control roda (measured in $)
decreases by about 5 - 8% for the fresh-fuel core and by about 10 - 15% for
burned fue) in the BOC benchmark core.

The results of calculations (see Appendix G-1) with a 3D model of the HEU
j 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 LIU cores wouldi

be critical with the rods withdrawn about 642 and 682, respectively.'
i

,

'
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,

Table 7.7 Control Rod Worths for Fresh Fuel Cores (Ap)

4

: ANL
Monte Carlo Diffusion INTERATOM

Absorber %. $ % $ % $

HEU As-In-Cd 13.43 2 0.38 13.0 17.1 13.3 17.5-

Core 17.65 2 0.50

4C 16.82 2 0.38 17.0 22.4 17.2 22.6
22.11 2 0.50

Rf 12.70 2 0.36 12.6 16.6
16.70 2 0.47

i LEU As-Isr-cd 11.24 2 0.38 11.5 15.9 11.7 16.0,

Core 15.45 2 0.52

4C 14.95 2 0.40 15.4 21.2 15.3 20.9
20.55 2 0.55

Ef 11.07 2 0.36 11.2- 15.4 <

j 15.22 2 0.49
i

! Difference As-In-cd 2.19 2 0.54 1.5 1.2 1.6 1.5
HEU-LEU 2.20 2 0.72

,

j 4C 1.8720.55 1.6 1.2 1.9 1.7
1.56 2 0.74

,

If 1.63 2 0.51 1.4 1.2.

1.48 2 0.68

i

a

Table 7.8 Control Rod Worths for BOC Cores (AO)
.

.

ANL
, (Diffusion) INTERATON JAERI
! Absorber X $ % $ 'I $

HEU As-In-Cd 17.0 22.4 16.9 22.2 17.5 23.5
**' 4C 21.7 28.6 21.3 28.0 23.1 31.0

Ef 16.4 ,21.6i

LEU As-In-cd 14.5 19.9- 14.2 19.4 13.9 19.3
''

i 4C 18.9 26.0 18.3 25.0 19.0 26.4
Ef 14.0 19.2

|
|

Difference As-In-Cd 2.5 2.5 2.7 2.8 3.6 4.2,

~

4C 2.8 2.6 3.0 3.0 4.1 4.6
Bf 2.4 '2.4

_,_ ~ _ . , , _ __ . . _ _ - . - _ _ _ . _ . __
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Outside of the specified benchmark problem, calculations were also 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 carbida (54C) with a layer of cadmium. The fresh H E fuel
elements had 23 plates with a fissile content of 180 g. Models for the con- t

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% 6k/k and that of the fork--
type absorber was computed to be 13.6 6k/k, an increase of about 36% in shut-
down efficiency for the fork-type absorber.

;. 7.2.6 Decar Heat Power

Calculated valuas of decay heat power versus time af ter shutdown (see,

| Appendix C-2) are shown in Fig. 7.4 for the HE and LE cores with 10 MW
initial power. For short shutdown times, the deviation between the two curves4

is small. For long times, the deviation can be as auch as 40%, but the magni-4

tude of the decay heat power is quite small. |

.

n Decay Heat (W/ Core]

'
_

g5 .

î

104
*

,

LEU

i 310 EU

J

.

W.

.

101

]
II* */s .;

#1 WI 103 10 ' 10 . _ ice 37 108 SI5- *

: Fig. 7.4 Decay Hest versus Shutdown Time 'for HE and LE hnchmark Cores.
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i

[ 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

e Fast Reactivity Insertion Transient.

;.
' Outside 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 scraa.'

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

HEU and LEU benchmark cores.,

4

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 distributions in

} both channels were represented using a number of regions, a chopped cosine
'

shape, and the power peaking and engineering hot channel f actors that were ,

specified. .

7.3.1 Loss-of-Flow Transients4

i

| Fast and slow loss-of-flow transients for the HEU and LEU cores were'

modeled with exponential flow decay and time constants of 1.Os and 25.0s,
. respectively. The transients were initiated from a power of 12 PW with a
i~ flow trip point at 85% of nominal flow and a 200 se time delay before begin-
! ning a shutdown reactivity insertion of -810 in 0.5s.

,
,

'The results that were obtained are compara. 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 coolant
outlet temperature. The results show that there are almost no differences
between the EEU and LEU cases. The peak surface clad temperature is far below
the melting temperature of the cladding and the flow instability parameter, n,,

i is auch larger than its limiting value.

|
,

l
|
,

-+

|
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Table 7.9 Fast Loss-of-Flow Transient, 1.0-sec Time-Constant, Exponential
Decay, Initial Power: 12 W Flow Trip Point: 85% of Nominal Flow

.

Core ANL INTERATOM JAERI JEN

Power Level at HEU 11.9 11.5 11.7 11.8
Scras, W LgU 11.9 11.4 11.7 11.7

Peak Fuel Center- HEU 89.2 91.0 99.4 94.5
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 LEU 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

'

'

i Minimum n, HEU 234 257 268
3cm KNs LEU 235 258 262

i

Table 7.10 Slow Loes-of-Flow Transient, 25.0-see Time-constant, Exponential
Decay, Initial Power: 12 W, Flow Trip Point: 85% of Nominal Flow

Core ANL INTERATON JAERI JEN

i. Power Level at HEU 11.6 11.6 11.6 11.8
Scras, W LEU 11.6 11.5 11.6 11.7

+,

Peak Fuel Center- 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 LED 83.7 85.5 96.1 90.3
i

Peak Coolant HEU 58.9 55.6 57.7' 58.3
Outlet Temp., *C LEU 58.8 55.4 57.5 58.1,

i
|

Minimum n. HEU 270 293 301
3cm KNs LEU 271 295 304

_

i
l
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Fig. 7.5 Transient R.esponses of HEU and LEU Benchmark Cores to a

Fast Loss-of-Coolant Flow with Decay Time of 1.0 sec.
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7.3.2 Slow Reactivity Insertion Transient i

! .

The slow reactivity insertion transient was initiated by ramp rates -of+

i 30.10/s in the HEU core and $0.09/s in the LEU core starting with the reactor
critical at an initial power of I W and full flow. The safety systes trip

L point was 12 W with a time delay of 25 as before beginning a shutdown reac- ,

1 tivity insertion of -$10 in 0.5s.
} i

The results are listed in Table 7.11 and an example of the power pro-:

i ; files and the temperature profiles at the clad surface, fuel centerline, and '

i 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 contributors in the
[ energy release to peak power. .

!
i

The HEU transient
!=

reaches the 12 W trip point about one second earlier ..

and has a higher peak power than the LEU case because the reactivity feedback
i is ses11er. The LEU case has a much broader burst shape because the strong

,

|
prompt feedback from the Doppler component plays a significant role. Thus, i

,
'

|
even though the peak power in the LIU case just exceeds the trip point, the.

energy released to the time of peak power is larger and .the peak temperaturej- at the surface of the cladding is about 78*C instead of about 69'C in the HEU ,

j case. However, both peak cladding temperatures are well below the molting ;l' temperature of the cladding. The energy released beyond 12 W is significantly [j. larger in the MEU case.

}

|j 7.3.3 Fast Reactivity Insertion Transients
,

,

The fast rdactivity transients were initiated by ramp insertions of:
;

$1.5/0.5s in the REU core and $1.5/0.5s and $1.35/0.5s in the LEU core start-i
ing with the reactor critical at an initial power of I W and full flow. Asi for the slow reactivity insertion transient, the safety system trip point was

*

| 12 W with a time delay of 25 as before beginning a shutdown reactivity inser-!- tion of -$10 in 0 5s. '
t

|
>

The results for the REU and LIU cases with'$1.5/0.5s are compared inj; Table 7.12 and examples of the power and temperature profiles are shown in ,

[ Fig. 7.8. Overall, the data are in very good agreement.'
ii

.

>

; Since the LEU core has a shorter prompt neutron generation time and thus
,

1 '

i
a ses11er minieue period, the peak power is reached slightly earlier. The i

;

power burst for the LEU core is slightly narrower than in the EEU core.- and
even though the peak power is slightly higher' for the LIU case, the energyrelease is lower.; The prompt Doppler feedback from the LEU fuel does not; play a significant role in these fast transients with scras.

,

f The peak fuel centerline temperature is about 13 - 16*C higher in the I
; LIU core, asinly due to the ses11er specified thermal condu'etivity of the LEU',

! fuel nest. The peak clad surface temperature is s'few degrees higher and the -
}- peak coolant outlet temperature is about the sees or a few degrees lower in
; the LEU case. A brief period of localised nucleate boiling was predicted for

the het channel in both cores. Overall, there are ne significant differences ;
3

i between the EEU and LEU results for this transient.<
q'

t

!
i

i
;

.
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Table 7.11 Slow Reactivity Insertion Transient

Rampe of 0.10 $/s for HEU, 0.09 $/s for LEU
Initial Power: 1W; Flow Rate 1000 m /h
Trip Points 12 MW; Time Delay: 25 as

Core ANL INTERATON JAERI JEN

Minimus Period, s HEU 0.10 0.10 0.10 0.10
LEU 0.11 0.11 0.11 0.11 |

i

Feak Power, NW 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
' Feak Power. W LIU 4.55 5.94 4.69 2.10
;
i

! Feak Fuel Center- HEU 70.6 70.5 70.5 69.9
Line Temp., 'C LEU 80.6 80.8 81.2 73.2

Feak Clad HEU 69.0 69.2 69.2 69.5 i

Surf ace Temp. , *C LgU 77,7 78.1 78.5 71.9

2 Feak Coolant HE 48.1 45.2 47.7 47.5
Outiet Temp. , *C LW 53.9 51.1 52.8 48.8

Energy Released HEU 50 76
Beyond 12 MW, kJ I.EU 2 19-

,

; Minimus HG 483 537,

3cm K/Ws LW 374 502
+

(t=20 see) F, W HEU 5 6 7

LW 15 15 9

,
E. W HEU 2.29 2.35 2.20

LEU 5.30 5.48 2.66
:

!

!

4

i
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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 Fast Reactivity Insertion Transient
Ramp of 1.5 $/0.5s for REU and LEU Cores

3Initial Power: 1W; Flow Rate: 1000 m /h
Trip Points 12 MW; Time Delay: 25ae

Core ANL INTERATON JAERI JFN

Minlaus Period, me EEU 15 14 15 ,14.5
LED 12 12 12 13.5'

Feak Power, NW BEU 132 135 115 133

LEU 148 144 144 116

4

EnerEy Release to REU 3.26 3.14 2.86 3.47
Feak Fower, KI LEU 2.95 2.83 2.95 2.62

i

j Feak Fuel Center- HEU 171 173 155 167.

j line Temp., 'C LEU 183 186 171 166
.)

Peak Clad REU 156 160 147 162
Surface Temp., *C LEU 157 168 149 157

,

Feak Coolant REU 84 71 62 109
Outlet Temp.", 'C LIU 82 63 63 80i

4

;

3! Minimum n, em K/Ws EEU 34 36
LEU 46 $8

!

.

6

6
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7.3.4 Sensitivity of Resulta to Variations in

|
Thermal Conductivity and Kinetics Parameters j

;' ;

! In this section, the influence of variations la the thereal conductivity- !
- of the LIU fuel meat and in some of the kinetics parameters of the MEU core !

! is considered for the $1.5/0.5s fast reactivity insertion transient. Detailed I
' results provided in Appendia G-1 are shoun la Table 7.13. Only the parameter -

indicated use changed la each case. I
!

4

$ The theresi conductivity of the LIU fuel esat in the LEU DOC core was |
I varied from the 0.5 W/can value la the beacheark specifications to a esai-
i ene of 1.5 U/caK. As espected, the largest change occurred in the peak fuel. !

| temperature. The ses11est change occurred in the peak temperature at the [j' surface of the cladding. In changing the theresi conductivity free 0.5 to ;

!
1.5 W/caK, for ,easeple, the peak fuel temperature decreased by 6.32 from - i

183*C to 172*C and the peak clad temperature increased by only 0.33. Thus, .il uncertainties in the thermal conductivity would not have a significant impact
} on the LEU benchmark conclusions.

;

I !
i .i

: The effect of variations in the kinetics paraesters A and 8 were
{ addressed by changing the base values by lot la the REU 30C core. The essni-
! tude of the changes in the results are larger for a 10X decrease la A than !
t for a 102 tacrease in A. Since the inverse period for a super prompt-critical
i step insertion is propertional to S/A, increasing 8 is approateately equivalent '

i to decreasing A by the same amount. {
I
I Changing the reactivity feedback of the moderator (uater temperature and
I density) in the 3E0 core by 2102 changes the peak fuel temperature by * 0.4% ;
; and the peak temperature at the surf ace of the cladding by * 0.22 Again, the j

| conclusions of the benchmark studies would not be affected by- these changes.
!

!'
t .|

fette 7.13 seessetetty of Reseles' fee she 88.34/0.5e Peet 1
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7.3.5 Self-Limited Transients

Although the transients specified for the benchmark cores do not include
self-limiting cases, it is of interest to some reactor operators to consider
cases where the specified scree is reeoved. Table 7.14 taken from Appendix
G-1 provides a comparison of both the RW and LW benchmark cores for both
protected and unprotected transients of $1.50/0.5 s. Differences in the
prompt neutron generation time ( A) and the Doppler coefficient are largely

*
responsible for the observed differences in the results.

In the cases with scras, the influence of the larger Doppler coef ficAent
for the LIU core is overshadowed by the negative ' reactivity from the inser-
tion of control rods. The ses11er A for the LW core yields a shorter ini-
tial period and a f aster rise in power. Consequently, the LEU case with
screa shove a slightly higher peak power than the N N case. However, the
peak temperatures reached at the clad surf ace are very similar in both cases.

In the unprotected (self-lialted) 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 s

with LEU also contributes to the differences shown. The nazieus clad 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
With and Without Scram for HEU and LEU Cores

Period, Iclad,'C
8,W (te.s) ste, We at tu Max. (t.s)Case as

With Specified Scras 14.5 132 (0.654) 3.26 131 156 (0.672)
EEU

Self-limited 14.5 371 (0.647) 7.30 220 30f (0.683) a

With Specified Scree 11.9 144 (0.613) 2.95 126 157 (0.628)
1JU '

self-limited 11.9 283 (0.622) 5.56 141 263 (0.642)
'

.

Reactivity Coefficients and Parameters !

Coolant
Temperature Void / density, Doppler,

A, us 8,g g $/'C $/1 Void $/'C-
i i

EEU $5.96 7.607-3 1.337-2 0.3257 3.6-S
,

LW 43.74 7.275-3 1.082-2 0.4047 3.31-3

: .

!
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7.3.6 Clad Temperature Limits compared with SPERT I Experiments

Appendix C-1 contains a comparison of measurements and calculations for
two REU SPEET I experimental cores (B-24/32 and D-12/25) in order to validate
the FARET/ANL code for transient calculations in which the temperature of
the cladding reaches its selting point. The code was then used to predict
the reactivity insertions (as a function of ramp duration) that would lead
to clad neiting in the EEU and LEU benchmark cores.

Figure 7.9 shows the seasured and calculated data for the SPEET I
D-12/15 core (12 plates per element, 25 elements). The D-12/25 core included4

destructive tests whi
greater than ~ 166 s ph indicated extensive plate melting for inverse periods(~ $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-
what different characteristics. This similarity of behavior was also noted
in the diverse cores considered 1 the SPERT I series of experiments. The
damage line in Fig. 7 9 (~ 140 s'p) shows the threshold for clad damagei

j from thermal stress.

Figure 7.10 provides a comparison of the HEU and LEU benchmark cores
showing the clad melting threshold for reactivity insertions over a range of4

ramp durations from a step to 0.75 s. The areas above the curves indicate
where clad melting would be expected. Also shown in this figure is the,

corresponding maximus not reactivity inserted (the difference between the
external reactivity inserted and the reactivity from feedback). This maximus4

j generally occurs at the same time in the transient as the miniaua period.

The curves in Fig. 7.10 show clearly that the LEU' core can tolerate a'

larger reactivity insertion before clad melting than the NEU core. The maxi-.

aus step insertion is - $2.80 for the LEU core compared to ~ $2.35 for the
i

EEU 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 limiting reactivity inser-
tion remains constant. For ramps of longer duration, the feedback reactivity
limits the not reactivity and turns over the transient before the maximum of
the ramp is reached'. A limiting ramp rate (constant slope) is reached, and a

'

'

constant maximum not reactivity is observed for each case. The limiting ramp
rate for the LEU core (~ 14.8 $/s) is more than twice that for the EEU core
(~ 6.4 $/s). The LEU core also shove an earlier transition from the limiting
step portion of the curve to the limiting ramp rate range.

In order to quantify the effect of differences in the REU and LEU feed-
back coefficients on the limiting reactivity insertions, the LEU case with a
0.5s ramp duration was redone first with sero. Doppler coefficient and second
with sero Doppler coefficient and the NEU void coefficent. The results show
that about 67% of the difference between the REU 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%
jeff.ifference can be attributed to differences in other parameters such as A and| The benefits of a prompt Doppler coefficent with LEU fuel are clear-'

ly demonstrated by these results.

;

i

L
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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 11
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 NW benchmark reactor discuesed
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.
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'

CHAPTER 8
. ,

COMPARISON OF CALCULATIONS WITH MEASURDENTS

In accordance with core conversion, several institutions have completed'
experiments using LEU or MEU fuel to determine the accuracy of ntutronic
calculations. The experimental results were compared with tM W culatf or.s.-

' most methods of which are reported in IAEA-TECDOC-233. Tcti e' anulas are
contained in Appendix H.

Full Core Comparisons,,

.

ISIS / CIA-S aclay (App. H-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
i excellent agreement with experiments for reactivity and control rod worth, but
|' . overestimated neutron flux in the core, except for the first outer periphery ' i

of the core.j
, |

; '
EUCA/KURRI (Ano. H-2) !

,

;

l .

KURRI supplied a variety of data on full-core critical experiments with !4

[ MEU and HEU plate-type fuels in the Kyoto University Critical Assembly (KUCA).
,

F The experimental results were analyzed using independent ANL and JAERI code ,

systems. The comparison between calculations and experiments were very good
j for criticality in various core geometries, for flux distributions, and for

'
void coefficients. . I

I
I

3 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 7% burnup of the LEU ;+ '

1 elements.
,

| '

|' The LEU UA1x-Al elements were manufactured by NUKEM and by CERCA. ANL
.

' 11 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.<y
ig

| 4
' ~ Sinsle Element Comparisons

A
I3 FCA/ORNL (Ann. H-4)
Lv
,.t

|1 Frior to the full core experiments in the FNR at University of Michigan,
If a series of critical experiments using HEU, MEU, LEU and mixed fuels in the

|TP Pool Critical Assembly (FCA) at ORNL were performed. These sessurements pro-

|i 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..

3
(,

'

L -

3

'

.

#
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SAPHIR/EIR (App. H-5)
~

235The reactivity value of an MEU element with 320 g 0 vias measured in
each posi: ion of a 4 x 4 core arrangement of HEU fuel elements with 280 g 235U
The results agree reasonably well with two dimensional diffusion calculations.

DR 3/RISd (Apo. H-6)

Calculations for full MEU and LEU cores in the Danish reactor DR 3 are,
compared with measurements on three MEU UA1 -Al test fuel elements and threex
LED U 08-Al test fuel elements irradiated in HEU cores.3

The fast / thermal flux ratios plotted against the 235U content in each
fuel element confirm the calculated ratios within a few percent. The
reactivity losses owing to the increased 238U content in the MEU and LEU

; elements, as compensated by increased 235U content, were in good agreement
'

with the calculated values. The comparisons comprise measurements up to
more than 50% burnup of the fuel elements.

RA2/CNEA (App. H-7)

The calculated reactivity change of the control rods worths from HEU to
LED fuels in the RA-3 reactor was compared with measurements of the control rod
worth in HEU fueled RA-2 core. The comparisons show reasonable agreement.

:

i

|

'

i

-

I
!
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,

,
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OIAPTER 9

FUEL MATERIALS DATA
,
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CHAPTER 10-

,

IRRADIATI0lf AND POST-IRRADIATION-EXAMINATION (PIE)
OF DISPERSION FUELS WITH HIGH URANIUM DENSIIT

.
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CHAPTER 11

EKAMPLES OF FUEL SPECIFICATIONS-
AND INSPECTION PROCEDtHLES'

.

.

d h

I, h

,ser ' \/o . . -- ./
*

1 -

a

2

0

,-

1
*

j

'I

!

!

1

* b

i

4

,

5 .

I

!
;

4

4

,

, 5

I
i

!

;- .

!

.

;
- ,-

i

|
t

I
4.

+. ,, -+- , - /_~ . -6y. __ . _ :., 4 , , . ,.,,f_._.-

, , , . _, , _ ,,, , , , , , _ ,-



. - . - . . . . . . ._ .

. .

. .

!
.

S-71<

CHAPTER 12
. .

STARWP 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
*

asasurements 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 (MEU + 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
i necessary or optional. Additional information can be found in a technical

document: " Core Instrum nt tion and Pre-Operational Procedures," IAEA-TECDOC-304e a
'.

(1983).

The startup programme should be submitted for an independent review to t'he.
; regulatory authority.

.
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OfAPTER 13

EXPERIENCE WITH MIXED CORE OPERATION-
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CHAPTER 14

'
'TRANSPORTATION, SPENT FUEL STORACE AND REPROCESSING .

,

p -

-
. , ,

!

This chapter summarizes the contributions in Appendix !* on transporta[ ion;

of fresh and spent fuel elements, spent fuel storage, and reprocessing. This
,

information does not influence the core conversion procedure. However, some !
'

items any influence parameters such as the 23 D loading and in turn they can [ -

influence the licensing procedure. t..

' . . .4

Transportation

The transportation of fresh fuel elements needs to be licensed. The
,

; IAEA recommendations on physical protection of nuclear material are contained
in INFCIRC/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-1. As fresh fuel transport
'

casks are inexpensive, there are nearly no lialting factors for fresh fuel
elements.

The transportation of spent fuel elements needs r9 be licensed. Since
; the casks are very expensive, the reactor operator should carefully consider

235' the limitinr conditions for the casks: decay heat, maximum - U loading,
j weight, etc. Usable casks are described in Appendix N-2. In some cases, it

any be economical to cut the end boxes from the fuel elements and return _only
the fueled region of the fuel element to the reprocessing plant since repro-
cessing charges depend on the total _ delivered weight of the aluminua and
uranium.

Soest Fuel Storage
.

The suberiticality of spent fuel storage configurations needs to be [reconfirmed. Example calculations for several storage rack configurations,

with various HEU. and LEU 235U loadings are provided in Appendix N-3.-
4

I

teorocessing

The U.S. Department of Energy (DOE) will accept until the end of 1987,- k-
! aluminide and oxide fuel elements with an initial enrichment >20%, 'and TRIGA

fuel elements for reprocessing. Studies are in progress for an amended U.S.-'

policy that includes acceptance of LEU aluminide, . oxide,- and silicide fuels..,

This policy.is expected to be issued during 1985. ~

I

(
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\* RESEARCH REAcr0R SAFECUARDS1

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 International Atomic Energy Agency as a major instrument in the ia-
plementation of the Treaty in this regsrd. 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 Atoalc 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 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-

i- pons. High enriched uranius is one such material and Agency resources can be
i conserved if this nuclear material is not used in applications where low en-

riched uranius would serve just as well.
i

In this section, the IAEA safeguards requirements for.research reactors
are briefly described and estimates are given for the Agency effort to safe-e

. guard research reactors fuelled with uranium of different enrichments. ' Based
| on Agency safeguards activities, costs are estimated for the State and f acility
}. 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 International Safeguards System
,,

,i
'. 2.1 Basic Safeguards Documents

The International Atomic Energy Agency applies safeguards according to,.

h Agency-State Safeguards Agreements based on the provisions of its Statutel
and either INFCIRC/66/ REY. 2,2 or INFCIRC/153 (corrected)3 Although stated
somewhat differently in each agreement, the objective of IAEA safeguards is

iL 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

-,

i

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

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

3/ INyCIRC/153 (Corrected). The Structure and Content of Agreements Between.

[ the Agency and States Required in Connection with the Tre.aty on the Non-
|- proliferation of Nuclear Weapons, June 1972.
:

i.
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.

as authorising the Agency to " establish and administer safeguards designed to . I
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 j

military purpose." In Agreements according to INFCIRC/153 (corrected), Article '

1 States undertake "to accept safeguards, in accordance with the teras of the,

Agreement, on all source or special fissionable aster (al in all peaceful nu-
clear activities within its territory, under its jurisdiction or carried out 'i,

'

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 Article 28 of INFCIRC/153 (corrected)

,

are "the timely detection of diversion of significant quantities of nuclear ;
'material f rom peaceful nuclear activities to the manufacture .of nuclear weapons

f or of other nuclear explosive devices or for purposes unknown, and deterrence

{ of such ditorsion by the risk of early detection." ,

t
2.2 Technical objectives of Safeguards ,

|

Both INFCIRC statements relate the purpose of Agency safeguards to the i
-

i- detection and deterrence of the use of nuclear material for nuclear weapons. '

In order for this purpose to be served, the Agency applies safeguards according4

4 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-
;

j~ clear material is defined as that approximate quantity, taking into account any i

conversion process involved, such that the
clear explosive ievice cannot be excluded." possibility of annufacturing a nu-

'

Table I gives the numerical val-
ues of significant quantities for all nuclear materials under Agency safeguards.,

1 i

The Agency considers conversion time should correspond in ' order of aagni-i
~

tude to detection. time, defined as the maximum tia's that any elapse between
,

; diversion and its detection by IAEA safeguards. The Agency's safegu'ards pro- '

i gramme and its distribution of resources, which directly relate to the effort. a i

| State with which the Agency has a safeguards agreement devotes to its safe-
j - guards programme, are roughly measured in -teras of the State's nuclear material !

and its safeguards significance. I
4

i
'

Tables I and II illustrate the differences between low enriched uranium
(LEU) and high enriched uranius (REU) in teras .of safeguards concerns, i.e.
significant quantities and conversion time. The reason for the. differences is f

. that HEU (uranius where the U-235 content is equal to or greater than 20 per- 1

| cent) can be used directly to make' metallic components or a nuclear weapon. If i
L the EEU is in the form of a compound or alloy, it can be separated out by chen- |

| 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. ii~

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 aust be further enriched, or used in a reactor producing thermal f
l power to produce plutonium. Neither further enrichment nor the reactor pro- I

duction of plutonium are considered straightforward; hencelthe estimate of one !
year for the conversion time of low enriched uranium. !

~

,

-
!

- t
.

4/ IAEA Safeguards Clossary, IAEA/SG/INF/1, Vienna, June 1980.~ I
~

i
,

,-

.,
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TABLE I *

Significant Quantities &,

.

Significant. Safeguards *

Material Quantity Apply to

Direct use Pu* 8 kg Total element I

. nuclear.
~

asterial U-233 -8 kg Total isotope
;

U(U-235>20%] 25 kg U-235 contained

- Plus rules for mixtures where appropriate - !

~~

Indirect use U(Ua235<20%)** 7$ kg b.235 contained
nuclear .I
material Th 20 kg. Total 'elenene !

- Plus rules for mixtures where appropriate -

i
*For Pu containing less than 80% Pu-238. -

.

** Including natural and depleted uranium. I

;

!,
Conversion times are shown in Table II.4 !,

4

'

TABLE II ;

! Estimated Material Conversion Times to Finished Pu or U Metal Components [
-!'

Beginning material form Conversion time |
.

I '

Pu, HEU or U-233 Metal Order of days ;(7-10) {t

PuO , Pu (NO3)4, or other pure Pu compounds; Order of weeks (1-3)*' [2
HEU or U-233 oxide or other pure compounds;

.

MDE 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 <20% 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 e.on- !
pounds will tend to be at the lower end of the range -and the mixtures and ' ;
scrap at the higher end. >

r** Criteria for establishing the irradiation to which this classification refers ;

are under review. '

i
o

k
!

1 -

,

t-
-
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The higher the enrichment of HEU, the more suitable the asterial is for
use in nuclear weapons. The higher the enrichment of LEU, the easier.it is to
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 tera
| ' effective kilogras." Effective kilogram is defined in both .INFCIRC/66/Rev. 2 .

'

and INyCIRC/153 (Corrected) as a quantity of uranium obtained by taking:
.

(a) For plutonium, its weight in kilograms; )
(b) For uranium with an enrichment of 0.01 (1%) and above, its weight in I

- kilograms multiplied by the square of its enrichment;

(c) For uranium with an enrichment below 0.01 (1%) and above 0.005
(0.5%), its weight in kilograms multiplied by 0.0001; and

(d) For depleted uranius with an enrichment of 0.005 (0.5%) or below,
and for Thorium, its w-ight 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 acny sia- ;

ilarities in the safeguards programmes for both HEU and LEU. For example,' rec-
ords aust be kept of transfers to and fra.4 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 rfd reports and a programme of material ac-
counting complemented by containment and surveillance devices is the basis for

i State-Agency Agreements for both high enriched and low enriched uranium. Also
j for both classes of material, the Agency conducts inspections to independently
j verify that the quantity of nuclear anterial 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 '

f quantity of nuclear material ai: the facility as measured in ef fective kilo-
grams. Table III shows the relationship between nuclear material enrichment,

; weight in kilograms and effective kilograms.
1

1 TABLE III

| Effective Kilogras Quantities for Uranium of Yarying Enrichments ;

,

i
I

; MASS (kg).of EFFECTIVE IILOCRAM5 (eks)
#"" **

10% Enrichment 20% Enrichment 95% Enrichment 1

10 0.1 0.4 9
20 0.2 0.8 18

50 0.5 2 '45r

100 1' 4 90-
i 500 5 20 451

1000 10 40 902
5000 50 200 4512,

|
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i3.0 Safemuerds Isolementation at Research Reactors

3.1 Categorisation of Research Reactors According to Inventory

Both INFCIRC/L5/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
effore the Agency would most probably spend. at the facility and would depend on
the Agency-State Agreement and the real conditions of the Agency safeguardsa

implementation programme.

i TABLE IV

| Estimated Agency Inspection Effort for Research Reactors (Mandays/ year)
i
< .

| <

j Type and Quantity of Fuel Maximum Effort Actual Effort
'

,

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

Inventory less than 5 eks.-

i,

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

c. Enrichment > 20% U-235; 50 9 - 15.

i . Inventory > 25kg U-235,

[ but < 25kg in fresh fuel.
|
,

d. Enrichment > 20% U-235; 50 50 ..

Inventory > 25kg U-235

in fresh fuel.
f

, ,

L .

-

:
!

I
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3.2 Agency Insoection Ef fort '|

, Fer 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 book inventory based on the examination of-

shipping and receiving documents; ;
'

ext.aination 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 roanting and identification;,
, ,

checking, removing and reapplying seals as appropriate.-

|j
; For research reactors in the third category, an annual PIV would be taken

as above. In addition, interia inspection would be carried out four to six
times per year. The activities performed by the inspectors during these in- *

..
i 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 survellance units. !-

,

7 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 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. ~

L 3.3 Safeguards at Generic Research Reactor Fuelled with Different Uranius
i Enrichments
!

Changes in reactor core parameters as a result of converting the core ~ from
high enriched to low-enriched uranius have already been reported.5 The.,

j Agency safeguarda 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 ande for the fuel loadings for the reactor-
4 using uranium enriched to 931, 20% 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 Uranius Fuels. Guidebook IAEA-TECDOC-233, Vienna 1980.,

( ...

i :
;, . _ .

i

(

__ . _ ~ _. __ _ _ _ _ . _ . _ _ _ . _ __ _ _ _ _ . _ _ - ~ _._
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TABLE V
-|

5 !

! Fuel Inventories for Generic 10 MW Reactor

I
; Enrichment New Fuel Core Fuel- Spent Fuel

(% 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 i4

i

I: -

a

| The U-235 content of the core fuel is calculated on the basis that the |
i. fissile material has been depleted to where new fuel must be added. Burnup is i

fif ty to sixty percent and therefore the core fuel is safeguarded according to- |
the measures applied to spent fuel. (See Tables I and II). Plutonium content i

has also been esiculated for6 spent fuel'and unless the spent fuel is allowed to i

.
accumulate, the plutonium inventory should remain less than 1 okg. According ~|

1 to the definition of ekg and the information in Table IV, this reactor fueled t

| with 93% enriched uranium would receive 1-2 mandays of Agency inspection per {
i year with the Agency capable of devoting up to 50 mandays per year if it were j
; 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 ;

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

At a U-235 enrichment of 20%, the 11.6kg of U-235 as new fuel represents f
; 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 eks. |
In the third situation,15kg U-235 in 6.5% enriched fuel. is 0.6 oks. Again, one 1

I inspection per year of 1 manday duration would be the expected Agency effort. ,|
. . !

j Currently, the IAEA has Agency-State Agreements to the effect that the i
'

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. If the cores of these reactors were converted to less j
' than 20% U-235 enrichment, the Agency ARIE could be significantly reduced. j

{4.0 conclusions
The significace to the research reactor operator of 'the IAEA inspector _ I

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- i
scion for and during an IAEA1 inspection. Cartainly, while the inspector is i
conducting the inspection, facility records must be ande available to him along !

with explanations and discussions of the records by the' facility staff. _As he i
is verifying the presence of the fuel, checking seals or servicing surveillance !
devices, f acility staff must accompany _ him. The Agency inspection effort _as esti ' '

mated in Table'IY 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 facility [
! . effort added to the State effort in support of Agency inspections could be 2-3 i

times the aandays .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; 'f
determines the safeguards costs to the IAEA, thel $tste and the facility 'oper- i
stor. The difference between the safeguards costs for a research reactor I

|
fueled with HEU and one fueled with LEU can be as great as fif ty. _[

i
1

- >;

-!
. . - _ _ _ . __- _..u_.. . _ _ _
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OIAPTER 15 [ ,,..

RESEARCH REACTOR SAFECUARDS ' f A' 'd"s

Contributed by IAEA,

1.0 Introduction -

A basic pvrpose of the Treaty on the Non-Proliferation 'of Nuclear Weapons,
3

1 July 1968 (N?T) is to prevent the spread of nuclear weapons.. The NPT recog-'

nises the International Atoalc Energy Agency as a major instrument in the is- ,

'

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 accepta

'

safeguards, as set forth in an agreement to be negotiated and concluded with
i 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 from1

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 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-
pens. 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 uranius 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-

I guard research reactors fuelled with uranium of different enrichments. Based
on Agency safeguards activities, costs are estimated for the State and facility

,

i
.

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 angnitude becween using high enriched and
low enriched uranium.

2.0 International Safeguards System

2.1 Basic Safeguards Documents

j The International Atomic Energy Agency applies safeguards according to
Agency-State Safeguards Agreements based on the provisions of its Statuteli

and either INFCIRC/66/REV. 2,2 or INFCIRC/153 (corrected)3 Although stated
j 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

i

1/ Statute, International Atomic Energy Agency, June 1,1973.
. 2/ INFCIRC/66/Rev. 2.- The Agency's Safeguards System (1965), As Provisionally'

Extended in 1966 and 1968,16 September 1968.
t 3/ -INFCIRC/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.
7

b' I f%,s.,NA fPAh 1/ .v o,1*t h M M *b ?b|bJM: ~
'.

1,

3
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as authorising the Agency to ." establish and administer safeguards designed to
ensure that special fissionable and other materials, services, equipment, f a c-

: 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 anyi

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."
4

The objectives of safgguards as stated in A-ticle 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

i or of other nuclear explosive devices or for purposes unknown, and deterrence
of such diversion by the risk of early detection."

: - 3
; 2.2 ' Technical Objectives of Safeguards

..s. *s___----
1

f. 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 co, vert the

4 ,

4

material to the components of a nuclear weapon. A significant quantity of nu-
clear material is defined as that approximate quantity, taking into account any4

conversion process involved, such that the. ,

clear explosive device cannot be excluded." possibility of manufacturing a nu-Table I gives the numerical val-
ues of significant quantities for all nuclear materials under Agency safeguards.

1
'

The Agency considers conversion time should correspond in order of magni-
i 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 'ffort 'a,

e'

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. ,

t

Tables I and II illustrate the differences between low enriched uranium
(LEU) and high enriched uranium (NEU) 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 er pester than 20 per- -

cent) can be used directly to make metallic components od a nuclear weapon.,

If;
the HEU is in the form of a compound or alloy, it can be separated out by chen-b

; 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.) I.EU aust be further enriched, or used in a reactor producing thermal; ,

power to produce plutonium. Neither further. enrichment nor the reactor pro-
j

duction of plutonium are considered straightforward; hence the estimate of .one
year for the conversion time of low enriched uranium.

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

L

__ ,
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; TABLE I *

Significant Quantities

Significant Safeguards
Material -Quantity Apply to a

Direct use Pu* 8 kg Total element
nuclear
material U-233 8 kg Total isotope ,

'

U[U-235>20%) 25 kg U-235 contained

- Plus rules for mixtures where appropriate -

Indirect use U[U-235<20%)** 75 kg U-235 contained-'

nuclear
material Th 20 kg Total element

,

- Plus rules for mixtures where appropriate -
1

I *For Pu containing less than 80% Pu-238.,

| ** Including natural and depleted uranium.
.

b

Conversion times are shown in Table 1I.4
.

*

_ TABLE II
i ;

'

| Estimated Material Conversion Times to Finished Pu or U Metal Components

Beginning material form
j- Conversion tins
; Pu, HEU or U-233 Metal Order of days (7-10)
*

Fu0 , Pu (NO3)4, or other pure Pu compounds; Order of weeks (1-3)*2
RED 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 compounds

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

U containing (20% U-235 and U-233; Th order of one year
j. .

*This range is not determined by any single factor but the pure Pu ' nd U .com-a''

pounds will tend to be at the lover end of the range and the sixtures and^'

scrap at the higher.end.

** Criteria for establishing the irradiation to which this classification refers
are under review.

>

}

-

'
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s
, The higher the enrichment of HEU, the more suitable the asterial is for
! use in nuclear weapons. The higher the enrichment of' LEU, the easier it is to "

enrich that material to 20 porcent U-235 or more. - The Agency takes enrichment
into account in its implemented safeguards program through use of the term

i " effective kilogram." Effective kilogram is defined in both INFCIRC/66/Rev. 2
; and INFCIRC/153 (Corrected) as a quantity of uranius obtained by taking: '
t

i (a) For plutonius, its weight in kilograms;
(I)_ For uranium with an enrichment of 0.01 (II) 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
(0.5%), its weight in kilograms multiplied by 0.0001; and

{

(d) For depleted uranius with an enrichment of 0.005 (0.5%) or below,
iand for Thorium, its weight in kilograms multiplied by 0.00005." ~

.

2.3 Basic Agency Safeguards Measures for Uranium >

| The specific detail's of the safeguards implemented at any facility are '

based upon the Agreement between the State.and the Agency. There are many sia-
; ilarities in the safeguards programmes for both REU and LEU. For example, rec- ;

ords must be kept of transfers to and from the facility and of the location of
;

' asterial within the facility in teras 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 asterial inventory must be reported to

i the Agency. A system of records and reports and a programme of material ae-
) counting complemented by containment and surveillance devices is the basis for
i State-Agency Agreements for both high enriched and low enriched uranium. Also
i

! for both classes of asterial, the Agency conducts. inspections to independently
verify that the quantity of nuclear asterial reported as on inventory at the -

i - facility by the facility operator is actually at the. facility.I./ The ef fort de-
! voted by Agency inspectors to this verification activity is determined by the
i quantity of nuclear material at the facility' as measured in ef fective kilo-

{i grams. Table III shows the relationship between nuclear material enrichment, '

'
weight in kilograms and of factive kilograms.

i
TAELE III

i

Effective Kilograa Quantities for Uranius of Varying Enrichments
i

|

MASS (kg) of -EFFECTIVE KILOGRAMS (eks)~

[ Uranius
10% Enrichment 20% Enrichment 95% Enrichment

10 'O.1 0.4 9
j 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| . hy,M.2 !_fge flaiM.Lb " *A a|Y E
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'3.0 Safeguards Isolementation at Research Reactors

~

3.1 Categorisation of Research Reactors According to Inventory

Both INFCIRC/66/Rev. 2 and INFCIRC/153 (Corrected) relate inspection of f-
ort to the inventory of nuclear material as measured in ef fective 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
j 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 most probably spend at the facility and would depend. on

] the Agency-State Agreement and the real conditions of the Agency safeguards i

implementation programme.
.

I
i TABLE IV
!

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

Type and Quantity of Fuel Maximus Effort Actual Effort

'

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

,

Inventory less than 5 ekg.,

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

,

5
4

c. Enrichment > 20% U-235; 50 9 - 15,

Inventory > 25kg U-235,
;

i
but < 25kg in fresh fuel.

d. Enrichment > 20: U-235; 50- 50

Inventory > 25kg U-235
'

in fresh fuel.
*

i

f

i

.

> '

:

!.
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3.2 Agenev Inspection Ef fort

For 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 include the

! following:

. ,

2' esLablishment 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 ites counting and identification;

checking, removing and reapplying seals as appropriate.-

7 For research reactors in the third category, an annual PIV would be taken
as above. In addition, intsris 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 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, uit-
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-,

,

dicion, 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 ef fort.

3.3 Safeguards at Generic Research Reactor Fuelled with Different Uranius
En richment s

,

Changes in reactor core parameters as a result 'of converting the core from
v high enriched to low-enriched uranium have already been reported.' The

. Agency safeguards programme as it applies to REU 43d LEU fuelled reactors can - '

4 - be illustrated by considering the generic 10 MW research reactor described in
that report. Calculations were made for tho' fuel loadings for the reactor
using uranium enriched to 93%, 20% and 6.5% in the U-235 isotope. These fuel
loadings along with estimated new fuel requirements are shown in Table V.e

(

4/ 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. ,
,

'

,

e
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TABLE V

! "

j. Fuel Inventories for Generie 10 MW Reactor $
,

,

.

; Enrichment New Fuel Core Fuel Spent Fuel
(% U-235) (kg U-235) (kg U-235) (g Pu/ Element)

! 93 8 4.5 0.6i
p 20 11.6 8 14

'6.5 15 10 44

The U-235 content of the core fuel is caleviated on the basis that the
; fissile asterial has been depleted to where new fuel must be added. Burnup is x ,i fif ty to sixty percent andthereforethecorefuelissafeguardedaccordingtog,,,,; the measures applied to spent fuel. (See Tables I and II). Plutonium content . , , j ---- .

.

has also been calculated for spent fu an_d unless the spent fuel,is allowed to ,, . -|
-

accumulate, the plutonium inventory ould)reasin less than 4-Mc,g. '" According .-m, ;

to the definition of ekg and the information in Table IV,' this reactor fueled 4 '
!

with 93% enriched uranius would receive 1-2 mandays of Agency inspection per f,

year with the Agency capable of devoting up to 50 mandays per year if it were
1- considered necessary. If the total facility inventory exceeded 25kg U-235 or

.

2 if the new fuel inventory exceeded 25 kg U-235, the Agency inspection effort
| would increase to 9-15 and 50 mandays, respectively.
( 1.3
j. V 'A U-235 enrichment of 20%, the ll.6kg of U-235 as new fuel represents ;
; about ekg. In this case, the Agency would conduct one inspection per year-

of I-2 mandays. This would apply as long as the inventory kept below 5 eks.'i

. In the third situation,15kg U-235 in 6.5% enriched fuel is k. Again, one
!~ :

inspection per year of 1 manday duration would be the expec ed Agency effort. '!
3

j Currently, the IAEA has Agency-State Agreements to the effect that thd. f
~' ''''

i actual routine inspection effort (ARIE) at thirty three research reactors oper-
j ating with cores of uranium enriched to 20% or greater in the uranium-235 isotope
1 is more than 500 man days. If the cores of these reactors were converted to less
{ than 20% U-235 enrichment, the Agency ARIE *uld be significantly reduced. I

; 4.0 Conclusions !
; i

The significance to the research reactor operator of the IAEA inspectort

[. effort in fulfilling its safeguards obligations is that the facil'ity 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 'aust be made available to him along. i
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--,

p mated in Table IV can be used as a lower limit to approximate the facility. effort |f. in support of the Agency's programme. It is credible to suggest the facility 1y effort added to the State effort in support of Agency inspections could be 2-3
|' times the aandays 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.
j fueled with HEU and one fueled with LEU can be as great as fif ty.

4
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j CRAFTER 16

FHYSICAL PROTECTIC -

! !
t

:

Contributed by IAEA
4

1. Background

! ,'
i The physical protection of nuclear material and facilities has been
;

attracting increasing attention in the last decade. There has been growing i

concern that the thef t of plutonium, enriched uranium or uraniusr-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 radiological hasard |
| to the public. In order to cope with these potential hasards' through inter-
j national efforts.:the Agency was called upon to prepare a set of recommendations
' for the protection of nuclear asterial and f acilities against willful hostila

acts, e.g. thef t or unauthorised . removal of nuclear material or sabotage against,

nuclear facilities committed on sub-national levels. The Agency's work toward'

this and resulted in the publication in 1975 of the booklet entitled "The
i Physical Protection of Nuclear Material * which was revised and re-issued in-

; 1977 under the same title (INFCIRC/225/Rev.1). The recommended measures ofj- this document relate to the physical protection of nuclear material in use,
transit 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 which are by themselves not aandatory 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/5/ MOD.2). It should,

also be noted here that the Convention of the Physical Frctaction of Nuclearj

[ Material (INFCIRC/274/Rev.1) concluded on 26 October 1979 and opened for signa- ;
; ture on 3 March 1980 provides for the levels of physical protection applied in -

| international transport of nuclear material categorized in a form similar to
j that of INFCIRC/225/Rev.1.

j. 2. Nature and Scope of the Asency Recommendations .

| INFCIRC/225/Rev.1 is a set of recommendations which any serve as guide-
lines for national regulatory authorities of Member States. It recommendsr

:. that the State should promulgate and review regularly its comprehensive regula .
| tions for the physical protection of nuclear asterial whether. in State or
[. private possession. It further provides that the State should license activities
; only when they comply with these regulations..
l i

;
[., The recommended measures of INFCIRC/225/Rev.1 are intended for all''

nuclear facilities and shipment: however, it is recognised that research type
facilities outside the nuclear fuel cycle and their corresponding shipments
any not be able to emet the recommendations, in which case the State's physical
protection system any 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.1
are based on t.he state of the art in physical protection and on the types of
nuclear facilities existing in 1977. The document also recognizes that the l

design of a physical protection system for a specific facility may vary from (
those recommended when prevailing circumstances indicate a need for a different

{1evel of physical protection.
I

i
4

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 I

i reactors using plutonium or highly enriched uranium, the fuel material is '

attractive to a potential thief before it is irradiated in the reae.cors.
'

3. Categorization of Material

The physical protection measures recommended in INFCIRC/225/Rev.1 are
based 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 radioactive dispersal, the morei

stringeat and extensive the protective measures applied should be. INFCIRC/225/
Rev.1 ::ategorizes nuclear material in order to ensure an appropriate relation-
ship between the nuclear material concerned and the protective measure applied.
The categorization of nuclear materisi set out in INFCIRC/225/Rev.1 is
reproduced below.

t m C m tzA N of w m m talAI,*

ceteser,
noterial rero 1 11 tri

1. plateetm .f Osterediate4he
2 kg er more Lees than 2 kg but 300 g er lese 8'

~

more then 300 g

2. Orsalue-1334 Deltradiatedh

oreste eartched to 5 kg er more teos thee $ kg but I kg er leset
=

20g 135g er este mere thee t kg

wreatue eaetched te-
10 bg er more teos thee 10 kg4

-

103 1350 but less
thee 208

oreatue eartched above=
* * 1 10 kg er moreesteral. but less thee

103 235g

3. greatus-133 Dottradiategh 2 kg er more teos than 2 kg but 300 g er lese 8
more thee 300 g

i

l

eA 1 plateetus escept that with toetspic cancentrattee seseedtog got is plutsetus-233.
~

b
! Meterial set irradiated is a reacter er material irradiated to e teetter but with a redtetion leveloguel te er toes the 100 rede/ hour et ese ester meshielded.

' Lees thee a rediet teolly eigetitseet gesettty should be esempted.

desturel evente, depleted ersatus and thertes and questities 'of stentum eartched to less thee 103 set
fe111eg to Category !!! eheuld be protected te etterdeste with prudent eenegemoet practite.

*1rr dl t d f
eel eheuld be protected se Category I. !! er III mueleer esterial depeedtog on the setegory

e ee
of the fresh fuel. Neuever, fuel ehleh by virtue of its origtsel flee 11e motorial teetenft to testuded,

se Category I er !! before irradiettee eheuld caly be reduced ese Category level, while the rediettee!

level free the fust esteede 100 rede/h at one enter unettelded.
I|

' The State's eeepeteet sotherity sheeld deteratae if there is e credible threat to disperse pisteetue'

enlevolently.
The State ensuld then apply physteel protectice regettemente for Category I. It er !!!

et emelear estertel, se it desse appreertete med without regard to the pistentum guantity spectited
under each estegory herste, to the platoalue teetepee to these questittee end forse detereteed by theState to fell withis the scope of the credible diepereet threet.
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The categorization of material shown is based on the potential hazard of
the sacerial which itself depends on the type of material, isotopic composition,
physical and chenical form and quantity of material. It covers all plutonium,
except that with isotopic concentration exceeding 80% in Pu238, uranium 235
enriched to 10% 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

,

10% 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 10% 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.

4. Protection Measures
\ Against the scope and the structure of INTCIRC/225/Rev.1, as sum:narized

in the preceding paragraphs, should be weighed the relevance and applicability
of the recommended physical protection measures to the present subject of
licensing issues related to research reactor core conversion.

Although it is not the purpose here to present an array of recommended
measures 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 Category I
material. The nuclear material in this category is to be used and
stored within special inner areas encircled by the protected crea,
which is characterized by separate physical barriers, differentiated
restrictions and controls on personnel-access; limiting the number
of personnel having access to the minimum necessity, constant
personnel surveillance, search of all persons and packages entering
and leaving the inner ares, 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 independent
duplicated transmission system..etc.

,

11) A medium level of physical protection is required for Category II
material. The nuclear material in this category should be used
and stored within a protected area for which a somewhat less rigid
protection systen needs to be provided; such a system includes
access control by limiting the number of persons admitted, issuing
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.

iii) 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 energency teams, preparation of emergency plan of action and
security surveys. All of,thase measures are to be applied equally
or more rigidly to Categories I and Il above.


