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Table 1 Parameters of BN-350-type core with various coolants

WWER ent. AC | Beorrt 1 qv vari
Coolant Qs L
fuel % % % 1077s | kw/kg ant
pu
present 17.7 0. 267 .7 0.345 | 3.41 22.7 | —0.004 1
sodium Py
extract 77.8 0.154 | 72.0 0.110 | 0.49 118.5 | —0. 052 2
ed
pu
present 17.3 0, 253 L7 0.334 ¢ 3.34 22.7 | +0.004 3
melted
lead Pu
extract 78.8 0.150 | 7L.6 0.115 | 0.52 118.5 | —0. 057 4
ed
pu

Steam- | Present 18. 7 0. 427 1.6 0.354 1 4.94 22.7| +0.003 5
water Pu
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Proposed Agenda for the 33rd NEACRP Meeting
(Id Numbers of papers discussed ai each topic are listed)
(Papers in brackets have been distributed in advance of the meeting)

15. October (Honday)

10:30 am  Introductory Remarks by the Director General, Dr. X. Uematsu

PART A : EXECUTIVE SESSION

10:45 an
i.a Participants in the Meeting
i.b Committee Membership
2. Adoption of the Final Summary Record of the 32nd Heeting.
3. Adoption of the Agenda of the Heeting.
4. Completion of Actions Arising from Previous Meetings.
11.30 am PART B: TECHNICAL SESSIONS
(Time assigned for Techmical Papers: 10! + 2’ for discussion)
1. Hem Topics
1.1 Current Issues of Plutonium Recycling in LWRs
1047, 1048, 1049, 1055, 1066, 1067
1.2 Review of Requirements for the Methods of Validating
¥eutronics Codes (i.e. Quality Assurance for Neutronics Codes)
1056, 1084, 1085, 1091, 1094, 1095, 1096
1.3 Physics Related Safety Aspects of Fast Reactors.
(Reactivity Feedback Properties, Design’tradeoffs and Safety
Implications} 1050, 1051, 1057, 1058, 1059, 1068, 1086, 1111
1.4 Yew Facilities of Importance for Neutronice and Reactor
Physics Research (Intense Neutron Sources, MAPLE, etcg.)
1052, 1087, 1097
1.5 Fusion Blanket - Shield Neutxronics with Emphasis on the
Effects of Data Uncertainties (Including Effects of Double
Differential bata) 1053, 1080, 1069, 1070, 1071, 1088,
1092, 1101, 1113
2. Topics Carried over from Pravious Meetings

2.1 Evaluation of the Uncertainty in FBR Burn-up Reactivity Sving
1672, 1089

2.2 The Reacter Physics of Advanced Gas-Cooled and Water Reactors.
1061, 1073, 1074, 1109

2.3 Engineering and Physics Aspects of Transuranium Burning by
Reactors and Accelerators.

1054, 1062, 1075, 1076, 1090, 1112

2.4 Local Stability in LWRs and HWRs with Emphasis on 3D Effects.
1077, 1078, 1098, 1099, 1102 ’ ‘

2.5 Physics Hethods in Fuel Accountability.
1083, 1079

- 25—
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17. October (Wednesday)

9:00 an

4, .

Benchmarkxs and Data Bases

w W
N -

W oW W W W W W
WO Mt W

3.10

Radiation Shielding Benchmark Data Base. (1044), 1093
Criticality of Fuel Undergoing Dissolutien.
(including irradiated fuel - burnup) 1114
Shielding of Transport Casks. 1107

Noise Analysis. 1046 '

HCLWR Benchmarks. 1108, 1110

Measurement of Tritium Production Rates. 1080
Three-Dimensional Transport Benchmark. 1081
Validation of Delayed Neutron Data. 1041
Radial C/E Trends in Large FBRs.

Pin Power Distribution within 4ssemblies. 1065

Internatienal and National Programmes

4.1

Activities of Dther International Bodies of Interest to NEACRP.
-~ HEANDC Topics of Interest to NEACRP
- Prégress Report from Evalunated Data File Projects
~ International Cooperation on Evaluated Data Files
- MNEA Data Bank, .
- NEA Committee on Safety of Nuclear Installations
= NEA Nuclear Development Committee
- IAEA '
Review of Recent Activities and National Programmes
(Reports from: Australia, Belgium, Canada, Denmarkx, Finland,
France, F.R. Germany, Italy, Japan, Netherlands, Spain, Sveden,
Switzerland, United Kingdom, United States, TAEA Observers)

18. October (Thursday)

5,

PART A : EXECODTIVE SESSION (Cont.)

Trends for future work of NEACRP,
(follow-up of the discussion held at the 32nd meeting)

19. Dctober (Friday)

PART B : TECHNICAL SESSION (Cont.)
Heeatings
5.1 Highlights of Recent Neetings of Intarest to NEACRP.
5.2 Future Heetings of Interest to the NEACRP.

PART A : EXECUTIVE SESSION (Cont.)

Distribution and Discussion of Summaries by Session Rapporteurs
Selection of Topics for Next Heéting

Arrangements for the 34th Heeting of the Committeas.

Other Business.

Election of Committee Officers
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Proposed Agenda for the 33rd NEACRP Meeting
(DETAILS)

15, October (Monday)

10:30 a=  Introductory Remarks by the Director General, Dr. K. Uematsu

PART A : EXECUTIVE SESSIOXN
10:4% a3 mmeeee—eeemmeeme o

i.a Participante in the Heeting

1.b Coxzzittee Hembership

2, idoption of the Final Summary Record of the 32nd Meating.

(NEACRP-1-964)

idoption of the Agenda of the MHeeting.

4. Coompletion of lctions Arising from Previous Meetings.
(page 53 and 54 of EEACRP-4-964)

w

11.30 an PART B: TECHNICAL SESSIONS

(Time assigned for Technical Papers: 10' + 2% for discussion)
i, EEIW TOPICS

1.1 Current Issues of Plutonium Recycling in L¥Rs

AEACRP-A-1047
Venus International Prograzme (VIP),
A Ruclear Data Package for LWR Pu recycle
P. D’Hondt

HEACRP-i-1048

Yenus Intermational Programme (VIP),

1 Buclear Data Package for BWR Pu recycle
P. D’Eondt

FEACRP~A-1049

Yenus International Programma (VIP),

L Kuclear Data Package for PWR Pu recycle
P. D’Hondt

NEACRP-1-1055

Plutoniuz Reload Experience and Perspective in French PWR Plants
Septexzber 1990

M. Roma, M. Salvatores, J. Mondot, K. Le Bars

) HEACRP-A-1066
Plutonium Generation Boiling Water Reactox Concept
Septexzbexr 1990
Japan

KEACRP-4-1067

Utilization of XOX Fuel Assembly Containing Gd203 .in ATR
Septesber 1990 ’

Japan

HEACRP-A-1116

Investigations on Pu-Recycling and High Burnup for LiRs
in ths Federal Republic of Germany
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1.2 Reviev of Requirements for the Kethods of Validating

¥eutronics Codes {i.e, Quality Assurance for Neutironics Codes)

YEACRP-A-1056 R
Quality Assurance Provisions for Q{;OS
Septenber 1990
J.H. Rieunier

YEACRP-A-1084

Quality Assurance for Neutronics Codes at ANL
Septenber 1990

LEF

¥EACRP~A-1085

Requirements for Validating (LWR) Neutronics Codes
September 18%0 :
US4

-MEACRP-1-1091
1l Review of Reactor Phyeics Uncertainties and Validation
Requirements for the Modular High-Tempezature Gas-Cooled Reactor
Hay 1990 '
1.K. §axter, R.X. Lane, E. Hettozrgott, W. Lefler

HEACRP-A-1094"

Verification of the Shutdown System Scftware at the
Darlington Nuclear Generating Station

Septeaber 1990

G.¥, lrchivoff et al.

FEACRP-4~1095

The Canadian Proceas for Regulatory Approval of
Safsety Critical Softvare in Nuclear Power Reactors
Septeaber 1590 )

G,1.X, Asnis et al.

¥EZACAP-A~-1096

Licencing Safety Critical Software
September 1990

G.H, Airchivoif

1.3 Physics Rslated Safety Aspects of Fast Reactors.

(Reactivity Feedback Properties, Design tradeoffs and Safety
Implications)

EZACRP-A-1050
Requirements to Calculational Methods of Yev Genexation Reactors
1.5. Slesarev

SZACAP-A-1051

Experimental Investigations of Reactivity Effects for FBRs
I.P. Katveenko
4
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FEACRP-A-1057 ‘
Cosparative Studies of the Feutronic Performances of = Laxge LKFER
Using Oxide Fuel or Ketallic Fuel,

Septenber 1990
J.C. Garniexr, 1. Zaetta

¥ZACAP-A-1058

Sodium-Voiding Reactivity Effect Reduction in Fast Breeder Beactors
Septexmber 1850

J. Thomas, 1. Zaetta

REACRP-4A~1059
¥odular Island Cores
September 1990
C. De Pascale, L. Zastta

SEACRP-1-1068 .
Study of Enhanced Safety Core Characteristics of ¥itride Fusl Core
Septenber 1990
Japan

EEACRP-4-1088

Heasurement Based Hethod for Predicting Margins.and
Uncertainties for Unpretected lccident s in the IFR
0S54

FZACRP-A-1111

Sensitivity of ¥uclear Constants znd Related Calculaticnal
Errors in Safety Characteristics of Fast Reactors
Septezber 1890

USSR

1,4 Few Facilities of Importance for Neutronics and Reactoer

Physics Research (Intense Neutron Sources, HAFLE, atc.)

FEACRP-1-1052

The Cold Meutron Koderatoer for the Continuous Spallation Neutron
Source SIXQ

F. Atchison, G. Bauer, ¥. Fischer, K. Skala, B. Spitzer

FEACRP-A-1087
High Xeutronm Flux Fusion Xaterials Test Facility
Usa

FEACRP-A-1097

The idvanced KAPLZ Concept
September 1990

R.F. Lilstone et al,
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1.5 TFugion Blanket - Shield Neutronics with Ezphasiz on the

e e e e e o

Differential Data)

FEACRP-A-1053

On the Effect of EXDF/3-VI Beryllium Data on the Neutronics of
ITER Blankets

S. Pelloni, H.J. Eabrechts, E.T Cheng

YEACRP-4-1060

Sensitivities Analysis of the T.F. Coil Shielding Parameters
in the HET Design to the Nuclear Data Uncertainties
September 1930

1. Santamarina, H, Saith

HEACRP-4-1069

Integral Experiments to Improve Tritium Breeding Ratio
Septembar 1990

Japan

O ZEACRP-4-1070
Phase-IIIL Experiment of the JAERI/USDOE Collaborative Prograz on
Fusion Xeutronics '
Septenber 1590
Japan

O HEICRP-1-1071
Benchmark Test of Be Nuclear Data in JENDL-3 Trough Mnalyses of
Time of Flight and Integral Experiments on Be lsseablies at FNS
September 1590
Japan

¥EACRP-1-1088

Fote on Effects of Data Uncertainties on Shield Heutronics
Septexber 19890

gsi

FEACRP-A-1092

Reaction Rats Distributions and Related Data in the
FHS Phase II Experiments

July 1990

R.T. Santore, R.G. Alsmiller, J.¥. Barnmes (ORNL)

FZACRP-A-1101

AXITA - Analysis of Neutron Induced Transxzutation
nd Activation

April 1990

€. Ponti, $. Stramaccia, (JRC Ispra)

NEACRP-4-1113

Fusion Blanket Benchnark Experiments
-Septenber 1990

Uss?
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2. TOPICS CLRRIZD OVER FROY PREVIDUS XEETINGS

KEACAP-A-1072

Prediction Accuracies of Safety Related Core Design Parameters
for FBR

Septenber 1890

Japan

HTACRP-A-1089

Pin Power and Depletion in EBR-II
September 1590

US54

2.2 The Reactor Physics of Advanced Gas-Cooled and Water Reactors.

[

FTACRP-1-1061

Reactor Physics Studies at CEL on Advanced Water Reactors
September 1990

k. Leridon et al.

Q) ¥EACRP-1-1073
Heasurement of Void Reactivity Worth of HITR Hockup
Control Rod Hole in VETRC-1 Core
September 1990
Japan

O ¥EACRP-1-1074
Analysis of Temperature Effect of Reactivity for VATRC and SHE
vith Huclear Design Code System for High Temperature
Engineering Test Reactor (HTTR)
Septeaber 1990
Japan

HEACRP-1-1109 .

Calculation of ¥eutron Physical Parameters of the iAdvanced LWR
Fuel Lattices :
Septenbar 1990

USSR

2.1

¥EACRP-A-1115 ‘ o
inalysis of JOYQ Burnup Characteristics

Japan
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2.3 Engineering and Physics Aspects of Transuranium Burning by

HEACRP-4-1054
Reduction of the Long -term Toxicity of Neptunium by ¥uclear Spallation
. B.U. Wenger, P. Wydler, 5. ltchiszoen

KEACRP-1-1082

Radiotoxicity of Wastes Impact of Plutonium Recycling
Septexber 1990

K. Darrouzet, G. Flamenbauz, J.P. Grouiller

Q NEACRP-A-1075
Study of TRU Transmutation Plant with Proton lcceleratoxr
September 1950
Japan

HEACRP-A-1076

TRU Transmutation in LHFBR({II)
Septezber 1990

Japan

HEACRP~1-1090

Hazard Quantification forx LY Spent Fuel
Septenbar 1990

UsA

EELCRP-A-1112

On the Actinide Transzutation Possibility inm Fast Reactexs
Septenber 1990

USSR

2,4 Local Stability in L¥Rs and H¥Rs with Emphasis on 3D Effects.

¢ HELCRP-4-1077
4 Study of Regional Oscillation with TOSDTN-2
Septembex 1950 : '
Japan

XEZACRP-4-1078

Exanination of Nuclear Thermal Hydraulic Oscillation Modes
in BWR Core.

Septeaber 1990

Japan

¥ZACRP-A-1098

¥autronic Decoupling and Coolant Void Rsactivity
in CAKDU

Septenber 1590

¥.X. Mohindra, A.R. Daztur
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KEZACRP-A-1099

SHOXKIN - A Code for Time-dependsnt Tree-Dizmensional Keutronics
Calculations in CAXDU-PEY Reactors Based on Xodal Kinetics
Theory - Application to Loss of Coolant Accidents

Septemnber 19%0

¥. Gold, }.C. Luxat

REACRP-A-1102 _

. B¥R Stability Investigation in Ringhals 1
Studsvik (1990) '
Bengt-Goeran Bergdahl, Ritsuo Oguma

2.5 Physics Hethods in Fuel Accountability.’

FZACRP-4-1063

Active and Passive non Destructive Haeasurements for
¥uclear Honitoring of Spent Assemblies

Septenber 1950

G. Bignan, L. Martin Deidier

() FHEACRP-1-1079
Development of Fon-Destructive Keasuring Techniques for Trace
Amount of Fissile and Fertile Materials in Drum-S5Sized Waste,
September 1990
Japan
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17. Qctober (Wadnesday)

g:00 an

3. BENCHMARXS AND DATA BASES

T T L L L L ey T e

3.1 Radiation Shielding BenchmarXk Data Base,

NEACRP-A-1044  (already distributed)

The Establizhment of a Shielding Experimental Benchmark
at the DECD/NEA Data Bank

June 1990

4.X. McCRACKEN

FEACRP-A-1093

Considerations for a Shielding Experimental Benchmark -
Data Base

October 1990

¥.¥. Engle and D.7. Ingersoll (DRFL)

3.2 Criticality of Fuel Undergoing-Dissolution.

(incliuding irradiated fuel — burnup)

NEACRP-A-1114

dctivity Report of the Criticality Working Group
October 1990 ’
G.E. Yhitesidas, E. Sarteri

3.3 Shielding of Transport Casks,

EEACRP-1-1107

Status Report on the Shielding of Transport Casks Benchmark
October 1990

L. Avery

3.4 HNoise Analysis.

NZACRP-A-1048

Status of the 1989 Noise Ainalysziz Benchmarkx Test
Sepiexber 1990,

t2uard Hoogenboon
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3.5 BCLWR Benchmarks.

FEACRP~A-1108

Status Report of the KEACRP HCLWR BenchmarX Workipg Group
Dctober 1990

¥. Bernnat, E. Sartori

XEACRP-4~-1110

Set of Interrelated Benchaarks Test for Investigation of
LWR with Resonance Neutron Spectru=m

Septexber 1990

USSR

3.6 MHeasurement of Tritium Production Rates,

O FEACRP-1-1080
International Comparison on Keasuring Techniques of Tritium
Production Rate for Fusion Heutronics Experiments.
Septeober 1990
Japan

3.7 Three-Dimensional Transport Benchmark.

-1

QO ¥ELCRP-1-1081
Sumnary Report of 3-D ¥eutron BenchmarX Problems
Septenber 1990
Japan

3.8 YValidation of Delayed Eeutron Data,

HEICRP-A-1064 ]

HZLCRP Beta-effective Banchmarkx Heasurements at HASURCA.
Propesal of the Experimental Programne.

September 1950

H. Martini, J.C. Gauthier, G. Granget, R. Soule

FEACRP~i~1041

Status of Dalayed Heutron Data, 1890

October 1990

J. Blachot, K.C. Brady, 4. Filip, R.¥. Hills, D.R. Weaver
Drazt = circulated to REACRP members

To be published ms REACRP-1-323, ¥EANDC-2997 '

3.9 Radial C/E Trends in Largs FBRs.

37
HEACRP-A-1117
Benchaark 3-D Neutron Transport Calculations
ussa

NEACRP-A-1118
3-0 Neutron Transport Benchzark Problems
Ussk
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3.10 Pin Pover Distribution within Assesblies.

FEACRP~A-1065

Benchzark Calculation of Pover Distribution Within an
Asgexzbly Using Standaxrd or Hedal Diffusion Schemes
Septeaber 19390

J.C. Lefebvre, J. Hondot, J.P. West ot al.

4. IRTERNATIONAL AND RATIDNAL PROGRAMMES

- KEARDC Topics of Interest to EEACRP

HEACRP-1-1100

Tventy-eigth NEAKDC Heeting: Report on Matters of Interest
to NEACRP

Dctober 1990

E. Fort

HELACRP-4-1104

Summary Record of the Tventy-sigth NEANDC Hesting
Harwell, 26~30 Harch 1990, (Technical Kinutes)}
Herbert Yonach, IRX

- Progress Report from Evaluated -Data File Projects

NJEACRP-1-1043  (already distributed)

Sumzary Record of the Twelfth Hesting of the Scientific Coordinatien
Group (5CG) of the Joint Evaluated File Project

0ECD, 1st June 1990

¥El Data Bank Secretariat

- International Coéperation on Evaluated Data Files

NEACRP-1-1042 (already distributed)

Summary record of the Second meating of the

Working Group on International Evaluation Cooperation
Harseille, 30th April - 1st Kay 1890

KEA Data Bank Secretariat

- HEA Data Bank,

NEACRP-A~1106

Activity Report of the OECD/NEA Data Bank for the NEACRP Keeting
October 1990 .

NEZX Data Bankx Secretariat
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- KEX Cozcittee on Safety of Xuclear Imstallations

HEACRP-A-1082

Viswgraphs on the Activities of the

Comzittee on the Safety of Nuclear Installations (CSKI)
September 1990

CSRI Secretariat

- HEA Huclear Development Committee

KEACRP~-1-1083
Summary of Activities of the Nuclear Developement Committee (KDC)
September 1990

ADC Secretariat

- IAEA

HEACRP-A-110S

Overview of the IAEL Reactor Physics Activities 1989/1690
Octobar 1990 ' ’
XK. Crijns, IAEA

4.2 Review of Recent Activities and Fatjonal Programmes

- -— - e e e e o e Ay —

EELCRP-L-322
(Reports from: Australia, Belgium, Canada, Denmark, Finland,
France, F.R. Germany, Italy, Japan, Netherlands, Spain, Swedsn,
Switzerland, United Kingdom, United States, IAEL Obsarvers)

18. October (Thursday)

9:15 an PART A : EXIECUTIVE SESSION (Cont.)

5. TRENDS FOR FUTURE WORK OF HEACRP,
(follov-up of the discussion held at the 32nd meeting)
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19. October (Friday)

:00 an PART B : TECHNICAL SESSION (Cont.)

B. Meetings
5.1 Highlights of Recent Heetinga of Interest to NEACRP.
FEACRP~A-1103
PAT30R’90: Conference Summary
Hay 1990
J. Rowlands

5.2 TFuture Meetings of Interest to the NEACRP.

PART A : EXECUTIVE SESSION (Cont.)

6, Distribution and Discuession of Summaries by Sesszion Rappoertsurs
Selection of Topics for Hext Heeting

7. Arrangements for the 34th Heeting of the Committes.

Other Business.

9. Election of Committee Officers

o«
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NEACRP-A-1047

cg;;7<710- /-]

VENUS Intermational Programme (VIP)
A Nuclear Data Package for LWR Pu Recycle

Charlier A., Basselier J.
BELGONUCLEAIRE, Brussels

Leenders L.
SCK/CEN, MOL, Belgium
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VENUS International Programme (VIP)
A Nuclear Data Package for LWR Pu Recycle

A. Charlier*, J. Basselier#*, L. Laeenders*®

#BELGONUCLEAIRE, 1050 3Brussels, Belgium
**CIN/SCYX, 2400 Mol, Belgium

ABSTRACT

Large-scale MOX irradiation campaigns are now considerad in
various induscrial councries. Cousequently, thers is a need to
develop, to improve and to validates nuclesr computer codes.

The objective‘of the VIP programme is to comstitute a completa
set of etperimental measurements performed wich U0p aand MOX fuel
rods in order to provide an extensive nuclear daca base for the
development and the validation of nuclezr .calculacion =ethods for
MOX fuels usad in LWRs. A VIP programme will be devocad to Pu re-
cycle in PWRs and another one in BWRs. The VIP programme is start-
ing now.

INTRODUCTION

Since about 25 years, BELGONUCLEAIRE has been collaborating with the
Belgian Nationmal Nuclear Cantre (CEN/SCX) and has been procesding wich R
and D work to understand and predict the behaviour of the fuel in light
water reactors, In particular, the VENUS zero-—power facilicy locatad ac
the CEN/SCX at Mol has been usad to supgort this kind of invescigation.

The operating data obtained from the power reactors, the continuing
increase of the fuel performance, the new fuel characteristics, the deci-
sion recencly taken by major Utilities in various countries to racycle inm
their power plants the plutonium obtained from reprocessing and the ne-
cessity to demomstrate to the Licensing authoricy thac che diffsrences in
the neutronic, safety and thermal—hydraulic features are properly taken
into account show that thera ars still subjects of concern which require
new etperimental investigation for code validacion. This is specially
the casa of MOX fuel in which the fuel composizion markadly differs from
the ones generally experizmented up to now.

Moreover, an insufficient validacion might induce a dramatic in-—
crease of the uncertaincy factor with a possible raductiom of tie raactor
power and it appears that most of the organizations concerzed with MOX
fuel development do not dispose of enough experizencal data for their own
neucronic calculation tool improvement and calibraczion.

Thersfora, based on che experience accumulacad during chese 25-year

collaboracion, CEM/SCX together wich BELGONUCLZIAIRE have decidad o im-
plement a new e¢perimental programme ia che VENUS facility.
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This new VENUS International Programme czliled VI? iuncludes a com-~
plete set of experimental measuraments performed with existing U0y aund
MOX fuel rods ia order to provide an e<zensive nuclear daca base for the
development, the improvement and the wvalidation of muclear caleculacion
methods for MOX fuels used ia LWRs.

A programme is devoted to Pu razcvele in PWRs and another one in
BWRs. The VIP Programme is starting now in 1990.

OBJECTIVES AND MAJOR FEATURES OF THE VIP LWR PROGRAMME

The MOX fuel fabricacion and largs-scale MOX irradiation campaigns
are now considered in various indusctrizl countries. Consegquently there
is a need to develop or to improve the desizn and in~cors management
codes and to benchmark and wvalidate them against experimental data.

The objective of the VIP programme is to constitute a nuclear data
base on MOX and UOy fuels very similar to current LWR fuels in order to
cover a wide range of the problems arising in the neutronic field of the
Pu recycle in LWR. This experimental ;rogramme emphasizes the following
ma jor features :

(1) Use of rods containing U and Pu with isotopic compositions similar to
those of WOX fuel used in current LWR MOX fabrication campaigns.

(2) Basic measursments andé reaccivity effacts related to modera LWR lac-
tices as clos2 as possible of their qonditioms in cors management
studies by the simulation of current LWR assemblies in mock-up con-
figuracions.

(3) Experimental support to items such as the instrumentation raspomnsea,
the equivalent factors derterminacion and the various significanc
reactivity effects.

The selection of investigatad experiments directly basad on mock-up
configurations will cover the major torics of iaterest for any partici-
pant in the calibracion of his own mechods., TFurthermore, some opctions
specific to particular reactivity effeccs are proposed in additiom to the
programme and could be included in the grogramme itself upon request.

MATN CHARACTERISTICS CF THE IUEZL RODS

The main characteriscics of fuel vads chat zre incorporatad ia tais
new programme are given in Table I.
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TA3LZ I

VENUS Progreame Fuel

Rod outer diametsar : 0,95 en
Lactice pitch : square 1,26 cz
Rod ¢ladding : Zircaloy=4
Fuel types available :

5 X
U_35 LI Isocgplc Rods

TYPE Zarich- U+ put®t Composition Avail=-
ment Pluconium able

238/239/2460/241/242

3/0 | 3.3% 0 - 1200
0.3/5.4 | 0.3 % 5.4 % 1/63/24/8/4 80
0.2/5.8 | 0.2 % 5.8 % 1/58/25/10/6 80
0.3/9.7 | 0.3 % 9.7 % 1/61/24/9/5 550
0.3/10 | 0.3 % 10.2 % 1/58/25/10/6 100
0.6/14 | 0.4 % 16,64 % 1/62/23/9/5 300

PWR PROGRAMME DESCRIPTION

The programme is devotad to sophisticated configuratiouns that are as
close as possible to the actual and future PWR MOX assemblies. The pur-
pose is to demonstrate that the calculation methods applied to the analy-
sis of these experiments are able to achieve a good accuracy for mock-up
assemblies sinulating real parts of PWR core configuratious with various
significant reactivity effzcts.

The programme is divided into differenc phasas. The Phase 1 is
devoted to rodwise power distribution in MOX fuel assemblies and to de-
tector respouse in UOp and MOX assemdlies.

Phase 1

The first wmock-up configuration (Figure l) comsists of a cemtral MOX
assembly of 17 x 17 RCC type surroundad by four UO7 assemblies and by a
U0; feeding zone, if necessary. The central Y0X assembly consists of 3
differant Pu content rods discribucsd inside cthe assembly in a siailar
way than for YOX assemblies loaded iz modern PWRs. The UQp fuel assem-
blies will be made of 3.3 w/o U-235 enriched fuel reds (cype 3/0).

The second mock-up configuratioa is similar to the firsc one but in

this case several MOX rods will be rsplaced by U09-%68103 rods. These i
rods are containing 7 w/o Gdp03 and their U-235 earichment is 3.5 w/o.
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The following measuremencs will be carried ocuc :

- cricical mass,

- éxial buckling for the various types of fuel rods,

- the rodwise power discribucion in the central MOX assamblvy and in an
ad jacent U0y assambly,

- the response of a U-235 fission detector locacted in the centre of the
‘MOX assembly and the response of che same decector located in the cen-
tre of the UQg assembly. The decactor respousa is particularly affect-
ed by the neutron spectrum and the flux level.

Phase 2

The Phase 2 should be specially devoted to the reactivity measure-—
mencs in the MOX fuel assembly. Various measurements are suggested atg
the present stage of the programme,

Reference MOX Mock-Up for Reactivity Measurements. This MY
mock-up coufiguration is introduced in the programme as a referance con-
figuration for some significant reaccivity effects. This raference mock
up configuration must be critical ac a reduced water level in order to
compansate by a water level variation for the reactivity loss dus to some
pradetermined perturbaticas in the core,

Control Rod Effects. One effect of the Pu recycle in PWRs is
the reduction of control rod worth when inserted inco MOX assemblies and
cousequently a reduction of the shutdowm margin. This measurement will
provide the reactivity affect of Ag-In-Cd in Y0X assemblies by measuring
the critical level and Ap/ Ah rveactivity curve as obtained by inserting
a progressive number of Ag—-In—-Cd rods in the central MOX asssambly.

This option also propeoses to investigate this point by measuring the
benefit of introducing enriched B4;C control rods instead of Ag-In—Cd.

Boric Acid Worth Measurements. The boron worth will be meas—
ured by adding boric acid te che mnderacar by taking as a rafarznce, the
reference MOX mock-up. -

Moderation Ratio Effect in the MOX Assembly. The wmoderation
reduction affects dif ferently U09 and MOX lattices. This effect measured
by the new critical level and the Ag/ Ah will be created by the insar-~
tion of aluminium microrods between the fuel rods of the MOX assembly.

Two moderation racios will be considerad. This effecz will also be
combined witch inserted control rods.

Reactivity of U0, Csantral Fuel Assembly. The reactivity dif-
ference between the (07 and MOX central assembly will be wmeasured by
replacing the MOX rods by UD,; rods and by ad justing the water laevel to be

ericical.
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Options. If raquested by the participants, addicional meas~
uraments could be carried out in the comfigurations defined in the pre-

sant VI? programme. These optional wmeasurements are :

- Measurement of the power tilt inside a MOX fuel rod located at the
U07/MOX interface.

Bata effective measuremenc,

Other MOX assembly mock-up with other repartitions of Pu enrichments in
the MOX assembly.

Other Pu vector in the mock-up. ‘

- Am-241 effect by measuring the critical mass after more than omne year.

BWR PROGRAMME DESCRIPTION

This programme is also divided into different phases. Some optious,
as in PWR programme, could be included in the programme at the partici-
pants' requesz.

Phase 1

The Phase 1, now underway, is devoted to three configurations simu-
lating as close as possible advanced BWR bundles. For each of these
thrae mock-ups where the water density reduction is reached by Al micro-
rods insertion between fuel rods, the following measuraments will be car-

risd ouc : -

"= eritical mass, .

- axial buckling measurement,

- rodwise power distribution in the bundles of interesc and along main
axis.

The reactivity effect of moderation density variation will also be
measured for the Pu=island bundle. The threse configurations are as fol-
lows.

U0 BWR Bundle Mock-Up. This configuration, illustracad in
Figure 2, consists of simulating 4 BWR 8 x 8 U0y bundlas surrounded by a
U0y rod feeding zome. A 2 x 2 water hole is located in the centre of
each bundle. Two bundles diagonally opposita, contains 8 U0p=Gd;03 rods
(7 w/o Gd9043 and 3.5 w/o U=235 enriched}.

140X Mock-Up (8 = 8). This configuration comsists of sinmula-
ting 2 BWR 8 x & (07-MOX island-ctype bundlas and 2 U0y bundles surrounded
by a feeding zone of U0y rods. Each of the MOX bundle will consistc of :
- 8 central medium~enriched MOX fuel rods,
- 12 low-enriched MOX fuel rods,
- 10 UO'Z-GC';203 rods, :
- 30 €0, fuel rods locaced at the periphery of che bundle.

This basic I-MOX configuration is illustraced in Figure 2.
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A=-MOY Mock-Tp. This configuration consists of simuvlacing 2
BWR 8 x 8 all-M0X type bundles surrvounded by a feeding zomne of U0y rods.
Each of the MOX bundle will consist of ;

- & central high-enriched MOX fuel rods,

12 medium-enriched MOX fuel rods,

14 U09-Gd503 rods,

30 low-enriched MOX fuel rods at the periphery.

Phase 2

This Phasa 2 will be devoted to reactivity measurements for MOX
bundlas. Various measursments ares suggestsd at the prasent stage of the
programme. -

Reference MOX Mock-Up for Reactivity Measurements. This mock-
up configuration is usad as a rafarance configuration for some signifi-
cant reactivicy effacts, This referance mock-up configuration must be
critical at a reduced power level in order to compensat2 by a water level®
variation for the reactivity loss due to some predetarained percurbations
in the core,

B4C Control Rod or Blade Effects. Oue effzct of che Pu re-
cycle in BWRs 1is the reduction of control rod worth when inserced closa
to MOX bundles and consequently a reduction of the shutdown margin. This
measyrement will provide the reactivity effect of B4C close to MOX bun-—
dles by measuring the critical level and Ap/ Ah afcer the insartion of
B4C rods or blades in the water gaps becween central bundles,

Moderation Ratio Effect. This effect messuwred by the new
critical level and the 2p / Ah will be created by the insertiom of alu-
minium microrods between the fuel rods, Two moderation ratios will be
considered, )

Reactivity of U0y and MOX Central Bumdles. The reactivity
difference between the U0; and MOX central bundles will be measured by
replacing the MOX bundles by UO; bundla and by ad justing the wacar level
to be critical.

Options. If raquested by the participants, additional meas-—
urements could be carried out in the coufizuration defized in the present
VIP programme. Thesa optional measursments are

Beta effective measurement. )
Other MOX assembly mock-up with ocher rapartitions of Pu enrichments in
the 40X assembly. -

= Other Pu vector in the =ock-up.

~ Am-241 effect by measurizg the critical zmass after more than one year.



MOX MOCK-UP

VIP - PWR

[ —————-
|
|
I
|
——e e
o
i I
: pfh o ng, |
| Ouonn ]
| nnnooon|o a o’ [
| nooon|opopnagdo|loonoaon |
0 n [ JNCINEESRY o B fa]
| qga MO ﬂéknq‘ moo |
I a0 00, |
e | ooooo r____J'
| AocoDOaO |
| oaoon |
n o
| w2 00 1
I U022 Feedlng zone !
L i,
® U235 Detector
O Water hole
Bl Measurement ares
MEASUREMENTS : - Critical mass

Rodwise power distributlon
Axial buckling
U235 detector respanse

(Phase 1)
MOX Gd MOCK-UP (Preliminary)
rm__“J
i
I non
af
: 0Oon
| noo
| Oo0oo
o
| vo2 & 9
|
L___.___.__1 oooon r__________J
| oooaoao |
| nooooan I
a a
| w02 0O oa |
I 002 Feeding zone I
O J
W U235 Detector
D Hater hole
e Gd203 - )2 Rod
B Measurement area
MEASUREMENTS : - Eritlcal mass

———————————— - Rodwise power distribution

t

t

Axlal buckling
U235 detector response

€10-06 0096NL ONd



VENUS BWR MOX PROGRAMME

{PHASE 1)
02 CONFIGURATION ’ I-HOX CONFIGURATION
3/n 3/0 a/a 3/0 3/o0 3/0 3/0 /o
nan "
O Y O I O 0 I 2l
N 38 1 I 3
- w -~ - e - wi-|-- —? -
Y e e N LR °f_
o - 210 G ara 3/0 I Qs s o
120 nzu
JEHFEFF J-1J]- - D=
B 3 O 1 o I 1= D
S D 1 - |2 ==
yio | [P FEEEEREE | ave aro -f‘ o b o B BT
H20 H20
310 a 3/0 " 3/0 o 30 3/0 o ito o ito s 310
g 5 g g ¢ g
0O 310 uo2 5} GADOLINIUM ROD 0 3ro voz Bl LOW EHIRICHED MOX

[e] GADOLINIUM ROD f§ MID ENRICHED MOX

€10-06 0096NL ONd



PNC TN9600 90-013

NEACRP-A-1048

/"

VENUS International Programme (VIP)
A Nuclear Data Package for BWR Pu Recycle

- Phase 1 -

TECHNICAL PRCPOSAL

Basselier J., Charlier A.
BELGONUCLEAIRE, Brussels

D'hondt P., Leenders L., Minsart G.
SCK/CEN, MOL, Belgium



PNC TN9600 90-013

F

= TABLE OF CONTENTS -

Pages

L. INTRODUCTION . ¢ v v ¢ o o = o ® « o s o & « = o « o o & o o 2
2. OBJECTIVES AND MAJOR FEATURES OF THE VIP BWﬁ PROGRAMME . . . 3
3. THE VENUS ZERO-POWER FACILITY . + + & 4 ¢ 4 o o o = s s s @ 4
4. MAIN CHARACTERISTICS OF THE FUEL RODS & « 4+ v o o o o o & & 5

5. PROGRAMME DESCRIFTION o v & &+ ¢ v o o ¢ o o o « o o s s+ o 71

6. PIA.NNING L] . « & & & s - - . . a LI T ) L) . . L] . . s s & L] 10

oo00Qoo



PNC TN9600 90-013

1. INTRODUCTION

Since about 25 years, BELGONUCLEAIRE has been collaborating with the Bel-
gian National Yuclear Centre (CEN/SCX) and has been proceeding with R and
D work to understand and predict the behaviour of the fuel in light wmcer
reactors. In particular, the VENUS zero=-power facility locaced at che
TN/SCX at Mol has been used to suppert this kind of investcigation. :
As an example, this VENUS facility was used to develop the 3elgian plucto-
nium recyeling programme in LWRsS. The etperimental data obtained in the
frame of chis programme include : basic characteristics (kgsg, criti-
cal bucklings, power distribution), perturbation measuraments (reactivicy
effects, flux measurements, ...) or mock-up experiments whers parts of LWR
cores are simulated, for the measur ements of major charactaristics such as
critical masses, power distribution, control rod worth, etc.

The operating dacta obtained frem the power reactors, the continuing in-
crease of the fuel performance, the new fuel characteristics, the decision
recently taken by major Utilities in various countries to recycle in their
power plants the plutonium obtained from reprocessing and the necessity to
demonstrate to the Licensing Auchority that the differences in the neu-
tronic, safety and thermal-hydraulic features are poperly taken inrto
account show that there are still subjects of concern which require new
expermimental investigation for code wvalidation. This is specially che
case of MOX fuel in which the fuel composition markedly differs from the
ones generally experimented up to aow.

Moreover, an insufficient validacion might induce a dramatic increase of
the wncertainty Ffactor with a possible reduction of the reactor power and
it appears that most of the organizations concerned with MOX fuel develop-
ment do not dispose of enough experimental data for ctheir own neutronic
calculation tool improvement and calibracion.

Therefore, based on the experience accumulated during these 25-vear col-
laboration, CEN/SCK together with 3ELGONUCLEAIRE have decided o implementc
a new experimental programme in the VENUS facilicty.

This new VENUS International Programme called VIP will include a complete
set of experimental measuremencs performed with etisting U07 and MOX fuel
rods in order to provide an extansive nuclear daca base for che develop-
zent, the improvement and the validation of nuclear calculation methods
for M0¥ fuels used in BWRs. A more complete description of the VIP pro-
gramme for BWR application wams ;ravided in the technical documentc VIP-3
89/01.,

However, in a first stage, oaly a part of the work scope will be carried
out, to cope with the available Sudget and with the most wrgent topics of
this experimental programme. This Phase 1 of the VIP Programme is de-
scribed in chis report. It mainlv includes the facility preparation, fuel
rod deiiveries and three mock—up experimencs. It s to be expected that
it will be followed by Phase 2, incorporating several reactivity effects
@easur emants.
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2. OBJECTIVES AND MAJOR FEATURES OF THE VIP BWR PROGRAMME

The MOX fuel fabrication and large=-scale ¥OX irradiatiom campaigns ars now
considered in various industrial countries. Consequently there is a need

to develop or to improve the design and in-core management codes and to
benchmark and validate them against experimental daca.

The objective of the VIP programme is to constitute a nuclear data base on
M0X and UOQp fuels in order to cover a wide.range of the problems arising
in the neutronic field of the Pu recycle in BWR. This experimental gro-
gramme emphasizes the following major features :

(1) Use of rods containing U and Pu with isotopic compositions reprasenta-—

tive of those of MOX fuel used in current BWR MOX fabricacion cam-
paigns. :

(1) Power measurements and reactivity effects related to modern BWR lat-
tices as close as possible of their conditions in core mnagement

studies by the simulation of current BWR bundles in mock-up configura-
tions.

(3) Experimental support to items such as the instrumentation respouse,

the equivalent factors determination and the various significant reac-
tivity effects.

Phase 1 of the programme, described in item 5 hereafter, is relacive to
one BWR U0, mock-up followed by two BWR-MOX mock-ups simulacing 8 x 8 BWR

bundlas in order to validate the rodwise power distribution and che detec-—
tor response.

Zach of these configuracions will include some Gadolinium rods and the
water density reductinn will be simulaced by the introduction of aluminium
alicrorods within the fuel latgice.

An additional reduction of water density will be simulated in cthe I-40X
aock-up by the introduction of additional aluminium rods surrounding che
fuel rods and ad justed between the exiscing Al microrods.
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3. THE VENUS ZERO-POWER FACTILITY

A general description of the VENUS facilitcy that was originally conscrueg-
ed to support the design of the spectral shift VULCAIN reactor was given
in VIP-8 89/01.

In 1966-1967, the VENUS facility was specially adapted to the requirements
of the plutonium physics programme. Its main charactaristics are now :

~ 1.26 cm square pitch grids, with individually inserted fuel rods,

- between the holes for fuel rods, smaller holes are made in the grids,
allowing the introduction of aluminium microrods in the lactice when the
water density rveduction corresponding Co the nominal power rsactor op-
eration average coolant temperature has to be simulated,

= there are a few demountable parts in the grids, enabling the easy intcro-
duction into the core of certain measurement or decection devices or
fuel loading,

-~ due to the adoption of a fastc moderator dump system, allowing an emer-
gency drain of the water from the active part of the core in less than
one second, no control rod guide cubes perturb the lattices,

- fine reactivity regulation can be done by water level variation (the’
level indication precision is 0.01 cm) or by regulating rods if the
local perturbation they create does not affect the measured characteris-—
tics.

Straightly connected to the utilization and the operation of the cricical
facility, are a gamma-scanning and a gamma-spectrometry installation and a
pluconium laboratory. The gamma-scanning inscallation is used to count
the gamma-activity of {ission moducts in the selected experimental Ffuel
rods, in order to determine Ffission density distribucions. This inscal-
lation is fully automatic. The detaczor is a 2" x 2" NaI(Tl) crystal.
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4. MAIN CHARACTERISTICS OF THE FUEL RODS

The wmain characteristics of fuel rods thac will be incorporated in the
programme are provided in Tables 1 and 2 hereaftar,

~ TABLE 1 -

MOX Fuel Isotovic Composition (w/o)

Low Medium High
Enrichment Enrichment Enrichment

U=235/0 cot 0.20 = 0.50 0.3 0.4
Pu-238/Pu toct 1.2 - 1.8 1.4 - 1.8 1.2
Pu-239/Pu tot 58 - 83 38 - 80 61.6
Pu-240/Pu toc 24 24 23.4
Pu—-241/Pu tot 7.9 - 10 9 - 10 9.3
Pu=242/Pu roc 4,2 = 5.5 7.7 = 5.3 4.4
Am=241/Pu toct 0.1 - Q.3 0.14 - 0.33 0.25

- ¥Bl : These wvalues are approximatz values, they will be confirmed afier

the selection and the characzarizacion work to be performed on the
rods for the VIP programme.

NB2 : The reference date is Februarv [, 1985.
NB3 : The low enrichment is about

The medium enrichment is abou:
The high enrichment is about .

3 w/o Pupgc/U + Pugp-
.7 wlo Pupg /U + Pucg,.
4 w/o Pupge/U + Pugge.

[N W

Uranium content in the MOX Zuel is in the range of 0.2 to 0.6 w/o
U"?.35/Utot.

— 53 —



PNC TN9600 90-013

I&

{(Revision &)

- TABLE 2 =

-~ § =

VIP Rods Praliminary Soecifications

MOX Rods [U0y Rods | Gd Rods [B4C Rods [Microrods

Active length (cm) 100 3 100 50
Cladding material Zry-é Zry=4 Zry=-4 SS Al
Cladding 0.D. (mm){ 9.63 9.50 9.50 9.78 5.5
Cladding I.D. (mm) 3.42 3.36 8.24 9.02 -
Pellet ¢ (mm)| 8.23 3.19 8,04 -— -
Available rod ¥o. 300 - 4001 > 1000 =70 = 30 > 1000
Density (% TD)| 95 - 95 60 -
Density _ (g/em) -— 3.4 -— - -
u=235/u (w/o)} 0.3 3.3 3.5 - -
Gdp04/(U0y + Gdp03)| == - 7 - -

(w/0)

: For information culy.

These characteristics will be updated during

the charactarization work to e performed on the selected rods for
chae VIP programme.
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5. PROGRAMME DESCRIPTION (Phase 1)

The proposed Phase 1 of the VIP (BWR) Programme will be divided into four
different tasks as follows :

TASK 1 : Fuel and Components Procurements and Licensing

The task which «will include all items belonging to the preparation of the
facility and of the procurement of the fuel rods is presently divided inco
saveral subtasks, such as

Task 1.1 : Licensin application, safet requirementcs p:enaration of the
b4 b :
Eacili.r:y and orientacion calculatioans.

Task 1.2 : FTuel rods grocurement,

Task 1.3 : Fuel rods selection and characterization.
Task 1.4 : Fuel rods transportacions.

Task 1.3 : Storage and facility hardware adaptationm.

Task 1.6 : Fabrication and procurement of Al rods for additiomal density
reduction.

Task 1.7 : Final disposal of the fuel rods after the experimental cam-
paign. )

TASK 2 : Mock—-up Programme

This etperimencal part of the programme will be devoced to three sophisci-
cated configurations that are as close as possible to the BWR “0X bundles.
The purpose is to demonstrate chat the calculation methods applied to the
analysis of these etperimencs are able to achieve a good accuracy for
zock-up assemblies simulating real parts of BWR core configuracions.

For each of these cthree configurations, the following major parameters
will be measured :

- cricical mass,

- axial buckling measurement,

- rodwise power distribution in one half of a bundle and in some ad jacent
rods to this bundle.

Task 2 of the programme is divided inco five differenc subctasks @

Task 2.1 : Oriencation

Safety aspects and peparation of the facility for the mock—up rrogramme.
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Tagk 2.2 : 007 BWR Mock-up (8 x 8)

8 x 8 U0, bundles surrounded by a feeding zone of U0g rods. Each of the
bundle will content 8 UQp=Gd404 rods, as illustrated in Figure 1. A den-
sity of 0.73 will be simulaced by the introduction of Al amicrorods.

This task consists in one VENUS symmecrical configuratiom simulating 2 BWR

Task 2.3 : A-MO0Y Mock—-un

This task consists in one VENUS svometrical configuration simulating Z 3WR

8 x 8 all-MOX type bundles surrvounded by a feeding zone of U0; rods. Rach
of the bundle will comsist of :

= 4 central high—eariched MOX fuel rods,

- 12 medium=enriched MOX fuel rods,

L4 U07-Gd,04 rods,

30 low=enriched MOX fuel rods at the periphery.

A density of 0.73 will be simulaced by the introduction of Al microrods.
A water density effact will be perZormed ac the end of the measurement by
extraction of the Aluminium microbars.

This basic A-MOX configuration is illustrated in Figure 2.

Task 2.4 : I-MOX Mock—up (8 x 8)

This task consists in one VENUS symmecrical configuration simulating 2 3BWR
8 x 8 U07~MOX island-type bundles swrounded by a feeding zone of (03
tods. Each of the bundle will consisc of :

8 central medium—enriched MOX ZIuel rods,

12 low-enriched ¥0X fuel rods,

10 -'}02‘;(31203 rods,

30 0y fuel rods located at the periphery of the bundle.

A density of 0,5 will be simulatad by the introduction of Al exiscing
microrods and addiziomal Al cubes.

This basic I-MOX configuration is illustrated in Figure 3.

Task 2.3 : Theoretical Suppvorc

This task includes cthe design, cthe orientation calculacion, supply of
theoretical daca for measurement treatzent, the follow-up, the review and
checking and all the theoretical support to the experimental programme o
Task 2.
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TASK 3 : Project Management

This task will include the co-ordinationm and administration of the mo-

gramme with the transfer of the fuel rods as well as the preparation and
follow-up of the new experimencs.

As far as reporting is concerned, -topical reports will be issued in the
frame of each technical task. The Project Management will issue semestral
progress reports and a final report summarizing the work performed and

giving the main conclusions of the programma.

For rhase 1, two Programme Committee Meetings are scheduled to discuss the
progress of the work and to decide on further actions or modifications of
the programme. Moreover, additional technical meetings may be held upon
participants' request to handle wgent macters. A visic of the VENUS
experimental facility will be organized in conjunction with one of the
progress meetings. :

Task 3 has been divided into three oarts

Task 3,1 : Pre-programme implementation,

Task 3.2 : Administracion and programme management.

Task 3.3 : Co—ordination and Follow-up.

TASK 4 : PIE Data

This task will include some post-ir:adiation experiments and results on
two MOX BWR rods (PG34 and PGS&) irradiated to high burnup in DODEWAARD.

This task is divided inco several subtasks :
~ Task 4.1 : Rod post-irradiacion examination.
~ Task 4.2 : Fuel peller post-irradiation etamination.

- Task 4.3 : PILE addicional services (marking, sectioning, sample storage,
' waste disposal).

- Task 4.4 : Transporctation.

~ Task 4.5 Reporting.

..

- Task 4.6 Co-ordinacion and follow-up of Task 4.

Y
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A The PIE test matrix 1Is provided hereafcer

Red PG34 [Rnd PGS6
Gross gamma-scanning 1 (*) 1
C5=-137 gamma=-scanning L () 1
Puncture + gas analysis 1 (*) 1
Alpha auctoradiography 2 1
EPMA ' 3 3
Paller burnup 5 4
Pellet radial buruup 2 1
SIMS 2 1

(*) Thesa measurements on rod PG34 ars released in the frame of the DCMO
programme. : ‘

6. PLANNING
Beginning of Phase 1 : November 1, 1989%.
A U0g and A=MOX mock-up : From March to Netober 1990,
A I-0X mock-up : From April to ;ﬁgust 1991.
4 PIE on two rods | : From Augus:h1990 to March 1991,

The general planning is pointed out in Figure 4.

o009 9
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YENUS BWR MOX PROGRAMME
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VENUS BWR MOX PROGRAMME

(PHASE 1)

A-MO0X CONFIGURATION (Preliminary)
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YENUS BWR MOX PROGRAMME

(PHASE 1)
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FICURE 4 : VIP-BUR Phase 1 — General Planning (Revision A)
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1. INTRODUCTION

Since about 25 years, BELGONUCLEAIRE has been collaborating with the Bel-
gian MNational Nuclear Centre (CEN/SCK) and has been proceeding with R and
D work to understand and predict the behaviour of the fuel in light water
reactors. In particular, the VENUS =zero-power facility located at the
CEN/SCK at Mol has been used to support this kind of investigation.

As an example, this VENUS facility was used to develop the Belgian pluto-
nium recycling programme in LWRsS. The eXperimental data obtained in the
frame of this programme include : basic characteristics (kggg, ecriti-
cal bucklings, power distribution), perturbation measurements (reactivity
effects, flux measurements, ...) or mock~up experiments where parts of LWR
cores are simulated, for the measurements of major characteristics such as
critical masses, power distribution, control rod worth, etc.

The operating data obtained from the power reactors, the continuing in-
crease of the fuel performance, the new fuel characteristics, the decision
recently taken by major Utilities in various countries to recycle in their
power plants the plutonium obtained from reprocessing and the necessity to
demonstrate to the Licensing Authority that the differemces in the neu-
tronic, safety and thermal-hydraulic features are moperly taken into
account show that there are still subjects of concern which require new
expermimental investigation for code validation, This is specially the
case of MOX fuel in which the fuel composition markedly differs from cthe
ones generally experimented up to now.

Moreover, an insufficient wvalidation wmight induce a dramatic increase of
the wcertainty factor with a possible reduction of the reactor power and
it appears that most of the organizations concerned with MOX fuel develop-—
ment do not dispose of enough experimental data for their own neutronic
calculation tool improvement and calibration.

Therefore, based on the experience accumulated during these 25-year col-
laboration, CEN/SCK together with BELGONUCLEAIRE have decided to implement
2 new experimental programme in the VENUS facility.

This new VENUS Internatlional Programme called VIP will include a ccmplete
set of experimental measurements performed with existing UQp, U09-Gdo03
and MOX fuel rods in order to provide an extensive nuclear data base for
the development, the improvement and the validation of muclear calculation
methods for MOX fuels used in PWRs. A wmore complete description of the
VIP programme for PWR application was pmovided in the technical document
VIP-P 89/01.

However, in a first stage, only a part of the work scope will be carried
out, to cope with the available budget and with the most urgent topics of
this experimental programme. This Phase 1 of the VIP Programme is de-
scribed in this report. It mainly includes the facility preparation, fuel
rod deliveries and two mock—-up experiments. It is to be expected that it
will be followed by Phase 2, incorporating several reactivity effects
measurements.
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2. OBJECTIVES AND MAJOR FEATURES OF THE VIP PWR PROGRAMME

The MDX fuel fabrication and large-scale MOX irradiation campaigns are now
considered in various industrial countries. Consequently there is a need
to develop or to improve the design and in-core management codes and to
benchmark and validate them against experimental data.

The objective of the VIP programme is to constitute a nuclear data base on
MOX and UOp fuels in order to cover a wide range of the problems arising
in the neutronic field of the Pu recycle in PWR. This etperimental pro—
gramme emphasizes the following major features :

(1) Use of rods containing U and Pu with isotopic compositions representa-
tive of those of MDX fuel used in current PWR MOX fabrication cam-—
paigns.

(2) Power measurements and reactivity effects related to modern PWR lat-
tices as close as possible of their conditions in core management
studies by the simulation of current PWR assemblies in mock-up con-
figurations. '

(3) Experimental support to items such as the imstrumentation response,
the equivalent factors determination and the various sigmnificant reac—
tivity effects.

Phase 1 of the programme, described in item 5 hereafter, is relative to
one PWR MOX mock-up followed by one PWR MOX mock-up with gadolinium rods
simulating PWR assemblies in order to validate the rodwise power distribu—
tion and the detector response.

The second configuration will include some Gadolinium rods and the water

density reduction could be simulated by the introduction of aluminium
microrods within the fuel lattice.
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3. THE VENGS ZERO-POWER FACILITY

A general description of the VENUS facility that was originally coastruct—

ed to support the design of the spectral shift VULCAIN reactor was given
in VIP-P 89/01. '

In 1966-1967, the VENUS facility was specially adapted to the requirements
of the plutonium physics programme. Its main characteristics are now :

~ 1,26 em square pitch grids, with individually inserted fuel rods,

-~ between the holes for fuel rods, smaller holes are made in the grids,
allowing the introduction of aluminium microrods in the lattice when the
water density reduction corresponding te the nominal power reactor op-
eration average coolant temperature has to be simulated,

- there are a few demountable parts in the grids, enabling the easy intro-
duction into the core of certain measurement or detection devices or
fuel loading,

= due to the adoption of a fast moderator dump system, allowing an emer-
gency drain of the water from the active part of the core in less than
one second, no control rod guide tubes perturd the lattices,

- fine reactivity regulation can be done by water level variation (the
level indication precision is 0.01 cm) or by regulating rods if the
local perturbation they create does not affect the measured characteris—
tics,

Straightly connected to the utilization and the operation of the critical
facility, are a gamma-scanning and a gamma-spectrometry installation and a
plutonium laboratory. The gamma-scanning installation is used to count
the gamma-activity of fission products in the selected experimental fuel
rods, in order to determine fission density distributions. This instal-
lation 1Is fully automatic. The detector is a 2" = 2" NaI(Tl) crystal.
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4. MATN CHARACTERISTICS OF THE FUEL RODS

The mwain characteristics of fuel reds that will be incorporéted in the
programme are provided in Tables 1 and 2 hereafter.

- TABLE 1 -
MOX Fuel Isotopilc Composition (w/0)

Low Medium High
-Enr ichment Eprichmenn Enrichment

U-235/U tor | 0.20 - 0.60 0.3 0.4
Pu-238/Pu tot 1.2 - 1.6 l.6 - 1.6 1.2
Pu=239/Pu tot 58 -~ 63 58 - 80 61.6
Pu-240/Pu tot =24 =24 23.4
Pu~241/Pu tot 7.9 = 10 9 - 10 9.3
Pu—242/Pu tot 4,2 - 5.5 7.7 - 5.5 4.4
Am=241/Pu tot 0.1 - 0.5 0.14 - 0.33 0.25

These values are approximate values, they will be confirmed after
the selection and the characterization work to be performed on the
rods for the VIP programme.

NB1 :

NB2 : The reference date is February 1, 1985.

NB3 : The low enrichment 1s about
The medium enrichment is about
The high enrichment is about

5.5 w/o Pupgr/U + Pugge-
9.7 W/O PutDC/U + Putoc.
14.4 W/O Pumt/U + Putoc.

Uranium coatent in the MOX fuel is in the range of 0.2 to 0.4 w/o
U_235/Ut0t »
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= TABLE 2 -
VIP Rods Preliminary Specifications

MOX Rods [UOg Rods | Gd Rods |B4C Rods [Microrods

Active length {(em) 100 50 100 50

Cladding material Iry-4 Zry~4 Zry-4 58 Al
Cladding 0.D. (wm) 9.63 9.50 9.50 9.78 5.5.
Cladding I.D. (mm}{ 8.42 8.36 8.24 9.02 -
Pellet @ (um){ 8.23 8.19 8.04 — -
Available rod No. {300 - 400| > 1000 = 70 =~ 50 > 1000
Density (% TD) 95 -— 95 60 -
Density (g/cm) — 5.4 - - -
U-235/004 (w/o) 0.3 3.3 3.5 ~— -
6d903/(U0, + Gdp03)| — - 7 - -

(w/0e) ‘

NB : For information only. These characteristics will be updated during
the characterization work to be performed on the selected rods for
the VIP programme.
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5. PROGRAMME DESCRIPTION (Phase 1)

The proposed Phase 1 of the VIP (PWR) Programme will be divided into three
different tasks as follows :

TASK 1 : Fuel and Components Procurements and Licensing

This task which will include all items belonging to the preparation of the
facility and of the procurement of the fuel rods is presently divided into
several subtasks, such as

Task 1.1 : Licensing application, safety requirements, preparation of the
facility and orientation calculations.

Task 1.2 : Fuel rods procurement.

Task 1,3 : Fuel rods selection and characterization.

Task 1.4 : Fuel rods transportations.

Task 1.5 : Storage and facility hardware adaptationm.

Task 1.6 : Final disposal of the fuel rods after the experimental cam-

paign.

TASE 2 : Mock-up Programme

This experimental part of the mogramme will be devoted to two scphisti-
cated configurations that are as close as possible to the PWR MOX assem-—
blies. The purpose is to demonstrate that the calculation methods applied
to the analysis of these experiments are able to achieve a goocd accuracy
for mock-up assemblies simulating real parts of PWR core configurations.

For each of these two configurations, the following major parameters will
be measured :

= critical mass,

axial buckling measurement,

- rodwise power distribution in one eighth of a MOX assembly and in a
large part of one half of one adjacent U0, assembly,

- U~235 detector response located in the centre of the MOX assembly and in
the centre of one UQ, assembly.

Task 2 of the programme is divided inte four different subtasks :
Task 2.1 : Orientation

Safety aspects and preparation of the facility for the mock-up programme.
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Task 2.2 : MOX Mock-up

This task consists in one VENUS symmetrical configuration simulating one
central all-MOX assembly surrounded by four UQ; assemblies and by a pos-
sible U0y feeding zoume.

This basic all-MOX configuration is illustrated in Figwe 1.

Task 2.3 : MOX-Gd Mock-up

This task consists in one VENUS symmetrical configuration simulating one
PWR MOX assembly with gadolinium rods surrounded by four UO, assemblies
and by a possible U0, feeding zone. '

This basic MOX-Gd configuration is illustrated in Figure 2, the number and
the position of Gd rods is not yet definitively fixed.

Task 2.4 : Theoretical Supvport

This task includes the design, the orientation calculation, supply of
theoretical data for measurement treatment, the follow-up, the review and
checking and all the theorstical support to the experimental programme of
Task 2,

TASK 3 : Project Management

This task will include the co~ordination and administraticn of the pro-—
gramme with the transfer of the fuel rods as well as the preparation and
follow-up. of the new experiments.

As far as reporting is concerned, toplcal reports will be issued in the
frame of each technical task. The Project Management will issue semestral
progress reports and a final report summarizing the work performed and
giving the main conclusions of the programme.

For Phase 1, two Programme Committee Meetings are scheduled to discuss the
progress of the work and to decide on further actions or mwodifications of
the programme. Moreover, additional technical meetings may be held upon
participants' request to handle urgent mtters. A visit of the VENUS
experimental facility will be organized in conjunction with one of the
progress meetings.

Task 3 has been divided into three parts :
Task 3.1 : Pre~programme implementatiom.

Task 3.2 : Administration and programme management.

Task 3.3 : Co-ordination and Follow-up.
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6. PLANNING {*)

Beginning of Phase 1 : S_eptember 15, 1990.

MOX mock-up . 1 October 1990 =- March 1991.
MOX-Gd mock-up : January 1991 - April 1991.
Final report : End of April 1991.

The general planning is pointed in Figure 3,

(*) The tentative planning defined for this VIP PWR Phase 1 is based on
the agreement with the VIP-BWR Phase 1 partners to interrupt for
several months the VIP-BWR programme. It therefore assumes a complete
unloading of one BWR configuration to perform both PWR mock-ups and a
complete unloading of the second PWR configuration to start again with
the next BWR configuration.

co0o0Qoo
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VIP - PWR (Phase 1)
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FIGURE 3

VIP-PUR Phase 1 — General Planuing
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INFORMATION ABSTRACT

Spent fuel reprocessing has been chosen in France since the beginning of the French
nuclear program. '

Plutonium recycling in French PWR plants was decided in june 1985.

A generic safety report for plutonium recycling, established by FRAGEMA for
EDF 900 MW PWR, at the end of 1986, demonstrated the feasability of MOX recycling
with 30 % maximum ratio of MOX assemblies in each reload for one third of the core
annual cycling.

A first reload of 52 assemblies including 16 MOX assemblies was introduced in
ST LAURENT Bl in november 1987. At the beginning of 1990, seven MOX reloads of
the same type were introduced in 4 reactors. This program should affect up to the
16 EDF 900 MW PWR for which the authorization of plutonium recycling was
attributed.

This paper describes a two-year experience of plutonium reload operation in
900 MW PWR now acquired in France.
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PLUTONIUM RELOAD EXPERIENCE AND
PERSPECTIVE IN FRENCH PWR PLANTS

INTRODUCTION

A significant amount of plutonium from PWR spent fuel reprocessing is
available in France. Due to the FBR (fast breeder reactor) program delay, this
amount is sufficient to allow for the plutonium recycle in a large part of

french PWR plants.

Following the french policy of spent fuel reprocessing, the plutonium recycle
presents two main interests :

- reduction of natural uranium needs for PWR plants,

- temporary solution for the plutonium storage during the intermediate
period before the FBR program economic interest is demonstrated.

Plutonium recycling in French PWR plants was decided in june 1985.

A generic safety report for plutonium recycling was established by FRAGEMA
for EDF 900 MW PWR at the end of 1986. It demonstrates the feasability of
MOX recycling with 30 % maximurmn ratio of MOX assemblies in each reload
for one third of the core annual cyding. -

In october 1987, EDF received the Safety Authority agreement to load MOX in
900 PWR.

A first reload of 52 assemblies including 16 MOX assemblies was introduced

in STLAURENT B1 in november 1987 (cf. Table 1).
A second MOX reload of the same type (except for the plutonium

concentration) was introduced in 1988 in this reactor so long as a first Pu
reload was introduced in ST LAURENT B2, the same year.
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Three MOX reloads were introduced in 1989 : one in ST LAURENT B2 and-
two in GRAVELINES 3 and 4. A third MOX reload was introduced
in ST LAURENT B1 at the beginning of 1990.

One may thereby notice that this reactor will reach the equilibrium MOX core
in 1990. |

This program should affect up to the 16 EDF 900 MW PWR for which the
Authorization -of Plutonium recycling was attributed.

A two-year experience of Plutonium reload operation in 900 MW PWR is
now acquired in France.

This paper describes :

neutronic calculations organization and methods,
- critical experiments performed by CEA,

- available neutronic calculations and measurements of PWR MOX cycles
obtained by EDF,

- available fadiatioln measurements during MOX cycles in french PWR
plants, ‘

- MOX fuel behaviour,

- economic aspect and EDF program.
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I- NEUTRONIC CATLCULATIONS ORGANIZATION AND METHODS (Ref 1)

Within the French nuclear organization for licensing with respect to Safety
Authority, the fuel reloads are calculated by two independant computer codes
systems using EDF and FRAMATOME neutronic codes.

This allows cross checking and verification insuring guarantee of safety.

The justification of the reload studies with respect to Safety Authority falls
within the responsibility of EDE.

The shift of neutronic spectrum to higher energies with MOX assemblies lead
to the following changes:

- plutonium neutronic absorption in thermal range higher than uranium’s
one,

- higher critical boron concentration,
- lower boron efficiency,

- more negative moderator temperature coefficient,

lower antireactivity of RCC.

To accommodate the first characteristic, a zoned MOX assembly is used with
three concentric zones of increasing plutonium concentration from the
periphery to the center of the assembly to avoid power peaks in the boundary
with the neighbouring uranium assemblies (Cf. Fig 1).

"To compensate lower boron efficiency, boron concentration of RWST
(refueling water storage tank) is increased from 2000 ppm to 2400 ppm and
boron concentration of boric acid make-up tanks is increased from 7000 to
7500 ppm.

Lower RCC antireactivity with plutonium recycle was antiéipated by 8 Pu non
equipped RCC in upper head core vessel internals of 16 900 MW PWR.
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Two RCC dispositions are taken for plutonium recycle (Cf.Fig 2):

- reoptimization of RCC positions: SA bank (4 RCC) set in core periphery
Pu RCC positions leading to 200 pcm hot shut-down margin increase,

- increase of RCC number (53 to 57): 4 new RCC's are set in core center
Pu RCC positions giving 300 pcm hot shut-down margin increase.

MOX reloads are calculated by EDF using the same 'cross-section set and codes
as for UO7 reloads :

- CEA 1979 cross-section sét (from ENDF/B 3 and 4, UKAEA 1973 and CEA

sources),

- APOLLO1 for cell calculations (Ref 2),
- LIBELLULE3 for axial calculations (Ref. 3),
- JANUS 3 for xy calculations (Ref. 4),

- COCCINELLE for 3D calculations (Ref. 5).

However, it was necessary to use a diffe;rent‘mesh distribution in the
assembly for MOX reload JANUS xy calculations (8 x 8 in MOX reload instead
of 4x 4 in UO;7 reload) to represent more accurately the zoning of the MOX
assemblies (with three zones of different plutonium enrichments as shown
on fig. 1). ‘

The ability of predicting the power distribution and the fission chamber
activity in U-PuO2 lattice, with EDF and FRAMATOME codes and methods,
was investigated through EDF and FRAMATOME participations in critical
experiments made by CEA in the reactors of MINERVE and EOLE in
CADARACHE.
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IO - CRITICAL EXPERIMENTS PERFORMED BY CEA

3.1-

MINERVE AND ERASME L

EDF and CEA decided in 1987, prior to the first loading of MOX in
ST LAURENT B1, to validate experimentally the calculational tools to be
used for determining power distributions throughout flux maps measured
in PWR partially loaded with recycled plutonium assemblies.

For this purpose a special measurement program was carried out in the
MINERVE experimental reactor which operates at cold temperature (20° C)
and atmospheric pressure. Pin by pin power distributions were determined in
a small core with a central zone of 4 % Pu MOX pins (11 x 11) surrounded by
3 % enriched UO37 pins.

The power distribution was measured using a classical gamma scanning
technique, across the interface between UOp and MOX zones. In parallel,
measurements were performed with U235 fission chambers similar to those
used for in-core instrumentation in PWR reactors. These chambers were

placed in the center of the MOX zone and in the symetric position with
respect to the interface in the UO7 zone.

These measurements allowed us to validate our calculational schemes
concerning the relative values of the power/activity ratio in MOX and UOz

assemblies.

At the same time, in the EOLE experimental reactor which operates at cold
temperature (20° C) and atmospheric pressure, the ERASME/L configuration
was available.

' ERASME was an extensive program devoted to studies on the HCLWR (High

Conversion LWR) concept (Ref. 6).
The last stage of this prbgram, refered to as L (standing for large with respect

to the moderating ratio), was also aimed at validating the calculational
schemes for Pu recycling in PWR's.
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The core was loaded with about 1600 MOX pins (11 % Pu) with a moderating
ratio of 2.1 and an active length of 80 cm.

Data concerning such parameters as:
- multipli;:ation factors,

- spectrum index,

- worth of several absorbers, etc,
were obtained from this ekperiment.

At the end of the program, a power/activity measurement similar to the one
performed in MINERVE was repeated in the ERASME/L core to determine
the trend of variation of uncertainties with respect to the plutonium
enrichment. '

The power distributions obtained with EDF codes and methods, in the MOX
zone and in the transition zone UO2-MOX, are as good as UO7 ones as shown

on figures 3 and 4. Thus, the same fine power uncertainty of 3 % already
applied to UO7 assemblies, is applied to MOX assemblies in EDF calculations.

For the movable fission chamber activity in MOX lattice, a temporary bias has
to be applied to detector cross sections in EDF calculations to counterbalance
the rough modelisation of the transport-diffusion equivalence in the
instrumentation cell. An improvement of this modelisation is in progress.

As this problem is not completely solved, a 2 % uncertainty factot increase is
applied to MOX assemblies power peak obtained from core flux map, in
agreement with Safety Authority.

In parallel, since 1987, physicists from CEA, FRAMATOME and EDF have

collaborated in a study of the possibility of reducing the remaining
uncertainties in a mixed UO2-MOX loaded PWR core. The object of this

exercice was to ensure the same core performance as a classical UO> core, with

of course, the same safety criteria.
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This group concluded that available experimental programs were not
representative enough to lead to a real reduction of the uncertainties, mainly

for the calculation of power peaks.

Thus, a new experimental program named EPICURE was decided in 1988.

THE EPICURE PROGRAM

The EPICURE program in the EOLE experimental reactor started in july 1989.
Its main characteristic is to represent as close as possible the physical and
neutronic conditions encountered in a mixed loaded PWR core (Ref. 7).

The fuel pins, especially constructed for this experiment, are exactly the same
as those for a power reactor, except, of course, the length (80 cm) and the
internal pressure (atm).

The composition of the fuel pins is as follow :

1500 UOy pins (3.7 % 235U)

( 200 with 4.3 % Pu
2000 MOX pins ( 1600 with 7.0 % Pu
¢ 200 with 8.7 % Pu

The three Pu enrichments will allow us to study the real neutronic
environment of a three zones MOX assembly, designed to minimise the
power peak near the MOX-UO» interface. U0y and MOX enrichments were
chosen to be representative also of future core management (ie 1/4 loading
and high burn-up). o

The fuel pins are over-cladded to match, in the experiment, the moderating
ratio of a PWR core at operating conditions (water density effect).

A number of configurations like the one presented on the fig. 5, will be
devoted to pin by pin power measurements with fission chamber
measurements in the center of assemblies. "Checkerboard” configurations
will also be studied.
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IV -

10

In addition, fundamental parameters such as:

- ‘multiplication factors,

- effective fraction of delayed neutrons,

- temperature coefficients (spectrum and water density effects),
- worths of several absorbers (single or in a cluster),

- local void effect, bowing effect on power distributions will be investigated
successively in clean UQ7 and MOX cores.

The EPICURE program, planned to last up to three years, will give us a solid
experimental basis to assess present uncertainties and will allow us to reduce
uncertainties through improvements in both :

- Dbasic nuclear data,

- algorithms, models and calculational schemes.

AVAILABLE NEUTRONIC CALCULATIONS AND MEASUREMENTS OF
FRENCH PWR MOX CYCLES (1/3 CORE RELOAD) (Ref. 1)

The 30 % MOX reloads which are considered consist of :

- 36 enriched uranium assemblies (UO7),
- 16 mixed oxide assemblies (MOX),
according to the third of the core annual fuel management.

The average "pIutonium concentration of the MOX assemblies in the tail

uranium (0.225 %) matrix was chosen to obtain the same natural cycle length
as an entire UO7 reload (3.25 % U235) and varies according to the plutonium

origin (isotopic composition) cf. tables 1 and 2.
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The MOX fuel assembly structure is the FRAGEMA AFA 17 x 17. The average
UO7 and MOX fuel discharge burn.up is 33 Gwd/t.

The available results concern the first two MOX cycles in ST LAURENT Bl
and first MOX cycle in ST LAURENT B2 and GRAVELINES 3.

MOX CYCLES START-UP TESTS AT ZERO POWER

These tests include usual start-up tests and specific first MOX cycles tests.
Three types of tests were performed :

- critical boron concentrations all rods out, R bank inserted and grey banks
inserted,

- isothermal coefficients during the same conditidns,
- control rod worths of R bank (using dilution measurement method) and
other RCC banks (using RCC banks exchange measurement method).
RCC banks and MOX assemblies positions are. given figure 6.
Deviatioﬁs between EDF calculations and measurements are given in table 3.
All the deviations meet design criteria :
- ACB calculation-measurement < 50 ppm
- Aa iso calculation-measurement < 5.4 pan/°C
calculation-measurement

- Ap RCC banks <10 %
' measurement

with an exception concerning G1 bank worth at GRAVELINES 3 which
exceeds slightly 10 %. |
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Table 3 shows that SD1 bank which is inserted in MOX assemblies is as well
calculated as banks inserted in UO- assemblies.

MOX CYCLES FLUX MAPS AT FULL POWER

According to the standard out-in strategy, the reload constituted by the new
fuel assemblies is loaded in the periphery of the core. However new MOX
assemblies are not loaded immediately near the baffle in order to minimize
their contribution to the vessel fluence (fig. 6).

In the loading pattern, three of the new MOX assemblies have movable
detectors (fission chambers). During the second MOX cycle, irradiated MOX
assemblies are located in the center of the core and four of them have
movable detectors.

A 3 % increase is applied to the cross sections of MOX assemblies movable
detectors in EDF calculations, based on MINERVE experimental reactor
results (cf. 3.1).

Deviations between EDF calculations and measurements of integrated
activities, after azimutal tilt correction, are given in fig. 7 for each percentage
of deviation in instrumented MOX assemblies.

The average deviation is around 0 (- 0.75 %) and the range of deviation (- 5 %,
3 %) is similar to that of UO» cores.

Power peak factors, obtained from the first core flux maps at full power, are
given in table4 for the four MOX cycles already run or in progress and
compared to design or safety criteria.

Following data are indicated :
- power peaking factor (FQ) taking into account 8.6 % uncertainty factor

(including 1 % increase of the technological factor for MOX assemblies),
compared to 2.35 (LOCA limit),
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-- hot channel factor (FAH) taking into account 4 % uncertainty factor,
compared to 1.55,

- radial power peaking factors (Fxy(z)) in upper part (40 %) and lower part
(60 %) of the core compared to design criteria.

Power peak values met all the criteria with reduced margins at
GRAVELINES 3 (Ist MOX cycle) and more particularly at ST LAURENT B1
(2nd MOX cycle) due to the 2 % uncertainty factor increase applied to MOX
assemblies power peak obtained from core flux map, since october 1988, and
the relatively high azimutal tilt (2.4 %) which is less than tilt value taken
into account in accidents analysis (3 %) but nethertheless increases the power
peaking factors. |

CRITICAL BORON CONCENTRATIONS VERSUS CORE CYCLE
IRRADIATION AT FULL POWER

Critical boron concentration versus core cycle irradiation at full power is
given in fig. 8 for ST LAURENT B1 (1st MOX cycle).

Calculation-measurement agreement‘ is excellent for ST LAURENT Bl

(1st MOX cycle) and is in the range +/- 40 ppm for the three other MOX cycles,
which is not different from standard UO9 cycles.

AVAILABLE RADIATION MEASUREMENTS DURING MOX CYCLES IN
FRENCH PWR

Plutonium recycle doesn't induce any new risk of radiation in PWR plants as
plutonium is already generated in standard UO; assemblies during their

irradiation, the risk is only different because plutonium concentration in
MOX assemblies is always higher than UO5; one.
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There are two causes of irradiation increase due to the plutonium recycle:

- -neutron and gamma irradiation increase due essentially to Americium 241
(low energy 60 Kev gamma emitter) during the site reception of new MOX
assemblies ; visual examinations are performed behind protective glass to
mitigate this risk,

- alpha emitter risk increase during maintenance operations in case of fissile
contamination due to MOX fuel rod rupture. Released MOX alpha activity
in reactor primary coolant will be ten times higher than standard UO5 one
at 30 GWd/t, (cf. fig.9) but primary coolant activity surveillance is
sufficient to mitigate the risk without any change of technical
specifications on this measurement.

The EDF/SEPTEN prediction of the total integrated dose for a MOX reload
reception (950 mrem including 450 mrem due to the neutrons) was not
reached during the first MOX reload reception at ST LAURENT B1 (550 mrem
including 450 rem due to the neutrons) because americium 241 concentration
obtained from plutonium 241 in MOX fuel was low due to the short time
delay between plutonium production (spent fuel reprocessing) and new MOX
assemblies delivery at ST LAURENT B1 in the case of this first MOX reload.

Detailed neutron dose measurements during the first MOX reload reception
at ST LAURENT B1 are given fig. 10. The integrated dose of the first delivery
of 8assemblies was higher than the second one due to encountered
difficulties in opening the MOX containers and higher number of
participating people during the first delivery. |

Presently, plutonium recycle is performed in the french PWR plants without

any MOX assembly defect and no particular risk of alpha emitter due to
plutonium recycle has been encountered.
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This “hybrid cycle" is performed with four-batch fuel management for UO;

assemblies and three-batch fuel management for MOX assemblies, the reload
will consist of 28 UOp assemblies for 4 cycles and 16 MOX assemblies for

3 cycles.

EDF and FRAMATOME will establish a generic safety report for this "hybrid
cycle" at the end of 1991 and expect to obtain Safety Authority agreement to
operate 900 MW PWR in this'way starting in 1992.

The 900 MW PWR plants reserved for MOX recycling will then be converted
from one third core annual fuel management to this hybrid cycle as soon as
the documents and justifications are completed.

Plants presently planned for MOX recycling in France and dates of first MOX
reload are given below:

ST LAURENT B1 1987
ST LAURENT B2 1988
GRAVELINES 3 1989
GRAVELINES 4 1989
DAMPIERRE 1 1990
DAMPIERRE 2 1991
TRICASTIN 2 1992
TRICASTIN 1 : 1992

The 8 other EDF 900 MW PWR for which the authorization of Plutonium
recycling has been attributed, will have their first MOX reload as soon as the
new MOX assemblies fabrication facility called MELOX, under construction in
MARCOULE (FRANCE), is available (around 1995).
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MOX FUEL BEHAVIOUR

Several MOX fuel rods of different fabrications irradiated to 27 GWd/t in
CHOOZ A (FRANCE) and 72 GWd/t in BR3 (BELGIUM) between 1970 and
1980, were examinated on site and in Research Centers in early 1980 s.

Post-irradiation analysis (neutronography, fission gaz release and clad
profilomefry measurements,...) were performed in CEA (SACLAY-FRANCE)
and CEN-SCK(MOL-BELGIUM).

A new version of the thermo-mechanical fuel rod behaviour calculational
code used by EDF, called CYRANO 2 C, was established and qualified through
these experiments.

EDF participates also in different programs in experimental reactors to
improve its knowledge in MOX fuel behaviour :

- PRIMO: the main objective of this BELGONUCLEAIRE program is to
determine the mechanical, thermal and neutronic properties of MOX fuel
rods with power histories representative of those of large PWR's
following irradiation to various burn-up levels, up to a maximum of
55 GWd/t. Emphasis is placed on the behaviour under ramp conditions at
MOL and at CEA-SACLAY,

- PROMOX: CEA and FRAMATOME program concerning MOX fuel rod
behaviour (fission gaz release, pellet temperature versus power) in SILOE
(FRANCE), (Ref. 8). ‘ |

Through these experiments, EDF intends to determine MOX fuel rod PCI
(pellet clad interaction) limit and to check that MOX fuel assemblies in the
$00 MW PWR satisfy this limit during load follow considering that UO3
assemblies power decreases whereas MOX assemblies have almost a constant
power during the successive cycles due to the higher conversion factor in
these assemblies.



PNC TN9600 90-013
16

VII - ECONOMIC ASPECT AND EDF PROGRAM

Considering the economic aspect of plutonium recycle, 30 % MOX recycle in
three-batch fuel management, presently authorized in 900 MW PWR in
France, gives a reduction of 30 % in the amount of natural uranium and
separative work and a cycle cost 5% lower than UQO; three-batch fuel
management (assuming a worthless plutonium, reprocessing always
needed). This MOX cycle cost is still 5% higher than the UQg "four-batch

fuel management” one currently used in these reactors.

Feasibility study of "four-batch fuel management” with 30 % MOX recycling,
undertaken in 1989, led to an average plutonium concentration of 6.5 %,
energetically equivalent to UOg (3.7 %), and an average MOX assemblies

discharge burn-up of 46 GWd/t higher than UQ9 assemblies one.

As MOX behaviour is not well known at this burn-up, in load-follow
operation, EDF and FRAMATOME have investigated another plutonium
recycle fuel management called "hybrid cycle" with a reduced MOX

assemblies discharge burn-up which should lead to the same cycle cost as
UQ37 "four-batch fuel management".

This "hybrid cycle" will be performed with "four-batch fuel management" for
UO2 assemblies and "three-batch fuel management” for MOX assemblies (the

reload will be made of 28 UO7 assemblies for 4 cycles and 16 MOX assemblies
for 3 cycles Fig. 11).
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The following table summarizes the average fuel burn-up of these MOX fuel

managements.
Type of fuel Equilibrium average ~ Equilibrium
management burn-up cycle length
Three-batch U:32GWd/tM 290 EFFD
(presently used) MOX: 36 GWd/tM
Hybrid U:385GWdA/tM 270 EFPD
(investigated) MOX: 34 GWd/tM

vOI- CONCLUSIONS

Plutonium recycling is performed in french 900 MW PWR plants with minor
changes (57 instead of 53 RCCS, increase of boron tanks concentrations).

Available neutronic calculations and measurements concerning MOX cycles
do not show any significant deviation {as compared to standard cycling, with
uranium fuel) and all safety criteria are respected.

Moreover EDF and FRAMATOME will continue to implement and to qualify
their codes and methods in U-PuQ2 lattice in participating to critical
experiments like EPICURE performed by CEA in CADARACHE.

Radiation measurements confirm the low expected increase of integrated
dose due to the plutonium recycle in PWR plants.

Considering the economic aspects of plutonium recycle, 30 % MOX recycle in
three-batch fuel management presently authorized in 900 MW PWR in
France has a cycle cost 5% higher than that of the U0 "four-batch fuel

management" one currently used in these reactors.

As MOX four-batch fuel management can't be presently justified considering
the limited experience of MOX fuel behaviour to high burn-up and PCI limit
in load follow operation, EDF and FRAMATOME are investigating another
plutonium recycle fuel management called "hybrid cycle" which should lead
to the same cycle cost as UO7 "four-batch fuel management”.
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PLUTONIUM RECYCLE
MOX RELOADS

PLANT | ANTICIPATION (A) | DATEOF NUMBER OF MOX ASSEMBLIES
CYCLE | STRECH-OUT (P) |CRITICALITY| PLUTONIUM CONCENTRATION
CYCLE IN EFPD
SLB 105 P8 11/87 ' 16 MOX1/ 4.5 %
SLB 206 P16 08/88 14 MOX2/5.1 %
2 MOX1/4.5 %

SLB 106 P36 12/88 12M0OX3/5.1 %
' 4MOX2/5.1%

GR 308 P59 04/89 ' 12MOX4/4.5%
4MOX3/5.1%

GR 408 P51 11/89  12MOX5/4.8%
4MOX4/4.5%

SLB 207 P47 11/89 12 MOX6/4.8 %
4MOX5/4.8 %

SLB 107 P38 02/90 | 12 MOX 7/4.8 %
4 MOX6/4.8 %

GR 309 P60 04/90 12 MOX8 /4.9 %
4MOX7/48 %

TABLE 1

MOXi: MOX assemblies which are made with the Pu concentration number i

SLBioj: reload number j of SLB unit i




PNC TN9600 90-013 20
PLUTONIUM RECYCLE
MOX RELOAD ISOTOPES
"~ COMPOSITIONS (%)
RELOADS
MOX1 | MOX2 | MOX3 | MOX4 | MOX5 | MOX6
ISOTOPES -
Pu 238 0.856 | 1.242 | 1.079 | 0.752 { 0.985 | 0.981
Pu 239 66.465 | 61.382 | 61.752 | 66.508 | 64.632 | 64.65
Pu 240 20770 | 23.155 | 23.446 | 22.178 | 22.905 | 22.942
Pu 241 7.680 | 8.629 | 8.611 | 6.895 | 7.164 | 7.093
Pu 242 2954 | 4.333 | 4.032 | 2.690 | 3316 | 3.348
Am 241 1276 | 1.259 | 1.080 | 0977 | 0.998 | 0.983
U 235 0.229 | 0240 | 0.236 | 0.231 | 0233 | 0.233
AVERAGE PLUTONIUM ‘
CONCENTRATION
(Am + Pu) 4546 | 5.116 { 5.006 | 4.554 | 4786 | 4.761

TABLE 2
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PLUTONIUM RECYCLE

START-UP TESTS
AT ZERO POWER

DEVIATIONS BETWEEN CALCULATIONS AND MEASUREMENTS
(EDF CALCULATIONS)

PLANT- | SLB105 SLB206  GR308 | SLBI106
CYCLE 2ND AVERAGE
| 1ST TRANSITION TRANSITION
PARAMETER-
CONFIGURATION
| acB ARG | -27 0 5 +32 0
IN RIN | -20 1 -1 +21 -2
PPM GGIN| -14 - 14 -6 +24 -2
A0ISO ARG | +07 -0.8 +0.2 -0.4 - 0.1
IN RIN | -03 -09 +0.1 - 1.0 - 0.5
PCMPC GGIN | +15 - 0.6 -0.5 -3.3 - 0.7
Ap R| +28 -2.5 +3.4 +2.3 +1.5
|rce Gt | -s2 £25 112 | +13 +24
IN G2 01 +32 421 415 +17
% N1 + 4.2 -0.6 +2.9 + 4.7 +2.8
N2 + 7.7 + 0.6 +4.3 +34 +53
SB| +5.1 +41 459 +08 +4.0
SC| -43 - L1 +42 +3.8 +0.6
SA+SD2 | +1.9 -0.7 +1.3 +7.0 +2.4
SDI(SA+SD2IN) | -64 +4.5 +7.7 + 3.1 + 5.4
N2-1(SA+SD2IN) { +7.9 +4.9 +6.8 +3.1 +5.7
GGIN | +4.1 - 6.4 +4.1 - 0.2 - 0.1

TABLE 3
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PLUTONIUM RECYCLE
FLUX MAPS AT FULL POWER-BOL
POWER PEAK FACTORS

‘PLANT-
CYCLE
SLB105 SLB206 GR308 SLB106 | CRITERIA

PARAMETER
FQ (x 1.086) 1.88 1.80 1.91* 2.01#* 2.35
FAH (x 1.04) 1.49 1.46 1.47* 1.53* 1.55
MAX FXY(Z) UPPER PART OF
THE CORE 1.46 1.45 1.44% 1.48* 1.56

MAX FXY(Z) LOWER PART

OF THE CORE 1.44 143 1.46% 1.54% 1.60
AZIMUTAL TILT (%)

PNC TN9600 90-013
(MAXPR - 1) + 2.1 +1.2 +2.3 +2.4 ---
AXIAL-OFFSET (%) -1.7 -1.4 -45 -45

* WITH 2 % UNCERTAINTY FACTOR INCREASE
APPLIED TO MOX ASSEMBLIES PEAK

TABLE 4
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Pu RCCreserved positions

FIGURE 2 : RCC POSITIONS FOR PuRECYCLE
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MINERVE : MELODIE B CORE
DEVIATiONS BETWEEN POWER CALCULATIONS AND MEASUREMENTS

(EDF CALCULATIONS) IN %
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MINERVE : MELODIE A CORE
DEVIATiONS BETWEEN POWER CALCULATIONS AND MEASUREMENTS
(EDF CALCULATIONS) IN %
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EPICURE: 3 ZONES MOX ASSEMBLY IN UO2 CORE
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PLUTONIUM RECYCLING IN 900MWe PWR UNITS
LOADING PATTERN OF THE SECOND MOX RELOAD OF ST-LAURENT B1

% IRRADIATED MOX

(SLB106}

FIGURE 6
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PLUTONIUM RECYCLING IN 900 MW PWR UNITS
LOADING PATTERN OF THE HYBRID CYCLE ‘
(EQUILIBRIUM CYCLE)

FIGURE11
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Utilization of MOX Fuel Assembly Containing Gd.0s in ATR

Noric Kawata and Toshio Wakabayashi
Plant Engineering Office,

O-arai Engineering Center,

Power Reactor and Nuclear Fuel

Development Corp.

Abstract
A heavy-water moderated boiling-light-water cooled pressure tube type
reactor ATR has been smoothly operated by utilizing plutonium in its core in

the form of MOX fuel assemblies.

Like in light-water reactors (LWRs), Cadolinium (Gd) in fuel is useful in
ﬁeavy-watgr reactors (HWRs) for reducing excess reactivity and power
mismatching between fresh and old fuels.

fn the pressure tube type heavy-water reactors where the amount of neutron
ébsorption is small, and neutrons are moderated in the heavy water region far

from the fuel region, Gd can be used in a variety of ways differing from those

in LWR.

— 111 —



PNC TN9600 90-013

In ATR fuel assembly is composed of 28 or 36 fuel rods, which are arranged
in cylindrical three layers.

In the demonstration plant of ATR under planning, several fuel rods, where
‘fuel pellets containing 1to2 % Gd.0:; homogeneously, are positioned in the
intermediate layver and this led to the improvement of peaking due to reduction
in fuel-channel power mismatching. Such fue] assembly (homogeneous Gd fuel) has
bgen subjected to a series of irradiation tests in Fugen, the prototype reactor
of ATR and results as expepted in the design stage have been obtained for both

fuel integrity and reactivity-controlling effect.

Moreover, many R & D projects aiming at burnup extension and high power of
fuel assembiies were undertaken. O0-arai Engineering Center, PNC has developed
duplég-region fuel pellets, in which the outer-region and inner-region of 2
pellet are made of MOX and Gd.0: respectively. For adequate control of the
reactivity by Gd as well as for controlling period by utilizing the shielding
effect of the outer;region of pellet. The fuel assembly (Duplex pellet fuel),
where the fuel fods consisting of the duplex region pellets occupy all positions
al]ocated for the outer fuel rods of a fuel assembly, show more improveg local
peaking than those of the homogeneous Gd fuel. As hollow MOX pellets and inner
pellets of Gd;0; is made independently in the case of Duplex pellet fuel,
fissile and poison materials are not mixed in the pellet making line differing
from the case of homogeneous Gd fuel. The clean-up possess for removing Gd

becomes unnecessary, and degradation of fissile materials due to the inclusion
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of Gd doesn’t occur in the fabrication line.

I. Introduction
The heavy-water moderated boiling-light-water cooled pressure tube type
reactor ATR has been smoothly operated by utilizing plutonium in ifs core in

the form of MOX fuel assemblies (See Fig. 1).

In the field of fuel development, the technologies for burnup extension and
higher power of fuel assemblies have been developed, aiming at reduction in
fuel -cycle costs and at compact cores. Gd has been adopted té'reduce power
mismatching between fresh and old fuel assemblies associated with burnup

extension.

In ATR, since neutrons are well moderated and less absorbed Iﬁ the wide
heavy water (moderator) region, the dilute Gd concentrations in the fuel
pellets can sufficiently reduce the excess reactivity of the fuel. In addition,
as well moderated neutrons are supplied from heavy water region to fuel region,
many types of burnup-extended fuel can be fabricated by arranging the positions
of Gd-containing fuel rods in a fuel assembly and by employing the method of

adding Gd to the fuel pellets.

This report describes the analysis of changes in the characteristics of the

fuel assemblies due to the addition of Gd as the utilization of Gd-containing
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fuel rods in ATR, and the irradiation results. It alsc introduces new types of
Cd-containing fuel currently designed and studied for high-burnup fuel
assemblies.
2. Objectives of Gd Utilization in ATR

Generally, the enrichment of fuel (in MOX fuel assembly Pu-fissile content)

increases as its burnup is extended.

In ATR, as reactivity compensation due to fuel burnup is carried out by
adjusting the '°B concentration of heavy water (moderator), the reduction of
excess reactivity, which is a main objective of Gd utilization in BWR, is not

so important.

The ATR core area including the heavy water region is large. In order to
make the core compact, the power per unit channel of ; pressure tube is
required to be as large as possible. The followings are important in aspect of
core design. |
@ reduction of the radial peaking factor in the core by improyement of power
mismatching between fresh and old fuel.

@ reduction of the local power peaking factor in fuel assembly.

3. Features in Reactor Physics of ATR regarding Gd Utilization

The prototype reactor of ATR in Fugen, the fuel assemblies are loaded into
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224 pressure tubes surrounded by the heavy-water charged in calandria tank, and

cooled-by boiling light-water for heat removal (See Fig. 2).

As shown in Fig. 3, the shape of the fuel assembly is cylindrical three-
layer type, and each assembly generally consists of 28 fuel rods. Further, the
special fuel assemblies for the irradiation tests of pressure tube materials
and the standard fuel assemblies (36 fuel rods per assembly) of the
demonstration plant of ATR for the check of integrity of fuel assembly, have

been loaded.

Figure 4 shows the fuel lattice structures of ATR and BWR. In ATR, the
heavy water region independent from the fuel region is extremely.wide, and its
lattice structure is quite different from that of BWR, whereas in BWR the state
of each fuel rod is nearly the same, thus, a single fuel rod can be
approximately regarded as an unit cell for evaluation. On the other hand, since
almost all of the neutrons are moderated in the heavy water region in ATR,

~thermal neutrons are supplie& from the out;ide of the fuel assemblies;
accordingly, the conditions for the oufer, intermediate and inner fﬁel rods are

refatively different,

Figure 5 gives the neutron spectra of the ATR fuel assemblies located in

egach region.
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From Fig. 5, it is ciearly understood that the neutron fluxes in the heavy
water region and outer fuel rods are the same in the low energy area but low in
the inner fuel rods; such facts would lead to the flow of thermal neutrons from
the heavy water region to the inside of the fuel assemblies. Arranging the Gd-
containing fuel rods adequately in a fuel assembly permits the reduction value

of reactivity and reduction period to keep on a suitable degree.

4, Utilization of Gd-containing MOX Fuel Assemblies in the ATR

In order to attain burnup extension and high power, the Pu-fissile content
and the number of fuel rods per assembly have been increased and the radial and
axial Pu;fissile content distributions in the assembly have been adjusted. In
addition, the Gd-containing fuel assemblies have been employgd for burnup

extension.

Tables 1 and 2 show the progress in the development of the MOX fuel-

assemblies and the schedule of their development respectively.

4.1 MOX Fuel Assemblies (Homogeneous Gd Fuels) Containing Homogeneous UD:-Gd.0s
Fuel Rods:
Like in LWR, Gd.0; is homogeneously mixed with UO. powder, and sintered
into pellets. The UD.-Gd:0:; fuel rods fabricated then by using these pellets

are assembled as part.of a MOX fuel assembly.
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4.1.1 Characteristics of Homogeneous Gd Fuel
" The reduction effect of reactivity varies greatly with the positions of the

Gd-containing fuel rods (See Fig. 6).

@ Gd-containing Fuel Rods as Outer Ones

As already explained, since thermal néutrons are supplied from the heavy
water region, neutron importance of the outer fuel rods is very large. Gd in
outer fuel rods shows the extremely great reactivity reduction effect.
Moreover, because of the'rapid decrease in Gd isotopes which absorb neutrons,
the reactivity reduction effect of Gd disappears and the characteristics of the

fuel return to that of the base fuel which has no Gd in short term.

@ Gd-containing Fuel Rods as Inner Ones

Since the supply of neutrons {rom the heavy water side to the inner fuel
rods are shielded by the duter and intermediate fuel rods, the neutron
importande-of inner fuel rod is smallest. Therefore, if a few Gd-containing
fuel rods are used as part of the inner fuel rods, then the reactivity—reductioﬁ
effect of Gd is low, and Gd remains tifl end of cycle without diminishing ,

leading to lower discharged burnup.
® Gd-containing Fuel Rods as [ntermediate Ones

Although the reactivity reduction effect of Gd is lower than that of the

outer fuel rods, Gd disappears slowly and the reactivity reduction effect lasts
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in a some degree.

The Gd content of pellets should be determined in such way that all of Gd
disappear in the end of a cycle not to decrease the discharged burnup of fuel.
The degree of reactivity reduction, moreover, is controlled by the number of

fhe Gd-containing fuel rods located in the intermediate fuel layer.

4.1.2 Design of Homogeneous Gd Fuel

Figure 7 shows an example of the Gd-containing fuel assembly to be employed
for the demonstration plant of ATR, and Fig. 8 gives the burnup history of the
fuel. As these figures indicate, the optimum reactivity reduction has been
performed by adjusting the number of the Gd-containing fuel rods located in the
intermediate fuel layer and the Gd content. Figure 9 shows the radial power
distribution at the beginning of cycle in the equilibrium core when the Gd-
containing fuel is used and when it-is not used. The power of the fresh fuel is

high, but the adoption of the Gd-containing fuel tends fo lower such tendency.
As explained above, in the heavy water reactor, the presence of a few low
content Gd-containing fuel rods enables to reduce power mismatching between

fresh and old fuel.

4,1.3 Results of [rradiation of Homogeneous (d Fuel Assemblies

The characteristics of the Gd-containing fuel in the ATR have been verified
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by measurement namely, priér to their adoption in the demonstration plant of
the ATR, the fuel w{th the same specifications was tested in Duterium Critical
Assembly (DCA) to measure their nuclear characteristics (local powér peaking
factor, reactivity etc.) in the initial stage without irradiation. And this was
followed by loading.them into Fugen, in order to check the characteristic
during irradiation.

| The experiments in DCA indicated that éven if several Gd-containing fuel
rods which are very low power, locafed in the intermediate fuel rods, the main
characteristics such as the.local peaking factor could be predicted with the

same accuracy as that of standard [uel.

The location of the Gd-containing fuel assemblies loaded in Fugen is shown
in Fig 10. To measure the irradiation characteristics of the Gd-containing fuel
assemblies in £erms of time, 4 Gd-containing fuel assemblies have been loaded
around the fixed in-core monitor LPM (local power monitor).

The loading pattern of the fuei assemblies in Fugen, is 90° rotating
symmetry in principle and the fresh fuel assemblies in the positions of .90°
rotating symmetry generally show the same.burnup trend. Figure 1l shows the
predicted value of power history in four fresh fuel assemblies {including one
Gd-containing fuel assembly) in the position of 90 ° rotating symmetry together
ﬁith the measured values by LPMs. In standard fresh fuel assemblies generally,
neutron multIpIicatibn factor (k-eff.) decreases and channel power thereby

reduces with burnup, but in the Gd-containing fresh fuel assemblies, the

- 119 —



PNC TN9600 90-013

reduction bf neutrop multiplication factor with burnup is canceled by the
disappearance of Gd and the channel power increases relatively. As Fig.1l
indicates, the predicted values are in good agreement with the measured ones in
both Gd-containing and standard fresh fuel assemblies. It was verified,
therefore, that the burnup characteristics of the Gd—containing fuel assemblies

could be analysed with high accuracy by using the design code.

4.2 MOX Fuel Assemblies (Duplex Pellet Fuels) Utilizing Duplex Pellets with

Gd20; Inner Pellets

In the aspects of reduction of reactivity, the addition of Gd to outer fuel
rod homogeneously is most effective, but keeping reactivity reduction effect
during burnup becomes difficult. Accordingly, in the homogeneous Gd fuel, Gd
was added to the several intermediate fuel rods to make use of the self-
shielding effect of a fuel assembly as a whole. Although this method can reduce
the power of the fuel assembly, it has tﬁe‘demerit of increasing the local
power peaking factor within the fuel assembly because of the low power of the
several intermediate fuel rods contaiﬁing Gd. In the duplex pellet fuel, the
all outer fuel rods consist of the duplex pellets, and the reactivity during
burnup is reduced by making use of the self-shielding effect of the pellets
themselves. Since all of‘the outer rods are made of the duplex pellets, their
ﬁower can be made uniform, and so the local peaking factor within a fuel
assembly does not increase. In- addition, to fabricate these pellets, for

example, hollow beliets are firstly fabricated, followed by the insertion of
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inner region pellet made of natural (Gd.0s; diluted with Zr0. Unlike the
fabrication of the homogeneous Gd.0;-UC. pellets, in which the poiscn is mixed
with fissile materials, the fuel fabrication line is not contaminated with the
Gd poison. Therefore, the clean-up process for removing Gd becomes unnecessary,
and degradation of fissile materials due to inclusion of Gd doesn’ t occur in the
fabrication line.

Une of the unique features of the ATR, in which thermal neutron flux takes
place from the heavy-water region to the fuel assemblies, is that the power of
fuel assembly is depressed by the duplex pellets in outer fuel rods.
Consequently the radial power peaking ﬁf the core and local power peaking of the
fuel assembly becqme smaller in size. The effect of this kind may be smaller
in BWR in which the light-water moderator is distributed almost uniformly }n

the reactor core.

Figure 12 shows the cross section of the fuel assembly in which all the

outer fuel rods are composed of the duplex pellets.

The nuclear characteristics of the duplex pellet fuel depend on the shape
of the fuel assembly, Gd content (Gd/ (Zr+Gd}), diameter of Gd inner pellet,
Pu-fissile content of MOX etc. The reference fue! assembly investigated for
ﬁigh burnup in this study is of multi-cluster type which consists of 34 fuel

rods.

— 121 —



PNC TN9600 90-013

Figure 13 shows the Gd content dependency of the burnup history of keff.
It indicates that the degree of reducing the reactivity in the initial stage of
burnup is slightly dependent on the Gd content because of saturation effect of
absorption by Gd, but that the reactivity-reducing period increases with the

increasing Gd content.

~The effects of the diameter of the Gd inner pellet on the characteristics
of burnup reactivity are given in Fig. 14, which indicates that degree of
reducing the initial reactivity can be adjusted by the diameter.of the 6d inner

pellet.

The fuel specifications set up this study are 48,000 MWd/t fuel average
burnup and 12,000 MWd/t burnup increment per cycle, where 1.0 mm diameter of
the Gd inner pellet and 70 to 100% Gd content are_adequate as shown in Fig. 15
to minimize the reactivity change when Gd isotopes, which depress the powér and

absorb neutrons during this period would disappear.
[f the increase in the degree of the reduction -reactivity and the
reactivity-reducing period is required due to higher burnup, this can be met by

increasing both the diameter of the Gd inner peliet and Gd content.

As to the local power peaking in the fuel assembly, little difference from

the base fuel with no Gd has been found and this is to be attributed to the
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uniform loading of the duplex pellets taking place in the all outer fuel rods.
In the ‘conventional homogeneous Gd fuel, on the other hand, increase in local
" power peaking is unavoidable because the power of several Gd-containing fuel

rods becomes locally low in intermediate fuel layer (See Fig. 16).

Since the increase in local power peaking reduces the critical heat power
due to.the increase in linear heat generation rate from the viewpoint of heat
removal, the duplex pellet fuel showing the uniform power distribution is more

advantageous than the homogeneous Gd fuel.

5. Conclusions
The development of the Gd-containing MOX fuel has yielded some progress to

meet the requirement for burnup extension and high performance in ATR.

As the fuel utilizing the features of the pressure tube‘type heavy water
reactor, the fuel assembly, in which part of its MOX intermediate fuel rods are
replaced with the fuel rods using UOz—GdzDa pellets, has been develoﬂei
Although such homogeneous Gd fﬁels have the demerit of increasing the local
power peaking factor within fuel assembly, there can reduce total peaking factor
by improvement of power mismatching between fresh and ofd fuel and carry out
éxtention of burnup. Those fuel asseﬁblies were subjected to critical
experiments and irradiation tests and their performance has been verified, in

Fugen.
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It has also been found that the duplex-pellet (inner pellet made of Gd.0a)
fuel rods replacing all the'outer fuel rods could-reduce the reactivity to a
suitable degree without increasing local power peaking. Duplex pellet fuel can
be applied for higher burnup fuel. Moreover, it is possible to avoid
degradation of fissile materials due to the inclusion of Gd in fuel fabrication
iline.
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Table 1

Development of Gd-containing fuel in ATR

Fuel Type

Number of fuel rods
per assembly

Mean fissiie content
(ZG?U_*_ZU‘DPU +24|[)u)(%)

Gd-adding mode

Note

with Gd inner pellet

Standard Fue! 28 2.0 Standard fuel of Protofype
reactor of ATR, “Fugen”
Demonsiration Fuel 36 2.4 Under irradiation iests in Fugen
J to 4 intermediate fuel rods -Ulilized as the replacement
Extended Burnup Fuel 36 3.3 consisting of pellets containing | - fuel assemblies for Lhe demon-
(homogeneous Gd fuei) 0.7 to L 4% Gd homogeneously stration plant of AR .
» Under irradiation test in Fuen
Multi-clusier fuel 54 4.2 G intermediate fuel rods . {Design studies; In the R & D
: consisting of pellels containing slage
aboui 3% Gd homogenecously
Melti-cluster fuel 54 4.2 All the outer fuel rods (24 rods) | Design studies; In the R & D
{Duplex pellet fuel) condisting of the duplex pellet stape
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Table 2 Schedule of Development of Mox Fuel

item ‘82 [ B3 ['84 | ‘85 | 86 | 87 | 88 ] BO| 80| N ] ‘921 '93 ] '94 1 '95 | 96 | "97 | "98 | '99 | 200020072002 | 2003 (2004 | 2005 | 2006 | 2007 | 2008
(1) Fugen HiEnnimini R N e B R e
I ! T construction operation

(2) Demonstration plant

(%)

— 921 —

Standard -Fuel

Fugen {28-cluster) type A
{fissile cont.1.4%)

|T|11?—?||||1|||
|
]
]
|
|
]
[
|

Fugen (2B-cluster) type B
{fissile cont.2.0%)

Demonstration plant{36-clustes)

Irradiation Test
Demonstration Fuel(36—cluster)
(fissile cont.2.495)

Irradiation |

Segment Fuel {36-cluster)
(fissile cont.3.0%4)

Extended Burnup Fuel{36-cluster)
Demoustration Fuel Irradliation
(homogeneous Gd fuel) 0. S—————— :ZI\":" - :i;;I'ED\;
(fissile cont.3.3%3) o 1§ At bt o SV DO

MOX-Gd:0s Irradiation Test o upebubauiuinpeis lntuletepeiapupatots o S BETURRE PP |
in Halden Reactor \Ao: E'E:D \"\CIPIZE:D

Multi-rod cluster(54-cluster) Q. Lo CID—---
(fissile cont.4.2%5)
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Fig 1  MOX FUEL UTILIZATION IN FUGEN
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Lattice Structure in ATR
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Fig 4 Fuel Lattice Structure
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Fig 13. Characteristics of Keff vs. Burnup dependent on Gd content
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PLUTONIUM GENERATION BOILING WATER REACTOR CONCEPT
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1168 Moriyama-cho, Hitachi-shi, -Ibaraki-ken . 316, Japan

ABSTRACT

A design concept for a plutonium generation BWR {PGBR) is
proposed, in which the effective moderator-to-fuel volume ratio
less than 0.3 is realized in the design concept of the BWR with
a closely packed hexagonal lattice and a higher core exit
quality of coolant to achieve 1.0 of .plutonium generation
ratio. Three_kinds of PGBR core designs are evaluated from the
view “points of nuelear, thermal hydraulic, mechanical, and
sdfety performance—Evaluations show that the proposed designs
are feasible, and that.the PGBR concept has a potential of
realizing a new recyecle system in which plutonium and other
actinide are.confined to only nuclear,reaéhﬁrs and reprocessing
plants..

INTRODUCTION

~ In studies on high conversion light water reactors, it 1is recognized
" that "a -higher -conversion -ratic close to. 1.0 is required to achieve an
greater improvement on natural- uranium utilization by a factor of 5-10
compared with .current LWRs1-Y, The authors has proposed a concept of
plutonium genération boiling water. reactor (PGBR)5-6 having 1.0 of
plutonium generation ratio, which .means that the amount of fissile
plutonium obtained ~from reprocessing of discharged fuel "is almost the
same as that of new loaded fuel, thereby enabling to continue to operate
commercial reactors at rated power in plutonium recycling by compensating

only natural uranium. ’
This paper deals with conceptual design studies ‘on three kinds of

PGBR cores.

MAIN FEATURES OF PLUTONIUM GENERATION BWR

On the basls of neutron balance, a CR can be written by

CR=a X (1 +0)-(1+7), (1)
where,
vE[ 25+ 49+41 (v-l)E?H+40+42 8;u
GE(E:) I}E( vE‘.!ﬁ+49+-n r5825+49+:&1
f [
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The a-factor represents the ratio of the number of neutrons produced by
fission to that of neutrons absorbed in fissile materials. The (1+0)-
factor corresponds to the additional contribution by fast fission of
fertile materials, and I,M represents the parasitic neutron capture rate
of fission products, transplutonium elements, structure materials, and so
on.

. Figure 1 shows the relation 2 S_CLADD'NG —,r i '
betiween the effective moderator- ' SUS ZIRCALOY
to-fuel volume ratio and the '
factors included in expression - 2.4 CR =« (1+A)=0+7) 1
(1}). The effective moderator- - §' 9 9k a (144)
to-fuel volume ratio is defined 5 ’
as a moderator-to-fuel volume 3 9 ok
ratio taking. into account the v S—— 3
moderator voidage effect such as N ygEresd
boiling. The aand f-factors e 1.6 «= FErasa ’
increase as the effective & 1 7
moderator~-to-fuel volume ratio W 0.8p " ' 1
decreases, 'in particular, -this F y = 2,
tendency of the p-factor -is S 047 - PN -
remarkable in the range of the - : (y—1)mirere
low effective moderator-to-fuel 0.2 \M'
volume ratio. This is caused by ) !
the increase in v value. The 7~ 0'00.0 08 ]:0_ 1.5 50
factor including Z,M has a value  gpreCTIVE MODERATOR-TO-FUEL VOLUME RATIO

of about 0.3, and decreases with
the effective moderator-to-fuel gy, 4, Relation between the effective

volume ratio. To realize the CR moderator-to-fuel :volume ratio
close to 1.0, the utilization of and the lattice physics
fast fission of fertile constants

materials is essential, and the
first term in _ expression (1)

‘must be more ‘than 2.3. This

means that the moderator-to-fuel - 1.2

volume ratio must be "less than ot : S . :

0.3. ' -  PuFED TO NATURAL URANIUM

7~ ‘Under the practical - T b DISCHARGE EXPOSURE 45GWDIT

constraint “of a rod-to-rod -3

clearance of more than' 1mm, such z 7t o

‘a low. effective’ moderator-to- 2 | %

fuel  volume ratio ~-can  be Y.l >

realized _ in  boiling water 3 o

reactor (BWR) ~due to-“void x sl &

generation in fuel bundles. g Z
Figure 2 shows the relation O o

between the effective moderator- 3 ar

to-fuel volume ratio and the - g

required Pu-fissile enrichment & 3 cLapowe 0.

and CR, which is evaluated under & SUS f SCALOY

a typical operating condition of 200 G ™5 3 55— 0-2

a cycle exposure of 9GWd/t and a- EFFECTIVE MODERATOR-TO-FUEL VOLUME RATIO

discharge exposure of U5GWd/t.

In case of less than 0.3 of 40 5 pelation between the effective
effective moderator-to-fuel moderator-to-fuel volume ratlo

volume. r'atio,; the “required - " "and fissile Pu enrichment and
plutonium enrichment -fed to conversion ratio

natural uranium is reduced less
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than 0.5 percent due to increase in f-values as well as a-values of
fissile plutonium isotopes following decrease in parasitic absorption
rates of fission products and structure materials. This causes the void
coefficient on PGBR to be improved to the same levels as those of a
number of heavy-moderator commercial nuclear reactors in operation, which
has a possibility to make void coefficient zero by adapting the flattened
core, It must be emphasized in characteristics of PGBR in safety that
excess reactivity during operation cycle is about one tenth and doppler
coefficient is more than 50% larger in comparison with those of the
current BWR because of little change in the number densities of fissile
plutonium and the large portion of neutron absorptions in resonance
energy region.

CONCEPTUAL DESIGN OF PLUTONIUM GENERATION BWR

To confirm the feasibility of the plutonium generation BWR, three
kind of designs have been investigated. Basic design paramefers are
summarized in TABLE I,

PGBR~I is a 600 MWe prototype reactor having the same power density
as those of current BWRs, and some results of core performances were
presented in Ref. 6,

- TABLE 1

Specifications of Plutonium Generation BWR

Parameter. PGBR-1 ~ PGBR-II PGBR-III
Electric power (MW) 600 900 200
Dome pressure (HPa)‘, 7 7.2 7.2 7.2
Coolant flow rate (10l /n) 1.04 2.25 2.19
Core active length (m) 2.00 2.00 1.35
Core outer diameter {m) .9 .7 5.3
Number of fuel bundle 601 601 781
Number of fuel -rods per bundle 151 151 151
Fuel rod outer diameter  {mm) 12.3 11.8 -11.8
Fuel rod-to-rod clearance {mm) 1.5 1.3 | 1.3
Hoderatob-to—fuel volume ratio 0.53 0.50 0.50
Specific power (kw/kg) 0.7 17.5 20.0
Average power density (kw/t) 51.4 85.1 97.0
generation tate  (kwm) | 9.9 0.9 17.0
Core outlet quality (%) 40 27 28
Core average void fraction (%) 56 51 51
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PGBR-II is a 900 MWe commercial reactor of which fissile plutonium
inventory per unit power is minimized in order to start up a 900 MWe
commercial PGBR by using fissile plutonium obtained from reprocessing of
discharged fuels corresponding to 80GWe-Year electric power production of
the current BWR.

PGBR-H was designed to make void coefficient zero by shortening the
height of the core from 2.0m of PGBR-1 and H to 1.35m in considering
that- people are sensitive for void coefficients of which signs have no
intrinsic problem as far as its absolute valies are small.

« In these designs, the effective moderator-to-fuel volume ratio of
less than 0.3 can be realized by the closely packed hexagonal lattice
with the rod-to-rod clearance of 1.3~1.5mm and the core averaged void
fraction more than 50%.

Fuel Bundle Design

The PGBR fuel bundle consists of-151 fuel rods, 18 control rod guide
thimbles, 5 (or 14) spacers, a hexagonal channel box and upper and lower
Eie plates. Stainless-steel (SUS) is chosen for fuel cladding and
‘channel materials instead of Zircaloy in the current BWRs. Stainless
steel is considerably stronger than Zircaloy, so thinner stainless steel
is sufficient to suppress the deformation of fuel cladding and channel
box during operation.

Main specifications of fuel bundle design are summarized in TABLE II.
These specifications enable the fuel bundle to keep within the design
limit both mechanically “and ~thermal-hydraulicaly. --The key design
concepts include the ripng cell type spacer, thin channel box and narrow
channel -box gap.---In the.ring cell_ type spacer one cell is overlapped
with neighboring cells each other because of narrow fuel rods gap.
Inconel is adopted as spacer material. The thin channel box and narrow
channel box gap are accomplished by reducing the pressure difference
between channel box inside and outside by maintaining the constant flow
in a channel box gap.

TABLE Il
Specifications of Fuel Bundles in PGBR

Parameter PGBR-1 PGBR- 11 PGBR- U
Bundle.geometry , Hexagonal Lattice
Bundle pitch (cm) 18,3” 17.46 17.46
Number of fuel rods 151 151 151
Number of control rods 18 18 18
Channel water gap (mm) 0.8 0.8 0.8
Channel box thickness (mm) 0.95 0.95 | 0.95
Fuel rod outer diameter (mm) 12.3 11.8 11.8
Fuel rod-to-rod clearance (mm) 1.5 1.3 1.3
Cladding and channel materials Stainless-steel
Pellet diameter (mm) 11.3 10.8 10.8
Space type / material Ring cell type/Inconel
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Design of Reactor Internals

The control rod assembly FUEL ROD
consists of cluster type rods
and has one rod drive for three =
: (@
fuel bundles. Figure 3 shows a S 3o ggﬂim RoD
cross section of fuel bundle and Ay 20500
control rod assembly. Each CONTROL ROD CONTROL RoOD

control rod is equipped with a 7IHBLE

follower in its upper region.
The control rods are inserted to
the fuel bundles from the lower
part of the core.

An upper - core - plate
connected with the upper shroud
is .set on the top of all fuel
bundles. This configuration
prevents the fuel bundles from
rising by -the hydraulic 1lift Fig.3
force caused by upward coolant )
flow,

Cross section of fuel bundle
and control rod assembly

The steam driers and separators of PGBR are designed as the same as
that of the current BWR.

PERFORMANCE' EVALUATION
Calculation methods

One of 'the remarkable features of the plutonium generation BWR is
that the effective moderator-to-fuel volume ratio is smaller "than in
current BWRs, so that the calculation method for microscopic epithermal
cross sections and the nuclear data library for resonance energy range
have . an ' important role in nuclear characteristic evaluation. In
particular,--evaluations _of _burnup characteristics for the resonance-
dominated neutron spectrum have some uncertainty. For precise numerical
evaluation - of -fuel. bundle designs, the VMONT7, in which a vectorized
Monte Carle neutron .transport method is coupled with ~the burnup
calculation, has been developed. The applicability of the VMONT code to
tighg lattice configurations was confirmed using the PROTEUS experimental
data®. - -

For thermal hydraulic analysis: the critical power correlation for
the tight lattice configuration gains increasingly in importance. So,
the modified CISE critical power correlation9, which is based on the
critical quality-boiling length correlation developed by CISEIO, has been
developed and verified using data from the experiment Ffor the critical
power of the closely packed lattice bundles. The proposed correlakion
cag reproduce the experimental data within a standard deviation error of
9%3. ,

The transient behavior of a BWR involves a complex interplay between
the inherent system thermal-hydraulics and neutronies and the active
components. The transient behaviors in the reactor vessel were evaluated
by a lumped-region model for in-reactor component thermal hydraulics
coupled with. a point reactor neutron kineties model, followed by one-
dimensional single channel analysis to estimate flow transient in a fusl
bundle. More precise analyses by a three dimensional nodal kinetic
codell are now in preparation. The modified CISE critical power
correlation was used for thermal margin calculatlions.
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Core performance

Performances of the ‘proposed three designs of the plutoniuﬁ

generation BWR are summarized in TABLE M.

In the study,

exposure of discharged fuel bundles and the operational
assumed to be 45GWd/t and 12 months respectively.

. Figure 4 .shows comparison
of the core averaged axial void

the average

cycle were

. . . 100 T -
distributions of PGBR-U with O FUELROD 151 Z =2, 1.3mm
that of current BWRs. The steam © CONTROL 15 | SRt; FUELROD
void 1is generated at a lower sol- P ety OANETER |
part of core than the current ‘?&GTW S0 '
BWR designs due to the PGBR Pu GENERATION} ™~
design concept of a higher § BWR
outlet coolant quality. As a ESO‘E?T%HRODIBmm .
result, the core averaged -void e VOID  51% CURRENT BWR
fraction is 51% for the PGBR-Il G |lFRACTION FUEL ROD
and the effective moderator-to- & 40} ~ |PITCH 3.9mmi
fuel volume ratio less than 0.3 8 39mm (VOO 40%
is realized. The required S ;T : éﬁiinzr

. - . gocaacad! ROD 62

enrichments of fissile Rlutonlum 20l Eéﬁgsoi OWATER ROD 3
fed to natural wuranium for I888222% rUEL ROD

- 00 H 12.3mm
discharged exposure of U5GWd/t ) DIAMETER
are 6.5% for PGBR-1 and I, 7.0% 0 . 152.4mm !
for PGBR-II. Evaluation - 0 0.25 0.5 0.75 1.0
confirms that the proposed BOTTOM RELATIVE AXIAL POSITION TOP
designs have the plutonium
generation ratios of ~1.0, which Fig.4. Comparison of fuel bundle
means that consumption of configurations and axial
fissile plutonium is equal Eto’ distributions of void fraction
.generation of fissile plutonium.

TABLE . Il
Core Performance of Plutonium Generation BWR
* Parameter PGBR-1 | - PGBR-1I PGBR-IL

Discharge exposure (GWd/t) 45 L5 45

Operabiéﬁél'cyéle length - (months) 12 1? 12

Pu-fissile enrichment® (W/o) 6.5 _ 6.5 7.0

Plutonium fissile inventory (t) 10.9 i0.0 9.4
|Plutnium generation ratio¥* 1,02 1.02 1.0

Maximum linear heat rate (kW/m) 18 27 30

Minimum critical power ratio >1.3 >1.3 >1.3

* The fiésile plutonium is fed to the natural uranium.

R Plutonium Generation Ratio

Pu-fissile amount in discharged fuel

-Pu-~-fissile amount

in new fuel

— 148 —



PNC TN9600 90-013

Thermal margin was evaluated using the modified CISE critical power
correlation and the proposed designs are confirmed capable of having
minimum critical power ratio (MCPR) of more than 1.3.

Transient and Safety Analysis

. The proposed designs of the plutonium generation BWR have negative
reactivity power coefficients. The typical transients were analysed and
the AMCPR, that is, decrease in thermal margin during transients was
evaluated, On the evaluation, the characteristics of the active
components in PGBR were assumed to have those of the ABWR's12.,  For
example, internal pumps are utilized as recirculation pumps instead of
Jet pumps in the current BWRs.

Figure 5 shows the results ggﬂ?gﬂ&{‘&f; Jump| AMCcPR WITH TURGIN 8vPASS
of transient analyses. “The : NALVE FAILURG
maximal "AMCPR of the PGBR-I is
0.13, which is nearly the same
as the current BWRs'., The PGBR-

II “has "an increasing power 0o
density compared with the PGBR- [aecuiLator
I. Though the maximal AMCPR of (FALLURE
the PGBR-II is 0.21, which is

larger than the currents BWR's,
boiling transient will not oceur. -/

and the fuel integrity can be

maintained because of the MCPR _é?ggﬁ;ﬁ%nowl
more than 1.3 in the rated power :

normal operation. Thermal --.Fig.5. Thermal margin during

margin of the PGBR-IL is typical transients

improved -compared with the PGBR-Il by improving a void reactivity
coefficients and decreasing the bundle power.

In all cases, the maximum heat flux and the maximum vessel pressure
" during transients -were confirmed :to be maintained. below the limiting
values of the current BWRs.

From the safety aspects, a HCPS line break accident, which seems to
be the most severe loss-of-coolant accident for the PGBRs, was also
analysed.: . Analyses showed that the peak claddlng temperature in LOCA is
550°C. for the PGER-Il, which is '

LOSS OF
FEEDWATER
HEATER

less than the llmltlng value gk Np_2§7 : A
{1200°C) of the current BWRs. Vi
o " PERMISSIBLE LIMIT  10pg] o
— qgol- LHALFUFE 2.1x10f vear| 7 1
ACTINIDE TRANSHMUTATION = e
) : ) - PLANT POWER: 1000 MWe ./
The design concept of the & e
plutonium generation BWR seems g 300y| CURRENT BWR o
‘to play an.important role from a STT]_ICERECE’ O:_” ?F /"
view point "of storage of long- ACTOR vl SR T oF
life actinide elements. In the g 200} ,,' THE REACTOR
2

second phase of PGBR development
divided into . two phase other
actinide -elements -as - well as 100+
plutonium are recycled together

P,u GENERATION BWR,

STORED IN

taking one .step forward from THE REACTOR
only plutonium recyeling in the o , \ ,

first phases. Figure 6 shous 0 10 20 30 40
that accumulation of neptunium- OPERATING PERIOD (FULLPOWER YEARS)

237 of which half life is about Fig.6. Accumulatlon of Np-237
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2x 106 year becomes equilibrium at the amount of 120kg per 1GWe PGBR core.
This result means that equilibrium state of neptunium between production
rates and consumption rates is kept in PGBR under the condition that
120kg of neptunium-237 generated in current BWRs is fed to the plutonium-
enriched natural uranium fuel bundles in the initial core of 1GWe PGBR,
and a new recycle system can be realized with 1light water reactor
technology, in which plutonxum and other actinides are conflned to only
nuclear reactors and reprocessing plants.

CONCLUSION

- The design concept of a plutonium generation BWR was proposed, which
has a_potential for achieving a plutonium generation ratio close to 1.0
and better natural uranium utilization by a factor of 5~10 compared with
current LWRs.  To achieve a higher conversion ratio, the effective
moderator-to-fuel volume ratio of less than 0.3 was realized in the BHWR
by using a closely packed hexagonal lattice with the rod-to-rod clearance
of 1.3~1.5mm and a hlgher core “average void fraction of more than 50%.
Numerlcal evaluation .for™ three kinds -of designs for BWRs with electric
power of 600MW and 900MW showed that the proposed ‘designs are feasible
 from nuclear, thermal-hydraulic and safety aspects, and that the concept
has another potential of realizing a new recycle system in  which
plutonium and other actinide are confined to only nuclear reactors and
reprocessing plants.
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Thermal plutonium recycling has been demon-
strated by Krafiwerk Union AG/Alkem on a large
scale since 1972 in power planis at Obrigheim and
Gundremmingen, Federal Republic of Germany
(FRG). An improved mixed-oxide (MOX) fuel fabri-
cation technology has been available since 1981, Suck
improved MOX fuel is currently being used at Obrig-
heim, Neckarwestheim, Unterweser, Grafenrheinfeld,
FRG, and Beznau 2, Switzerland. The MOX fuel
assemblies currently inserted exhibit an operating per-
Jormance that is comparable to that of uranium fuel
assemblies. Postirradiation investigations on MOX
Juel show high mechanical stability, low shrinkage and
swelling, and good behavior during power transients.
On the basis of this experience, large-scale use of
MOX fuel is technically feasible. .

INTRODUCTION

Reprocessing of spent fuel from light water reactors
{LWRs) on an industrial basis is becoming a reality.
This recent development can be expected to continue,
and increasing amounts of plutonium will become
available in the near future,

The situation for the Federal Republic of Germany
(FRG) is explained in Fig. 1. It shows the annual plu-
tonium amounts resulting from the reprocessing of
German LWR fuel according to present planning. The
first 10 years essentially concern reprocessing contracts
with COGEMA (France) and British Nuclear Fuels
plc. Increasing amounts of plutonium are also expected
from the German reprocessing plant currently under
construction at Wackersdorf. .

This plutonium could, of course, be used best in
the fast breeder reactor (FBR} fuel cycle. As shown in
Fig. 1, the plutonium amounts available in the near
NUCLEAR TECHNOLOGY

VOL. 77 MAY 1987

future will be muct higher than the requirements of

the German FBR program. On the other hand, long-

term storage of plutonium is expensive and undesirable
because the buildup of gamma active decay products
negatively affects processing of such plutonium at a
later date, As a result, there are strong incentives to
use the plutonium that is not required for the German
FBR program as soon as it becomes available for ther-
mal recycling in LWRs (Refs. 1, 2, and 3).

DEVELOPMENT GF THE MARUFACTURING TECHNOLDGY

The development of the manufacturing technology
at Kraftwerk Union AG (KWU)/Alkem began in 1965
when the first LWR mixed-oxide (MOX) fuel rods
were manufactured for the boiling water reactor
(BWR)} Versuchsatomkraftwerk Kahl (VAK), FRG.
Since then, increasing amounts of LWR MOX fuel
rods have been manufactured (see Table I).

The basic technology for LWR MOX fuel fabri-
cation is to a large extent the same as that for LWR
uranium fuel. Therefore, Alkem could take over a
considerable part of the fabrication processes and
equipment technology that are already in use at RBU
on an industrial scale. RBU, having the same share-
holders and situated on the same site as Alkem, is
responsible for KWU’s fabrication of uranium fuel
for LWRs. Some differences in fabrication technology
exist in pellet fabrication; however, for this fabrication
process a considerable amount of expertise could be
adopted from uranium production and then adapted
to MOX fabrication.

On a larger scale, MOX fuel rods were manufac-
tured in the early 1970s for the 345-MW({electric) pres-
surized water reactor (PWR) at Obrigheim and the
250-MW(electric) BWR at Gundremmingen. During
this campaign, where plutonium was recycled in
amounts generated by these reactors, it was demon-
strated that the technology at that time was able to
produce fuel of a quality comparable to the established

175
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4 E Plutonium Availabie for
-Thermal Recycling
m Requiremensts for
FBR Program
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Fig. 1. - Plutonium from the reprocessing of German LWR fuel and FBR requirements.
TABLE |
KWU/Alkem Operating Experience with MOX Fuel Assemblies (Status December 1936)
s Maximum
Insertion of Type All-MCX MOX Number Local Burnur
Power Plant MOX Fuel of Fuel Fuet Island Fuel of MOX | [MWd/kg
(Type) Assemblies Assembly | Assemblies | Assemblies Fuel Rods {Heavy Metal)]
VAK, Kah!l (BWR) After 1966 6x¢ 7 88 1101 21
KWL, Lingen (BWR) 1970 6xX6 -— | (Pu/Th) 15 26
KRB-A, Gundremmingen (BWR) | After 1974 6X6 64 - 2240 20
MZFR, Karlsruhe (PHWR) 1972 37 rods 8 -—= 296 14
KWO, Obrigheim (PWR) After 1972 |14 x 14 -18° 33 - 5940 41
13 2282 (OCOM) 44
58 (AUPuC) 44
GKN, Meckarwestheim (PWR) | After 1982 [15x 15-20 20 —— 4100 (OCOM) 46
KKuU, Unterweser (PWR) After 1984 [16x 1620 12 _— 1883 (OCOM) 33
949 (AUPuC) 33
BZN.2, Beznau-2 (PWR) After 1984 [l4x 14-17 16 -— 2864 (OCOM) 31
KKG/BAG, Grafentheinfeld (PWR) | After 1985 |16 x 16 - 20 6 —-- 3264 (OCOM) 27
512 (AUPuQ) 27
Total 189 89 25304
*For example, rod array 14 by 14 minus 16 control rod positions.
176 NUCLEAR TECHNOLOGY VOL. 77 MAY 1987
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LWR technology for uranium fuel.** Later results
from reprocessing of such fuel showed a residual
insolubility of the plutonium contained in nitric acid.
Therefore, some modifications had to be made to the
manufacturing process.

To meet the new solubility specification, two mod-
ified manufacturing processes were developed. These
new processes, which result in a MOX fuel with repro-
cessing properties that are as good as those of uranium
fuel, have been used since the new plutonium recycling
campaign started in 1981 and are currently used for
five PWRs,

As the main process for the long-term future,
Alkem developed the AUPuC co-conversion pro-
cess.®” This process, which was developed from the
AUC process, as used on an industrial scale for many
years at RBU, produces a MOX powder from a mix-
ture of plutonium nitrate and uranyl nitrate. Soluble
- MOX powder can be obtained with mixtures contain-
ing up to 40% plutonium. In its physical properties,
the powder resulting from this process is very similar
to the UQ, powder as produced by RBU’s AUC pro-
cess dnd has very good flowability properties. The
rather coarse grains lead to the high specific surface
and good sintering behavior by nature of their porous
structure.

60+ PuQ, from Oxalate Process
50
- 404
s
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=
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@
2.
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20+ (U,Pu)Oy from AUPUC Process
104
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Fig. 2. Particle size distribution,
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The coarse grains result in less dust formation,
which is very important in minimizing radiation doses.
Powders with considerable dust formation give rise in
a short time to a dust layer on the equipment and on
the inner walls of the glovebox, and thus to a high
dose rate for the operating personnel.

The grain size distribution is shown in Fig. 2. It
is compared in this diagram to plutonium oxide as
obtained by the oxalate process, which was used at
Alkem before the development of the AUPuC process.
In contrast to the PuQ, from the oxalate conversion
process, 90% of the MOX powder grains from co-
conversiosn are so coarse that they are unable to pene-
trate the lung. For health considerations, especially
under hypothetical accident conditions, this is very
important.

The process can be used for both LWR and FBR
fuels. In the case of FBR fuel, the MOX powder is

‘converted with a plutonium content as specified for

the fuel and can be directly pressed into pellets. In
the case of LWR fuel that requires a lower plutonium
content, it is more economical, to use the mastermix
concept, as shown in Fig. 3. The plutonium content
for the co-conversion is adjusted to ~40%, and the
resulting MOX powder is blended in an additional step
with free-flowing UO, powder to the specified low
plutonium content. Since the MOX powder is physi-
cally similar to the free-flowing UQ, powder ex AUC,
there are no difficulties in mixing both components.
The advantages of this process are as follows:

1. There are only a few process steps, particularly
in the powder phase, resulting in lower radia-
tion doses to working personnel.

2. In all steps of the process, plutonium is present
only in a highly diluted form leading also to a
lower radiation dose.

3. The MOX powder is fully soluble, thus facilitat-
ing scrap recovery in all stages of the process.

4. There is a low percentage of powder fraction
fine enough to enter human lungs.

5. It is possible to extract the americium built up
during longer plutonium storage time.

6. Properties are favorable for further treatment
of the MOX powder.

7. The experience from RBU’s AUC process can
also be used to a very high extent in this pro-
cess.

8. The process is suitable for FBR as well as for
LWR fuel.

A prerequisite for the AUPuC process, however,
is the availability of plutonium in the nitrate form.
This prerequisite will be satisfied in the future by the
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Wackersdorf reprocessing plant, which will deliver
plutonium in the form of nitrate solution or in a mix-
ture of plutonium and uranium nitrate solution. For
Alkem’s MOX fabrication as currently performed, this
prerequisite, however, is only met to a small degree,
- because only ~20% of Alkem’s plutonium supply
comes in the nitraté form from the German Wieder-
aufarbeitungsanlage Karlsruhe (WAK) reprocessing
‘plant. Over 80% of the plutonium supply currently
comes from COGEMA’s La Hague reprocessing plant
in the form of PuQ, powder.

Therefore, Alkem developed a second process—
the Optimized Co-Milling (OCOM) process — which is
used in the case of plutonium supply in the oxide form.
By optimization, the co-milling of UQ, and PuO,
powders was developed to such an extent that this pro-
cess could also manufacture fully soluble MOX fuel.
For economic reasons in the OCOM process, a master-
- mix concept is used (Fig. 3). This means that a mixture
containing ~30% plutonium is made from UQ, and
PuO, powder, and this mixture is then milled using
the OCOM milling process. The MOX powder that
results after the milling process is no longer free flow-
ing. By mixing this masterblend with the eight- to ten-
fold amount of free-flowing UQ» powder to obtain
the required plutonium content for LWR MOX fuel,
a feed materia! is obtained with a flowability sufficient
for direct pelletizing. The remaining process steps are
the same as for the AUPuC process.

AUPUC Process
Uranium Nitrate Plutonium Nitrate
60% 40%

Co-precipitation

{U:Pu} O, Powder

|

UQ4 Powder

THERMAL PLUTONIUM RECYCLING

An area requiring special attention for the OCOM
process is the homogeneity of the plutonium distribu-
tion."® In contrast to the AUPuC process, two mate-
rials of very different physical properties have to be
mixed together. One part is the master blend of PuO,
and UQ,, which after milling consists of a powder
with very fine nonflowable grains with a high tendency
to self-agglomeration, and the second part is the free-
flowing UO, powder from the AUC process with its
rather coarse grains. The mixing of the components
and the preventing of segregation during further pro-
cessing therefore require special attention and ex-
pertise.

As can be seen from Fig. 3, Alkem’s two new pro-
cesses as used for the manufacturing of LWR fuel dif-
fer only in the first part of the process. Also, most of
the manufacturing equipment is identical for both pro-
cesses. The properties of the MOX. fuel manufactured
by these new processes are very similar. As an exarmr
ple, Fig. 4 shows typical alpha autoradiographs of the
cross section of two LWR pellets manufactured by the
new processes.

‘Both new processes were sufficiently developed by
1980 to produce the first fuel rods for reactor tests.
After 1981 LWR MOX fuel rods were exclusively
manufactured using the AUPuC and the OCOM pro-
cess. Since then increasing amounts of MOX fuel rods
have been manufactured and inserted into various
LWR power plants (see Table I).

0OCOM Process
- U0, Powder PuQ, Powder
70% 30%

Mixing

l

Co-Miliing

U0, Powder

Mixing 1:10

Pressing

Sintering

Grinding

Solubility > 99%

o Mixing 1:8

Pressing

Sintering

Grinding

Solubility > 99%

Fig. 3. Schematic description of Alkem processes for pellet manufacture.
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Fig. 4. Alpha autoradiography of MOX pellets {LWR),

DESIGK OF MOX FUEL ASSEMBLIES

To meet the compatibility requirements of MOX
fuel assemblies with the other fuel assemblies in the
core, MOX fuel rods and assemblies follow the same
thermohydraulic, thermal, and mechanical design lim-
its as uranium fuel. The mechanical design of the
MOX fuel assemblies, except for the fissile material,
is identical to the mechanical design of uranium fuel
assemblies. In particular, the same geometry and struc-
tural materials are used. Where the neutron physics
design is concerned, MOX fuel assemblies should pro-
vide a mean reactivity equivalent to that of uranium
fuel assemblies and should achieve an equivalent dis-
charge burnup,?-3:3:9-1 _

Fuel elements based on a MOX island concept
shouid be preferred for BWRs but the concept of the
all-plutonium design can also be applied under special
conditions. It was found that the use of an all-
plutonium design is always advantageous in PWRs.
MAY 1987
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Flattening of the power distribution is achieved by
employing graded plutonium concentraiions. A lower
plutonium content is applied in those MOX fuel pins
that are adjacent to fuel regions enriched by 35U or
to water gaps. ’

The German utilities initially decided to concen-
trate plutonium recycling on PWRs. However, at
Alkem and KWU considerable experience in design,
fabrication, and irradiation also exists for MOX fuel
assemblies in BWRs. The anticipaied quantities of plu-
tonium will force recycling in BWRs to be used in the
near future.

The power distribution within the PWR MOX fuel
assemnbly that is surrounded by uranium fuel assem-
blies needs to be flattened by the appropriate choice of
at least two plutonium enrichments and their distri-

. bution.

Thie design calculations use a macrocell model
consisting of a pattern of one MOX fuel assembly sur-
rounded by three uranium fuel assemblies. The re-
sults of an optimization with the MEDIUM-/FASER
program system are.the enrichment and power den-
sity distribution. A MOX fuel assembly with an aver-
age Pug,, conrent of 2.83 wt% in U, is depicted in
Fig. 5. This figure shows the design of a MOX fuel
assembly, type 16 x 16 — 20, which is currently in use
at the power stations at Unterweser (KKU) and Grafen-
rheinfeld (KKG/BAG). With only two different plu-
tonium enrichments, a sufficiently flat power density
distribution is achieved. The enrichment structure of
these MOX fuel assemblies is identical to the MOX
fuel assemblies of Obrigheim (KWQ) and Beznau-2
(BZN-2) (types 14 x 14— 17 and 14 x 14 — 16, respec-
tively), and of Neckarwestheim (GKN) (type 15 x
15 — 20) nuclear power stations.

Improved designs for type 16 X 16 — 20 MOX fuel
assemblies, which are currenily in the licensing proce-
dure for the greater part of the 1300-MW(electric)
PWRs in the FRG, meet the following intentions:

1. Higher plutonium content to make the MOX
fuel assemblies equivalent to uranium fuel assemblies
of higher #*U enrichment. This may be done by
MOX rods of 2.1 and 3.5 wt% Pug,, at an average
Pup,, content of 3.07 wt% in natural uranium.

2. MOX fuel assemblies with improvements, e.g.,
to be inserted at low leakage cores related to a better
flattened power and burnup distribution. This new
design uses MOX rods of 1.9, 2.3, and 3.3 wt% Pug,,
(at an average content of 2.91 wt% Puy,,) in natural
uranium and four water-flooded rods.

A comparison of these designs is given in Table 11,
which shows the results of shuffling studies for 1300-
MW (electric) PWRs containing 48 MOX fuel assem-
blies in a core of 193 fuel assemblies. It is also intended
to increase the number of MOX fuel assemblies in the
cores by greater reloads and/or increased time of
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Fig. 5. Enrichment and relative power density dislfibution for the PWR, MOX fuel assembly type 16 x 16 — 20,

TABLE li _
Data of Qut-In-In Fuel Cycles with Different MOX Fuel Assembly Designs in a Large PWR
Reload: :
MOX fuel assembly number/Pug,, content (wt%) 16/2.83 16/3.07 16/2.91
Uranium fuel assembly number/2**U enrichment (wt%) 48/3.4 48/3.4 48/3.4
Data of equilibrium cycles
Initial boron concentration (ppm) 1241 1252 1247
Cycle length (day) 326 331 329
Average burnup of unloaded batch (MWd/kg} 35.4 35.9 35.5
Fissile content of MOX fuel assemblies
Fresh fuel
35U (kg per fuel assembly) 3.7 36 3.6
Pug,, (kg per fuel assembly) 15.2 16.5 15.4
Plutonium (kg per fuel assembly} 21.0 22.7 21.2
Burnt fuel
Burnup (MWd/kg) 37.1 37.5 37.4
2515 (kg per fuel assembly) 1.4 1.6 1.5
Pug.s (kg per fuel assembly) 1.7 8.6 7.7
Plutonium (kg per fuel assembly) 13.9 . 15.2 14.0
Reactivity data
Net control rod worth, end of cycle (%) . 7.6 7.5 7.5
Moderator temperature coefficient, end of cycle (pem/°C) —60.6 -61.8 -59.5
Reciprocal boron worth, beginning ol cycle (ppm/ %) -136 -137 —135

insertion of them. Both were found possible by
detailed fuel shuffling studies.

With regard to BWRs, it was intended to design a
MOX fuel assembly that concentrated a maximum
amount of plutonium in a minimum of reload fuel
assemblies. This aims at a reduction in the economic
penalty of island-type MOX fuel assemblies caused by
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the assembling procedure, the transporiation under
safeguards measures, and the interim storage needs
preceding reprocessing. .

In any case, reactivity coefficients, kinetic data,
hot channel factors, and the worth of the shutdown
systems must meet the design criteria and fulfill re-
quirements for safe reactcr operation.
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RECYCLING PROGRAM

KWU/Alkem began their thermal plutonium recy-
cling program with the insertion of a test assembly into
the BWR at Kahl in 1966. In the following years, fur-
ther MOX fuel test assemblies were irradiated in the
power plants at Kah!l (VAK), KWL (Lingen, BWR)
and MZFR [Karlsruhe, pressurized heavy water reac-
tor (PHWR)]. The irradiation of MOX fuel assemblies
was continued on a large scale at KWQ (Obrigheim,
PWR) since 1972 and at KRB-A (Gundremmingen,
BWR) since 1974 (Ref. 5).

Plutonium recycling in PWRs has been performed
with the improved MOX fuel (OCOM and AUPuC) in
KWO since 1981, in GKN (Neckarwestheim) since
1982, in KKU (Unterweser) and Beznau-2 since 1984,
and in KKG/BAG (Grafenrheinfeld) since 1985 (Refs.
land 3).

As shown in Table I, 25 504 MOX fuel rods (= 278
fuel assemblies) currently have been irradiated to a
maximum local burnup of 46 MWd/kg (M), to a max-
imum average burnup per fuel assembly of 37 MWd/
kg (M). These include 14393 fuel rods with MOX
OCOM fuel and 1519 with MOX AUPuC fuel.

Irradiation Experience with MOX Fuel

The MOX fuel assemblies exhibited an operating
performance that is equal to that of the uranium fuel
assemblies supplied by KWU. There are no reasons
why an extension of the burnup to higher values is not
possible. Continuous pool inspections during refueling
and at the end of the irradiation using wet sipping and
visual inspections with a television camera have con-
firmed the excellent behavior of the MOX fuel assem-
blies.

To obtain more detailed data, 23 KWO fuel
rods—13 with former standard MOX fuel, 6 with

AUPuC fuel, and 4 with OCOM fuel, with burnups -

from 6 to 37 MWd/kg (M) —have been investigated in
the KWU hot cells at Karlstein. The examinations
showed no significant differences in the materials per-
formance of MOX fuel as compared to UQO, fuel.
Both behaved identically with regard to changes in
outer diameter (cladding creep down), as shown in
Fig. 6, and in increase of length (irradiation growth),
as shown in Fig. 7.

Related to the average burnup, the integral volume
changes of the MOX fuel due to densification and
later due to swelling are smaller compared to that of
UOQ; fuel. This has been determined from gamma
scans of MOX fuel pellet columns (length changes)
and additional density measurements on MOX pellets
with burnups from 5.5 to 40.5 MWd/kg (M).

A difference has been observed in the fission gas
release of the MOX and UO, fuel rods. The frac-
tional fission gas release in the former standard MOX
fuel was found to be higher compared 1o the UQ, fuel
NUCLEAR TECHNOLOGY
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Fig. 7. Length increase of KWQ UQ; and MOX fuel rods
as a function of neutron dose.

rods, particularly up to burnups of ~25 MWd/kg (M)
(two-cycle rods). This is mainly attributed to the lower
initial bulk density of the former standard MOX fuel
(9.9 compared to 10.35 g/cm? of the UQ, fuel), the
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high open porosity (~80%), the higher fission density
associated with the discrete PuQ. particles [local
burnups in the PuQ, particles of ~300 MWd/kg
" (M)], and hence the microscopically inhomogeneous
fissioning. Moreover, some MOX fuel rods were irra-
diated at higher heat generation rates (260 to 300
W/em) than the UQO, fuel rods (200 to 250 W/cm).
With increasing burnup and decreasing heat gen-
eration rate, the fractional fission gas release decreased
toward the values known from UQ,. It is assumed
that this is the result of a continuous homogenization
of plutonium in the surrounding matrix, a reduction
in open porosity, and an increased contribution in
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Fig. 8. Fractional fission gas release of MOX fuel rods
jrradiated in KWO.
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power generation from plutonium generated in the
UQ, matrix. However, no macroscopic redistribution
of plutonium was observed.

Because of its more homogeneous structure, }ugher
density (~10.4 g/cm?®), and lower open porosity
(<40%), the improved MOX fuel {AUPuC, OCOM}
shows a smaller fractional fission gas release at lower
heat generation rates (<260 W/cm) than the former
standard MOX fuel. After irradiation up to a burnup
of ~33 MWd/kg (M) at heat generation rates of ~290
W/cm during the second and third cycle, however, the
fission gas release is comparable to that of the former
standard MOX fuel. Figure 8 contains the measured
fractional fission gas release of KWO MOX fuel rods
with former standard, AUPuC, and OCOM fuel as a
function of burnup.

As described, the performance of MOX fuel rods
at stationary operation {constant power) has been verv
satisfactory. Fuel rods in power reactors are subject 1
power variations during their lifetime, however, whic
means power increases after a prolonged period at
part-load and from control rod movements combined
with xenon-effects.

To simulate such typical power changes, several
ramping experiments have been performed with short
fuel rods made from former standard MOX fuel and
AUPuC-MOX fuel at KWO and HFR Petten (for
design data of test rods, see Table III) (Ref. 12).

The following ramp experiments revealed the supe-
rior ramping behavior of these MOX fuel rods:

1. In KWO, 14 test rods with former standard
MOX fuel, preirradiated at KWO to a burnup range
of 9.0 to 21.8 MWd/kg (M), were ramp tested start-
ing at 160 to 360 W/cm and leading to 270 to 420
W/cem. Thereafter, two of these ramp-tested rods were
ramp tested a second time after a further preirradia-
tion period at 165 to 230 W/cm and a burnup of 17 to
27 MWd/kg (M) to 260 W/cm.

2. In the High Flux Reactor (HFR), Petten, T
Netherlands, 10 test rods with former standard MOA
fuel, preirradiated at KWQ to a burnup range of 9.3
to 32.1 MWdskg (M), were ramp tested between 250
and 480 to 560 W/cm.

TABLE Il
Ramp Experiments with MOX Fuel Rods at KWO and HFR Petten, Design Data of the Ramped Test Rods

Pug,, in natural uranium (wt%) 3.2
Pellet diameter (mm) 9.08
Mox fuel density

Former standard {g/cm?) 9.91t0 10.2

AUPUC (z/cm?) 10.35
Zircaloy-4 cladding Stress relieved
Cladding dimensions {mm) 10.75 x 9.28

Fuel length {(mm) : 310
Fuel rod length (mm) 385

Diametric gap (mm) 0.200
Helium prepressure (bar) 22.5
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3. In the HFR Petten, three test rods with AUPuC-
MOX fuel, preirradiated 10 ~35 MWd/kg (M), were
ramped from 250 W/cm to 420 to 490 W/cm.

The power ramp rates in all 30 tests were in the 70 to
120 W/(cm-min) range. No defective MOX test rod
has been found,

Figure 9 shows the ramp terminal linear heat gen-
erating rate as a function of burnup of the 30 ramp-
tested rods in comparison to the power thresholds that
have been elaborated for the UQ, fuel rods. It can be
seen that these power thresholds for UQ, fuel rods
were clearly exceeded by the MOX fuel rods.

Postirradiation examinations of these 30 MOX test
rods after ramps at a higher burnup still reveal no
diameter increase. The dimensional behavior is nearly
equal to that of UO, fuel rods with a corresponding
power history. The measured fission gas release of the
~ramped MOX fuel rods also tends to higher values in
comparison with ramped UQO, fuel rods.

Experimental Verification Related to Neutren Physics

The success of the neutron physics design of MOX
fuel assemblies is demonstrated by the behavior dur-
ing the recycle program as predicted and as verified by
in-core measurements-both at startup and during the
cycle. This experience has been complemented by some
special experiments that cannot be conducted in power
reactors. Further verification of the neutron physics
design stems from postirradiation examinations using
gamma scans and isoiopic composition and burnup
measurements.>>!! :

Some examples of this experience are as follows:

Roepenack et al.

THERMAL PLUTONIUM RECYCLING

1. Burnup behavior. The cycle length is the most
interesting quantity for fuel shuffling planning and
economy. During KWO plutonium recycling afier
1972, it has been shown that the predicted results with
changing amounts of MOX fuel assemblies were as
good as for pure uranium cores. The cycles show that
fresh MOX fuel assemblies have the tendency to
shorten the cycle by ~1 to 2 days related to different
designs and plutonium composition per MOX fuel
assembly. By appropriate design this effect can be
overcome during the second and particularly the third
irradiarion period.

2. Power density distribution. Control of the
power density distribution is done by aeroball activa-
tion measurements. No differences are to be seen
between the interpretation of the activation in, near,
and far from MOX fuel assemblies. -

3. Control rod worth. MOX fuel assemblies can be
loaded at any core position. It has been shown by
means of experiments at KWO and at the KRITZ
facility that the control rod worth is reduced signifi-
cantly by fresh MOX fuel assemblies and at high cool-
ant temperature. This is shown in Fig. 10. As the stuck
rod worth is reduced by the presence of MOX fuel
assemblies in the core in most cases, no restrictions for
their loading scheme result,

4. Burnup and isolopic composition measure-
ments. lsotopic analyses have been carried out on
several MOX fuel samples with an initial Pug,, con-
tent of 2 and 3.2%, covering a range of burnup up to
40 MWd/kg (M). The comparison of predicted and
measured jsotopic compositions can be considered
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Fig. 9. Ramping experiments with MOX fuel rods in KWO and in HER Petten (all rods are nondefective).
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Fig. 10. Ratio W of the reactivity worth of control rods in MOX fuel assemblies to that in uranium fuel assemblies ver-

sus moderator temperature.

highly satisfactory for all plutonium isotopes. Higher
actinides such as americium and curium isotopes,
which are of special interest related to waste disposal,
are also determined well by the calculations.

FUTURE DEVELOPMERT

Following the development for uranium fuel,
higher burnups and therefore higher plutonium con-
tents will also become necessary for MOX fuel. In
accordance with expecied 2**U enrichments of 4% in
the uranium fuel, corresponding MOX rod Pug;,, con-
tents up to 4.1% in the natural uranium matrix are ex-
pected. Such MOX fuel assemblies (e.g., 18 X 18 — 24)
may contain rods with only two different plutonium
percentages and four additional water rods.'? For low
leakage loadings, MOX fuel assembly designs with
burnable poisons may become necessary, especially for
BWRs. :

To close the fuel cycle, one must consider pluto-
nium recycling as well as the recycling of reprocessed
uranium?? (RU). Recycling of this RU for the greater
part should be performed by separate reenrichment to
enriched reprocessed uranjium (ERU) and fabrication
of ERU fuel assemblies. As shown in Fig. 1}, separate
reprocessing of ERU fuel assemblies opens the possi-

184

bility to use the whole second generation RU (RU2) as
carrier materia} for MOX fuel assemblies. This recy-
cling strategy

1. reduces possible radiological hazards due to
By and 23U decay products :

2. reduces the amount of 2*U in the fuel cycle
3. utilizes the whole potential of natural resource

The future MOX recycling program in the FR .
includes the continuation of the postirradiation exami-
nations on fuel rods currently under irradiation. For
AUPuC and OCOM fuel rods, such examinations will
be performed both at the pool sites of the different
PWRs and at the hot cells.

In addition, further ramp experiments are planned
in the HFR Petten using short test rods with AUPuC
and OCOM fuel after preirradiation for two, three,
and four cycles in KWO.

Further development of the MOX fabrication both
for FBR and for LWR purposes will depend mainly on
the experience that can be gained from the fabrication
quantities of MOX fuel in the next few years and on
the introduction of this experience into the future
development of processes and equipment. With such
development, we expect that the costs of MOX fuel
fabrication can be lowered considerably. Therefore, it
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seems reasonable that the closed fuel cycle, including
reprocessing and refabrication, can also become eco-
nomically competitive to the so-called once-through
fuel cycle. '

CONCLUSION

Thermal recycling of uranium and plutonium is a
technically and economically convenient technique for
utilizing the fissile materials gained by reprocessing.

This is demonstrated by the existing large-scale recy- .

cling experience in the FRG. This conclusion remains
valid if further improvements in uranium fuel assem-

bly and core design were also to be applied to the

closed fuel cycle.
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ABSTRACT

The Federal Republic of Germany has adopted the strategy of a closed fuel cycle
using reprocessing and recycling. The central issue today in this context is
plutonium recycling in operating PWRs and most recently in BWRs as well.
Optimized designs of MOX fuel assemblies for PWRs presently use up to 3 types of
MOX fuel rods having different plutonium contents with natural or tails uranium
as carrier material but without burnable absorbers. The MOX fuel assembly
designs for BWRs submitted for licensing use 4 to 5 rods with different plutonium
contents and Gdy03-UQ2 burnable absorber rods. Both the PWR and the BWR
designs attain good equivalence and compatibility with uranium-fuel assembilies.
High flexibility exists in the number of MOX fuel assemblies loaded in LWR cores.
Siemens/KWU experience with MOX fuel assemblies is based on the insertion of
242 MOX fuel assemblies in 8 PWR and 168 in BWR and PHWR so far. Primary
operating results include information on cycle length, power distribution,
reactivity coefficients and control rod worth of cores containing MOX fuel
assemblies. Normal levels of reliability and safety can be maintained in reactor -
operation even with increased MOX fue! fractions, higher fissile contents and at
high burnup.

1. INTRODUCTION

The Atomic Energy Act of the Federal Republic of Germany calls for the fuel cycle
to be closed by reprocessing and for the products of reprocessing to be recycled
[1, 2]. Plutonium recycling in existing LWRs is a central issue in this context {3, 4].
In addition to the research supported by the BMFT*! (Federal Ministry for
Research and Technology) the German electric power utilities have fofmed a
plutonium pool [5] intended to provide early benefit to all owners. Experience
with design and operation has been accumulated quickly due to the possibility of
concentrating use of the available stocks of plutonium on reactors for which
recycling licenses had already been granted and is an advantage in substantiating
applications for further licenses. The aim of the utilities' agreement was to
establish cost-effective plutonium recycling by the earliest possible date. This
drive was based primarily on the standardization potential of the existing PWR;
now licenses have been awarded or are pending for the use of mixed oxide fuelin
nearly all PWR. Licensing procedures are currently in progress for BWR as well, so
that all utilities, including those which have no PWR, will be able to use
plutonium. The aim of mixed oxide fuel assembly design is to place the greatest
possible amount of plutonium in the smallest possible number of fuel assemblies
and to achieve approximately the same burnup as is obtained in a uranium fuel
assembly so that there are no negative effects on cycle length, loading scheme
and power distribution.

*  Thiswork was supported by the Federal Ministry for Research and Technology
(BMFT) under project nos. KWA 7703 6 and 7704 7.
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On the basis of the licensing requirements the present paper describes MOX fuel
assembly designs for PWR and BWR and the relevant core management. This is
followed by a discussion of the present status of recycling and finally a
description of important experience. '

2.  NUCLEAR DESIGN.
2.1 FUEL ASSEMBLY DESIGN FOR LARGE PWR

Prarequisite for plutonium recycling is the Qranting of a license for the use of
MOX fuel assemblies in the reactor. Therefore the technical feasibility is
examined on the basis of realistic and enveloping designs. For this purpose,
studies are carried out in various areas of analysis for different categories of
requirements [6], as is shown schematically in Fig. 1. On this basis, the technically
and legally validated limits of MOX fuel use are defined in the licensing
procedure. Within these limits, licensing for individual cycles is then simply a
matter of proving that existing analyses cover the case to hand or of extending
their coverage by additional analyses.

Plutonium recycling in MOX fuel assemblies of the type shown in Fig. 2 is being
carried out in five of the seven 1300 MWe PWRs designed by Siemens/KWU
containing 193 type 16x16-20 fuel assemblies. Three rod types are used, one
containing 1.9 w/o Pufiss in the corner rods, one with a content of 2.3 w/o Pusigs
preferentially for the fuel assembly pefiphery and one with 3.3 w/o used in the
MOX fuel assembly interior. To date the carrier material has been natural
uranium. Water-filled cladding tubes are placed in four positions to increase
power output in the fuel assembly interior by improved moderation. The design
of these MOX fuel assemblies is such that, in conjuction with the currently normatl
reload batches and reload strategies with or without U-Gd fuel assemblies, they
achieve burnups comparable to uranium fuel assemblies with enrichments of
3.4w/o U235 and do not noticeably alter the length of the cycle. This design
approach produces early in life slightly lower average linear heat generation
rates than are obtained with uranium fuel assemblies. A fuel assembly as shown
in Fig.3 is included as a further example of a MOX fuel assembly in the current
licensing procedures. Tails-uranium is used in this fuel assembly as carrier material
as is Pu from high burn-up uranium fuel assemblies with correspondingly higher
Pufiss contents of 2.2, 3.0 and 4.6 w/o. An equilibrium core based on full low-
leakage loading with altogether 81 MOX fuel assemblies (42 % of the core) of
this design is illustrated in Fig. 4. This equilibrium core has a reload batch
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consisting of 24 MOX fuel assemblies and 32 uranium fuel assemblies of which
the majority are gadolinium-poisoned.

Important cycle characteristics for various equilibrium cores with MOX fuel
assemblies are listed in Table |. The first three columns refer to the above-
mentioned type 16x16-20 fuel assemblies. This is followed by examples of equilib-
" rium cycles for 1300 MWe reactors of the CONVOY type 'wi_,th type 18x18-24 fuel

assemblies. Two cases are considered, namely 50% MOX loading and, as an ex-
“treme, a long cycle in a reactor fully loaded with MOX fuel assemblies (Pu bur-
ner). The decisive factor here is that it has been possible to provide verifications
for these cycles as required in Fig. 1. Finally, the assessment of the core character-
istics is considered in Table | with reference to the differences from comparable,
pure uranium equilibrium cycles. With MOX fuel assemblies present in the core,
the more negative temperature coefficient of the coolant and the smaller boron
worth are especially apparent. As regards the net control assembly worth for the
stuck rod configuration at the end of cycle in the hot standby condition, data de-
pend more on the loading scheme than on the fraction of MOX'fuel assembliesin
the core.

2.2 FUEL ASSEMBLY AND CORE DESIGN FOR LARGE BWRs

In BWRs, too, preference is given to concentrating MOX fuel rods in as few reload
fuel assemblies as possible for reasons of fabrication, number of shipments and
backend considerations. Only the necessity to have Gd-poisoned fuel rods leads to
the provision of U-Gd rods in the MOX fuel assembly rather than developing
special U-Pu-Gd fuel. Fig. 5 is a design example of a type 9x9-9Q MOX fuel assem-
bly containing four MOX fuel rod types having different Puiss contents and tails-
uranium carrier material. The 12 U-Gd fuel rods are arranged in the vicinity of the
water channel which replaces the nine central fuel rod positions and which is an
important contribution to power ﬂattening and better moderation for the MOX
fuel. The central water channel also has a favorable effect on the void coefficient
and hot-to-cold swing. Table Il illustrates the important characteristics of an equi-
librium core with 31% MOX fuel assemblies for a 1300 MWe BWR. However, load-
ings with 38% and 54% MOX fuel assemblies have been investigated for con-
sideration in other licensing procedures. In this context, we await positive
assessments from TUEV and the corresponding licenses.
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3. LICENSING STATUS

The present status of licensing for German pressurized water reactors is collated
in Table Iil. The Swiss reactor BZN-2 is also included, since plutonium recycling
started out very similar to KWO (Obrigheim). Although it was possible to treat
the reactors KKU (Unterweser) to KBR (Brokdorf) in the same way with regard to
fuel assembly design and core management in the course of time due to the
decentralized licensing procedure in the FRG different licensing practices evolved
with regard to acceptable reload batches, MOX fuel assembly fractions'in the
core, and in particular with regard to the maximum permissibie content of Pusiss
and permissible carrier materials. Such differences are even found in the licenses
of the identical CONVQY reactors KKI-2 (Isar), GKN-2 (Neckahfvestheim) and KKE
(Emsland). The documents being prepared at present for Biblis A and B incor-
porate an attempt to anticipate future necessary changes in the design of MOX
fuel assemblies as regards carrier materials and plutonium vector and content so
as to prepare the way for evolution in plutonium recycling. This invalves not just
verifying compliance with neutron physics design requirements but also gener-
ating legally unambiguous formulations. Table IV shows the corresponding li-
censing information for BWRs. It is hoped that the preparations in progress for
licensing of boiling water reactors will lead to the first application of MOX in
large BWRs as scheduled for 1990.

4. RECYCLING STATUS AND NEUTRON PHYSICS EXPERIENCE

Now that the boiling water reactors VAK (Kahl) and KRB-A (Gundremmingen A),
and also the MZFR heavy water reactor, which were the first users of mixed oxide
fuel in the seventies, have been taken out of service, KWO is now the only reactor
at which mixed oxide fuel has been in uninterrupted use since 1972. The maxi-
mum number of MOX fuel assemblies used in a reload batch in each PWR and the
number of MOX fuel assemblies used to date are listed in Table V. The maximum
fraction of MOX fuel assemblies in a core load so faris 23% at BZN-2. In this case,
a large fraction of 4-cycle MOX fuel assemblies is present in the core, as is
illustrated by the loading in Fig. 6, and a partial low-leakage scheme without
burnable poisonsisin operation.

Neutron physics experience is based on start-up measurements, inservice cycle
monitoring and individual measurements required under licensing commitments.
The reliability of the design methods is confirmed by measurements of cycle
length, reactivity coefficients such as for coolant temperature and boron
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concentration and power density distribution. This also applies to control assem-
bly worth measurements which were substantiated in 1989 by measurements on
fresh MOX fuel assemblies inserted at rodded positions.

Very different compositions or vectors of plutonium have been used, starting
with plutonium from Magnox reactors and progressing to piutonium from high-
burnup fuel comprising up 10 2.2% Pu238 and only 54.5% Pu239. Pathfindér rods
of second recycling generation plutonium contained only 43.8% Pu239 and
14.2% Pu241 but 34.3% Pu240.

The fabrication experience [7] and the results of fuel examinations [8] are
presented separately at this conference.

A survey of the chronological development of MOX fuel use in PWRs is collated in
Fig. 7. In particular since new methods of manufacturing MOX fuel became
available in 1981, numbers of MOX fuel assemblies inserted per year and of
course the total in service have strongly increased; of the total of approx. 53,000
fuel rods which have been incorporated in reload batches, just under 30,000 of
them are now operating in reactor cores.

5. PROSPECTS

In addition to the above-mentioned current licensing procedures, developments
are paralleling uranium fuel in the design of and obtaining operating licenses for
correspondingly higher enriched MOX fuel assemblies for higher burn-up. Major
factors in this respect are plutonium with a smalier proportion of thermally fissile
isotopes and the use of other carrier materials. As long as the licensed MOX
fractions in cores has not been exhausted, no additional licensing will be needed
for the time being. It is, however, to be pointed out that the MOX fraction which
can be considered safe from the neutron physics standpoint has not yet been
exhausted, by the limits hcensed up to now.
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SIEMENS Table I
MOX-FA Loading no./% 48/25 B81/42 81/42 97/50 193/100
Loading Scheme out-in-in  LLwith Gd LLwith Gd part LL partLL Effect
Reload MOX-FA/U-FA no.no. 16/48 24/32 24/32 24724 64/0 Compared
MOX-FA Type 16+16-20-4 16+16-20-4 16+16-20-4{ 18-18-24-4 18+18-24 to
Pugie-Contents Yo 1.9/2.3/3.3 1.9/2.3/3.3 2.2/3.0/4.6 {2.0/2.6/3.9/5.0 4.1 U-Cores
U;35-Contents Yo 0.7 0.7 0.25 0.7 0.7 '
U-FA, Uzzs-Enrichment  W/o 3.4 3.5 35 4.0 -
Cycle Length d 329 310 318 323 454 same
MOX-FA Burnup ) U-FABatch:
MOX-Batch -‘Mwdrkg 37.4 35.3 373 48.2 48.8 Burnups
max. MOX-FA Mwd/kg 39.0 41.9 437 54.6 57.6 about same
Initial Boron ppmB 1247 1088. 1083 1256 1996 less
Concentration
Reciprocal Boron ppmi%Apl - 135 - 147 - 158 -178 - 298 higher
Worth, BOC {about - 120)
Mod. Temerature pcmdK -59.5 -69.1 -614 -77.4 -78.5 jhigher (about
Coeff,, EQOC - 5510 -65)
Net Contral Red % Ap 5.5 - 8.6 4.7 . 5.4 53 less to same
WORTH, EOC, HZP

-

Data of Equilibrium Fuel Cycles in Large PWRs with Different MOX Fuel

Assembly Designs used in the Licensing Process

weal
'0B9

Taple II

SIEMENS

MOX-FA Loading no./% 264731 0/0
Leading Scheme LL LL
Reload: MOX-FA . no. 40 0
average Pugi,-Content Wio 3.26 -
average U235-Content Yio 0.80 -

U-FA no. 96 136

average U235-Enrichment Yio 3.4 34

Cycle Length, including Coast Down d 296 298

MOX-FA Burnup -

MOX-Batch MWd/kg 45.2 -
max. MOX-FA MWd/kg 47.3 -

: Hot Excess Reactivity, BOC % Ap 1.3 1.1
Cold Shutdown Margin, 80C % Adp 1.4 1.3
MCPR:  U-BE 1.35 1.38

MOX-BE 1.50 -
Max. Linear Heat Rate:  U-BE Wicm 412 437
MOX-BE Wiem 399 -

Data of Equilibrium Fuel Cycles in a Large BWR
with and without MOX Fuel Assemblies
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SIEMENS Table III
MOX-FA guantities
Power Plant MOX Fuel Rods Status of licenses .
per FA no. per no.in %
reload. core in core
KWO 180 inuse 3 28 26
BZN-2 179 in use 8 32 26
GKN-1 203 inuse 8 16 9
KKU 232/236 inuse 16 48 25
KKGf 232/236 in use 16 64 - 33
KW@ 232/236 inuse 16 64 33
KKP-2 232/236 inuse 24 72 37*
KB8R 2321236 inuse ) 16 64 33
KKI-2 296 granted 24 96 50
GKN-2 296 granted 24 72* 37*
KKE 296 granted 16 48 25
KWB-A 232/236 in preparation 24 81 42
KWB-B 232/236 in preparation 24 81 42
KMK 264 in preparation 20 80 39
* interim limit
Status of MOX Licenses for PWR "
SIEMENS Table IV
MOX-FA quantities
' MOX Fuel .
Power Plant Rods per FA Status of licenses no. per no. in %
' reload. | core in core
KRB-B 68 applied for 60 300 38
KRB-C 68 applied for 60 300 38
KKB 58 applied for 32 136 25
KKK 60 in preparation 40 264 31
KKi-1 60 in preparation 64 320 54
wwu B3

Status of MOX Licenses for BWR 1089
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SIEMENS Table V
Reached Recycle Quantities
Power Plant | maxno. no. max.
MOX-FA | MOX-FA | percentage
per reload used in core
KWO 62 22
BZN-2 36 23
GKN-1 32 10
KKU 44 17
KKGT 32 17
KWG 20 10
KKP-2 12 6
KBR 4 2
MOX insertion in PWR by SIEMENS KWU Group Y-
SIEMENS Figure i
Categories of Normal Operation Accidents

Requirements

Areas of Analysis

Reactor Core

Spent Fuel Pool and
New Fuel Store

Transients, LOCA,
External Events

Neutron Physics

Thermal Hydraulics

System Dynamics

Fuel Rod Design

FA Structure Design
LOCA Analysis

MQX-FA-Design
Core Characteristics

unchanged

Control Rod Worth

Fission Gas Pressure
Corrosion

unchanged

—

Sub-Criticality
Decay Heat

Boron Worth
Reactlvity Coefficients
Contrel Rod Worth

as above

Fuel Rod Failure Limit

unchanged

evaluated

Radiclogical Aspests

Aclivity Inventory

Activity Inventory
Release Rates

Activity Releases

Safety Evaluations Related to MOX Fuel Assembly Licenses
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SIEMENS Figure 2
Al Al Al Al & Al Al
0.93(1.00(0.99(1.00{0.93[0.91|0.98{0.9710.82/|0.90(0.95
A . X A Al X
W Jo.90RCcl1.02]1.001.08)0.08f0.g3o.sal1.01| [T 19% pu,,,
A XA =% i . Mass Fraction in U,
1.03[1.00/1.02|RCCi0.83{1.0010.83(0.95RCC :
2 A A Al a3 M 23% Pug,,
RCC 0.92/0.9411.02{1.05[1.00(0.84/0.941.02 Mass Fraction in U,
A A F A A Al A
0.85(1.03/1.06{1.0110.84|0.94}1.02 A 3144 Pu,.,.
- Mass Fraction in U
f %Red 9 “Rreclo.salr.otlo.sslo.97Rec nat
8T 8 T Yo.o7l1.08l0.8710.981.01 3.4% U2
B3 X X X X X Al
1.08[0.91{0.9610.99
. W | Water Rod
0.9610.98(1.00
1.00|1.04] |RCC| RCC Position
RCC RCC RCG
PWR, MOX Fuel Assembly Type 16x16—20—4
Enrichment and Relative Power Density Distribution
SIEMENS Flgure 3
A B P A A A A X
0.89]0.95/0.93/0.950.90/|0.88(0.95/0.55[0. 79(0.89(0.96
Iy Iy Al A Al X &
W 1.03[RCCi0.68/0.97[1.00(0.98/0.80[0.91/1.00 22% Pug,,, _
a—E—a—a—=% 2= | Mass Fraction in U,,,,,
0.97|0.68/0.88|RCCI1.08(0.97]0.80/0.4RCC
- X
2 7. A A& A K 30% Pugy,,
RCC 0.88/0.92/0.991.03(0.98/0.81(0.93[1.01 Mass Fractionin U,
& Al A [ A A Al X
0.93(1.02|1.07]1.00l0.82/0.83[1.01 3 446% Fug,,
& Mass Fraction in U
T “ked 1 “Roolo.sal1.08]o.84lo.s8lred tadls
T 9 9 9 9 Yoddlo.sslo.sslo.eslt.o1 3.5% 1P*
X B X X Xl X B
1.06(0.91/0.95[0.99
W | Water Rod
" lo.esl0.98(1.01
1.01|11.05] [RCCl RCC Position
RCC RCC RCC

PWR, MOX Fuel Assembly Type 16x16—20—4
Enrichment and Relative Power Density Distribution
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SIEMENS Figure &
1 2 3 4 5 6 7 8
1- Pu4| Pu2; Pu3f Pu3| Pu2! U3 Pul Pu3
1.08| 1.25 1.21] 1.16| 1.20| 0.94| 1.13| 0.45
\ Pusl Pu2| Pul| U3l U2 U1 Ua
1.18| 1.32| 1.44| 0.99| 1.19| 1.07{ 0.32
3 Va2l usl u1l uvsz| Pul| Pus
1.28{ 1.12| 1.40| 0.96] 1.14| 0.43
A U2 U2 U2 Ui uUa
1.30| 1.24| 1.22| 1.12| 0.27
5 U3l Uil Pu2
1.02| 1.18| 0.73
6 Pul Pud
0.94| 0.34
Pud | Type of FA, Insertion Period
1.08; Rel. Power Density
Equilibrium Low Leakage Loading Cycle for
a large PWR with 81 MOX Fuel Assemblies
SIEMENS Figure 5

Control Rod Position

© e o

%

+ 15w/, Gd,0,

Type Fissile Content Number
of Rod w/o PUfiss v% uz3s ©°f Rods
7 1.59 0.20 4
e
2.58 0.20 8
% 2.69 0.20 24
9 5.93 0.20 24
.
® 0 3.95 12

(Water Channel)

BWR, MOX Fuel Assembly Type 9x9-9QA
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SIEMENS Figure 6
MOX MOX MOX Mo
4 1 1 4
MOXY MOX MO MOX MO MOX
) MOX| Type of FA
4 3 2 2 3 4 1 Inserilon Period
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1 2 2 1
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MOX MOX MO MO X
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Actual MOX Loading Pattern at BEZNAU-2
Cycle 17 (1988-89), 28 MOX Fuel Assemblies
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"ABSTRACT

The technical feasibility of recycling of enriched reprocessed uranium (ERU) has
been clearly proven by design investigations and by the insertion of 9 lead test as-
semblies. Since only a small portion of reprocessed uranium (RU) can be used as
carrier material for the plutonium in mixed oxide (MOX) fuel assemblies if this is
desired at all, the greater share of RU is to be processed into enriched reprocessed
uranium (ERU) fuel assemblies. Design studies for ERU fuel assemblies show the
" equivalence to U fuel assemblies. No significant deviations in the neutron physics
characteristics of cores containing rather high quantities of ERU fuel assemblies
have been found. For testing U recycling, reprocessed uranium was reenriched to
a somewhat higher U235 content to compensate the parasitic neutron absorption
of U236. No adverse effects have been found during reactor insertion of such ERU
fuel assemblies. The recycle potential of reprocessed uranium is reduced signifi-
cantly with increasing burnups. Highly selective enrichment technolgies (e. g. LA-
SER enrichment) can reduce the burden of increasing quantities of U236, ERU
recycling can be performed as early and as long the utilities see the need and the
economic attractiveness.

1. INTRODUCTION

The Atomic Law of the FRG demands the utilization of the fissile material contai-
ned in spent fuel assemblies unless, according to the state of the art, it is not sa-
fely possible or not reasonably economical. The reason for closing the nuclear fuel
cycle by reprocessing spent fuel assemblies is manifold:

- better utilization of the natural uranium resources

- minimization of nuclear fuel imports

- longterm option of fast breeder reactors

- reduction of long half-life activities in ultimate waste disposal.

The main goal of a closed fuel cycle via reprocessing [1-3] is to recover the plutoni-
um (Pu). These Pu supplies would, of course, be best utilized in the fast breeder
reactor (FBR). However for the foreseeable future, the expected Pu supply far
exceeds the Pu demand of the European FBR programs. Therefore Pu recycling in
thermal power reactors by mixed oxide (MOX) fuel assemblies (FA} has been per-
formed to a growing extend in the FRG. The status of MOX-FA design, fabricati-
on, core management and irradiation experience in the FRG is covered by three
separate papers at this meeting.

This work was supported by the “Federal Ministry for Research and Technology
(BMFT)” under contract nos. AtT 7645, KWA 7703 6 and 7704 7
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In addition to Pu increasing amounts of reprocessed uranium (RU) a're projected
to be generated (Fig. 1). In principie this RU can be used to a smaller portion as
carrier material for the Pu in MOX-FA and/or be processed into enriched RU fuel
assemblies (ERU-FA).

By design studies and irradiation of lead test assemblies it has been demonstrated
that recycling of ERU is safely possible. The second provision of the Atomic Law,
whether it is reasonably economicél, seems to be fulfilled for U reprocessed up to
now and in the near future i. e. from fuel with low and intermediate burnup. A
higher burnup significantly reduces the recycle potential of the recovered urani-
um due to a more and more limited U235 content and the degradation by the
presence of larger amounts of the parasitic neutron absorber U236.

A technical oriented criterion on the value of RU is given in Fig. 2. The scheme de-
picts the combinations of initial U235 enrichment and reached final burnup of U-
FA which yield RU being equivalent to natural uranium and uranium of 0.5 and
0.3 w/o U235, respectively. The possible improvements related to future highly se-
lective enrichment processes are included, too. It can be seen that up to burnups
far beyond todays experience there is a decreasing but still significant potential
for better utilization of the natural uranium resources. The utilities therefore ha-
ve to decide whether they prefer an early but restricted use of the RU or store it
and wait for a more selective enrichment process like the atomic vapor laser
isotopicseparation and thus better usage of the RU.

A reprocessing of spent ERU fuel is technically and economicallly not recommend-
able due to the even worse degradation by U236 and the large increase in the
Pu 238 content. Thus for spent ERU-FA final storage in geoclogical repositories is
considered rather than reprocessing them, while for spent MOX-FA multiple re-
processing is feasible [1]. '

In the following these statements will be explained in more detail.

2. DESIGNSTUDIES

The goal in designing ERU fuel assembiies, which exhibit full in-core compatibility
with standard U fuel assemblies and any number of which may be inserted into
the core, is to achieve burnup levels equivalent to those for standard.fuel assem-
blies without a negative impact on cycle length. Burnable poison in the form of
standard U/Gd fuel rods is inserted into ERU fuel assemblies as it is into U fuel as-
semblies.
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The negative reactivity provided by the relatively large amounts of U236 plus
U234 present in ERU fuel, which act as neutron absorber, have to be compensated
for by increased U235 enrichment by an amount up to about 1/3 of the U236 con-
tent in order to achieve an equivalent reactivity (see Figure 3). Curves for the in-
finite multiplication factor k. as a function of burnup for U fuel assemblies with
3.5 w/o U235 and equivalent ERU fuel assemblies with 3.8 w/o U235 and 1 w/o
U236 are nearly identical up to the target burnup [3-4] of about 42 MWd/kg.

Actual fuel assembly design consists of performing rod-by-rod calculations for a
so-called macrocell. An ERU macrocell consists of an ERU fuel assembly and three
U fuel assemblies. Figure 4 shows for both the relative linear heat generation rate
(LHGR) for individual rods at beginning of cycle. As designed for there is almost
no difference in average LHGR for the two fuel assembly types (ERU-A is ~ 2 %
higher). The fuel rods with the highest thermal loadings, which are located ad-
jacent to the control rod guide tubes, also exhibit a powerincrease of ~ 2 % relati-
ve to the average rod power. There is a difference in LHGR between the peripher-
al ERU fuel rods and the adjacent U fuel rods of up to ~ 5 %. This difference can be
attributed to the fact that the increased absorption in ERU fuel leads to a harden-
ing of the neutron spectrum compared to that for U fuel.

An in-core study was conducted to investigate the effect of ERU fuel assemblies
with 3.8 w/o U235 and 1 w/o U236 on a reactor core at burnup equilibripm.

Two alternative ERU reload strategies were employed for a reload study compri-
sing reloads of 64 fuel assemblies for a 1300 MWe PWR with 193 FA in total:

- 24 ERU fuel assemblies per each reload
- B4 ERU fuel assemnblies inserted as one complete reload batch.

The data for the equilibrium cycle of the first reload strategy is compiled in Fig.'5.
The reactivity coefficients and control rod worths for the equilibrium cycle are
shown in comparison to a pure fresh U reload strategy. The second reload strate-
gy investigated involved inserting a single reload batch consisting solely of ERU
fuel assemblies; this batch was then investigated for three subsequent cycles,
with the next two reloads consisting of fresh U-FA. In conclusion, it can be said
that the two reload variants for ERU fuel assemblies can be viewed as extreme al-
ternatives for all possible realistic reloads. There were no significant safety-
related differences between the two variants. Both alternatives investigated
would accommodate far more RU in the form of ERU fuel assemblies than could
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be obtained from reprocessing fuel discharged from the reactor concerned. From
these results it can be expected that also complete ERU-reactor-cores will show no
significant difference.

3. EXPERIENCE WITH ERU FUEL ASSEMBLIES IN THE FRG

Uranium fuel assemblies containing enriched reprocessed uranium obtained
through the reprocessing of burned U fuel assemblies have been inserted in the
following plantsin the FRG {1]:

- 108 ERU fuel rods with a U235 content of 3.5 w/o and 72 U fuel rods with
3.2w/o U235 were employed in 1 FA which wasinserted into the core of KWO
from 1983 to 1986 [3, 5]. '

The ERU fuel rods had the following compaosition:
U232/U234/U235/U236/U238 = 0.3 x 10-6/0.07/3.50/0.85/95.58 w/o

- In 1986, 4 complete ERU fuel assemblies with a total of 820 fuel rods having
an U235 content of 3.76 w/o were inserted in GKN-1. '
The fuel had the following composition:

U232/U234/U235/U236/U238 = 0.5 x 10-6/0.07/3.76/1.03/95.14 w/o

- In 1987, 4 additional ERU fuel assemblies were inserted in GKN 1. They had
the following composition:

U232/U234/U235/U236/U238 =0.55x 10-6/0.06/3.72/0.81/95.41 w/o

The ERU test fuel assembly for KWO (see Figure 6) has the same structure as the
standard fuel assemblies inserted in KWO and contains, as described above, fuel
rods of varying enrichment. The test fuel assembly was inserted in 1983 and, after
3 operating cycles, was discharged from the core with a FA-average burnup of 33
MWd/kg HM in 1986. During each shut down for reload, one ERU and one U fuel
rod were removed from the FA through a cruciform opening provided for this
purpose in the top nozzle and were subjected to post-irradiation examination.
The irradiation history of the assembly is given in Fig. 7. Two ERU fuel rods were
inserted in another FA for a 4th cycle and reached a maximum burnup of 42
MWd/kg.

The operating behavior of the ERU test fuel assembly over 3 cycles and of the two
fuel rods inserted for a 4th cycle was good.
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On the basis of the post-irradiafion examinations performed [7], it is concluded
that there is no significant difference in the operating behavior of ERU and U
fuel assembilies.

These results have been confirmed by the experience with the 8 ERU lead test as-
sembliesirradiated at GKN-1 during the period since 1986.

4. RADIOLOGICAL ASPECTS OF ERU FUEL - DECAY HEAT

Tha decay of U232 and U234 lead to an increase in the activity of RU and ERU du-
ring processing. Calculations were performed to obtain a quantitative determina-
tion of the activity inventory of the ERU fuel prior to insertion in KWO. This fuel
had the following composition:

U232/U234/U235/U236/U238 =0.3 x 10-6/0.07/3.50/0.85/95.58 w/o

The calculations were performed using the KORIGEN [5] computer program de-
veloped at the Karlsruhe Nuclear Research Center. The data obtained were com-
pared with the activity inventory for standard fuel assemblies with an initial en-
richment of 3.1 weight per cent. The activity of the ERU fuel in question was
found higher than that of the enriched uranium fuel by a factor of 2.6. Whereas
the effect of the U234 decay chain plays a predominate role in photon yield, the
total photon energy emitted is increasingly affected by the U232 decay chain,
which builds up over a period of years and to which the two.hard y-emitters,
Bi 212 and TI208 make a significant contribution.

This increase in activity is characteristic of fresh fuet and is a determining factor in
establishing requirements for the production and handling of new ERU fuel as-
semblies. It is apparent from Figure 8, which shows the major y-energy levels, that
radiation exposure from U232/Th228 decay products can be significantly reduced
if work proceeds quickly following cleaning during reprocessing and conversion.

The activity inventory in the core depends mainly on fission products which reach
equilibrium fairly quickly during reactor operation. The level of fission products
present depends in turn on the power density in the core. The concentration of
fission products with long half -lives increases proportional to burnup. A calcula-
tion of the overall activiiy inventory for U and ERU fuel assemblies in the core at
reactor shutdown at the end of an operating cycle shows that the activity of the
ERU fuel assemblies is almost identical (0.4 % lower) than that of the U fuei as-
semblies.
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The levels of activity and decay heat as a function of decay time drop more siowly
for ERU than for U fuel. The resulting activity in a storage pool filled with ERU
fuel assemblies is about 7 % higher compared to U fuel assemblies.

The slightly higher decay heat exhibited by the ERU fuel is a result of the signifi-
cantly higher decay heat of the actinides present. However, the decay heat of the
actinides is generally one order of magnitude smaller than that of the fission pro-
ducts and thus has only a minor effect on the overall decay heat to be discharged
from the storage pool.

5. CONCLUSIONS

The TUV, the authorized experts in FRG, have already certified that the use of ERU
fuel assemblies a in PWR in no way degrades plant behavior under normal opera-
tion as well as accident conditions.

On the basis of the above mentioned designs and the experience gained with
ERU-FA at KWO and GKN-1 some licenses on ERU fuei assembly insertion have be-
en granted. They follow the concept of “equivalence” to licensed U fuel assem-
blies in relation to enrichment, burnup and criticality safety. The licenses for ERU
fuel assemnbly insertion at KKP-2 and the KONVO! plants KKI-2 and GKN-2 can be
seen as examples for licenses for other reactors.

Furthermore, it can be concluded from the experience with the use of ERU lead
test fuel assemblies that no major technical difficulties with a future use of ERU
fuel at a PWR are to be expected. These results can be transferred to BWR ERU
fuel assemblies without restrictions.

The recycle potential of reprocessed uranium is reduced significantly with increa-
sing burnup. Highly selective enrichment technologies (e. g. LASER enrichment)
can reduce the burden of increasing quantities of U236. Recycling of RU can the-
refore be performed as early and as long the utilities see the need and the econo-
mic attractiveness. '
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Abstract

Up to now SIEMINS/KWU's cperaticnal experience with recycled fuel materials
is based on the irradiation of 410 MOX (mixed oxide) and § ERU {(enriched
reprocessed uranium) fuel assemblies in 8 PWRs, 3 3WRs and 1 PHWR. That
corresponds to about 53 800 MOX and 1 750 ERU fuel rods. 20§ MOX fuel
assemblies (about 44 350 fuel rods} have been fabricated with MOX fuel of
the new OCOM and AUPuC processes. The maximum assembly burnups achieved are
42 GWd/t(HM) (MOX) and 33 GWd/tU (ERU), respectively. The irradiation
behaviour of the MOX and ERU fuel has been followed and investigated in
detail by special operational surveillance programmes in the different
spent fuel pools on many standard MOX and ERU fuel assemblies and addition-
al irradiation programmes with pathfinder MOX fuel rods in special carrier
fuel assemblies and with special MOX test rods in test rigs in the NPP
Obrigheim as well as in the HFR Petten (power ramping experiments) followed
by hot cell examinations. Postirradiation examinations of MOX fuel at ’
burnups of up to 47 GWd/t(#¥) showed no significant differences in the
materials performance under stationary and transient power conditions as
compared to UQ, standard fuel. The irradiation behaviour of ERU fuel was
almost identical to UQ, standard fuel, too. Altogether, the irradiation
experience with MOX and ERU fuel is very encouraging and their large-scale
use in LWRs is technically feasible.

1. INTRODUCTION

Up to 1980 SIEMENS/KWU used as standzrd mixed oxide (MOX) fuel a
mechanically blended fuel type. The irradiation experience on fuel assem-
blies with this MO0X fuel, gained on 201 fuel assemblies (= 9463 fuel rods)
in 3 BWR, 1 PHWR and 1 PWR (see Table I), was excellent /1-2/. However,
this MOX fuel did not satisfy the necessary reprocessing requirements such
as complete solubility of plutonium in pure nitric acid (> §9 %). This led
to the development of new MOX powder preparation processes named AUPuC and
OCOM which yield pellets of better plutonium solubility in pure nitric acid
already in the as-fabricated condition /3/.

Since 1981 SIEMENS/KWU has inserted MOX/AUPUC/CCOM fuel assemblies
on & large scale in 8 PWRs. 209 fuel assemblies (= 44352 fuel rods) have
been irradiated up to 4 cycles. A maximum fuel assembly burnup of
42 GWd/t(HM) has been achieved (see Table I) /3-5/.

In 1983 the recycling of fuel with enriched reprocessed uranium
(ERU) was started in two PWRs. Meanwhile 9 ERU fuel assemblies (= 1748 fuel
rods) have been irradiated for 3 cycles corresponding to a maximum fuel
assembly burnup of 33 GWd/tU /6-8/.

During the last years many surveillance and investigation programmes
onn the new MOX and the ERU fuel have been performed to supplement the pre-
vious irradiation experience gained on fuel rods with the former standard
MOX fuel.

In the following it will be exclusively reported about the per-
formance and the results of the programmes on MOX/AUPuC/OCOM and ERU
fuel.#)

#) This work was supported by the "Bundesminister fir Forschung und Tech-
nologie™ under Contract Nos ATT 7685/8, 7658/0 and 7692/3 and partly by
the "Deutsche Gesellschaft fir Wiederaufarbeitungz von Kernbrennstoffen
mbH", Hanncver.
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2. OPERATIONAL SURVEILLANCE AND POOL-SITE INSPECTIONS

To determine the irradiation benavicur of fuel assemblies and spe-
cial test rods a large number of operational data, e.g., power history,
neutron flux distribution measured with the aeroball system and the sta-
tionary incore detectors, primary coolant temperatures, pressure, chemistry
etc. have been collected and evaluated. Eased on these data for each fuel
assembly or test rod investigated, e.g. the history of linear heat genera-
tion rate, burnup and fast neutron flux have been calculated.

First information on fuel red integrity of the fuel assemblies in
the reactor core was gained by measurements of the fission product activity
in the primary coolant {e.g., 1131, I133, Xe133, Xel135, Xr85m, Cs134, Cs137
etc.). In case of an increased coolant activity wet sipping tests on every
fuel assembly have been performed immediately after reactor shutdown during
~~fueling.

Additionzl information about the irradiation behaviocur was obtained
Ly, continuous pool-site inspections on the fuel assemblies during refueling
or at the end of irradiation.

Table II shows the number of fuel assemblies with MOX/AUPuC/OCOM and
ERU fuel, respectively, irradiated up to 4 cycles with burnups up to
42 GWd/t(HM), and inspected in the spent fuel pools.

The visual inspections have been performed using a radiation-resis-
tant underwater television camera. The length variatiocns of the fuel assem-
blies {guide tubes) were méasured with a special device built on the prin-
ciple of thne calliper rule and calibrated agzinst standards. The axial
clearance of the fuel rods to the assembly end fittings was determined
using measuring rulers attached to the TV camera. The oxide layer thickness
on fuel rods in the outer positions of fuel assemblies was measured by
means of an eddy current probe. :

Table III contains a summary of measurements on individual ¥0X and
ERU fuel rods in the spent fuel pools as well as in the hot cells.

Tor the measurements the fuel rods were withdrawn from the fuel
assemblies and passed through a multiple fuel rod measuring device. This
~ yice allows simultaneous measurements of diameter, oxide layer thickness

well as eddy current defect testing and visual inspection. Length mea-
.rements were performed with a vernier calliper device.

Additional hot cell work has been done on a selected number of
precharacterized fuel rods with burnups ranging from 6 to 42 GWd/t(M) (see
Table III). The most important items which have been examined in the hot
cells were fission gas release, dimensional and microstructural behaviour
of the fuel pellets and the cladding (densification, swelling, changes in
pore and grain size, corrosion, hydrogen pick-up) and mechanical behaviour
of the cladding e.g. creep down and growth. :

3. POWER RAMPING EXPERIMENTS

Fuel rods in power reactors are subject to power ramps during their
lifetime, e.g., power increases after a prolonged period at part-load and
by control rod movements combined with xenon-effects /9/.

To simulate such typical power changes several ramping experiments
have been performed with short fuel rods containing MOX/AUPuC and MOX/0COM
fuel, respectively, in the High Flux Reacter (HFR), Petten, The Nether-
lands. The short rodiets were pre-irradiated in segmented fuel rods at the
NPP Obrigheim (KWQ) up to 4 cycles.
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Table IV shows the main design cata of the razmpsd test rods. In
addition to the 10 rzmp tests with former standard ¥OX fuel /1, 2/, T MOX/
AUPUC fuel rodlets witn burnups of 26 to 43 GWd/t(BM) and 2 HOX/0CCHM fuel
rodlets with 2 burnup of about 24 CWd/t(HEM) have been ramp tested. The ramp
terminal power was up to 490 W/cm starting from 250 and 300 W/cm, respec-
tively (see Figure 1). ' .

The power ramp rate in all the tests was about 100 W/(em min). No ~
defecis of MOX test rods have occurred.

Figure 1 shows the ramp terminal linear heat generating rate {LHGR)
as a function of burnup for the 9 ramptested rods in comparison to the
defect thresholds that have been established for U0, fuel rods. It can be
seen that the defect thresholds for UO_ fuel rcds c6uld clearly be exceeded
with the MOX fuel rods without defects.

b, MAIN RESULTS OF POOL-INSPZCTIONS AND HOT CELL EXAMINATIONS

The overall behaviour of MOX/AUPuC/CCOM and ERU fuel assemblies was
comparable to that of uranium fuel assemblies supplied by SIEMENS/KWU.

Fuel rod failures, {4 MOX FAs and 1 ERU FA), could definitely be
attributed to fretting by debris and were not specific to MOX and ERU fuel.
Surveillance of the primary coolant activity gave no indication for a
-different fission product release characteristic of MOX and ERU fuel assem-
blies compared to uranium fuel assemblies. A comparison of the relevant
physical properties governing the fission product release did not show any
significant differences between MOX and uranium fuel, hence supporting an
almost identical defect benaviocur for MOX and uranium fuel.

The dimensional behaviour, length and diameter changes, is {ully
comparable to that of U0, fuel rods. Figure 2 describes the length increase
of MOX/AUPuC/QCQOM and ERS fuel rodilas_i function of fast neutron fluence.
Up to a fast fluence of about 5x10 cm (€ > 0.82 MeV) the length in-
crease follows a linear relationship with fast [luence, as deduced {rom
empty tube measurements. At higher fast fluences an increasing scatter in
the data and a deviation from linear behaviour is observed. 3oth, the
deviation from the linear relationship and the increased scatter could be
attributed to pellet/clad interaction. Compared to uranium fuel rods whose
growth with 95 % confidence is also shown in Figure 2 the MOX and ERU fuel
rods reveal an identical growth behaviour.

This is alse true for the maximum diameter decrease of MOX/AUPuC/
OCOM and ERU fuel rods as shown in Figure 3. The diameter of MOX and ERU
fuel rods like that of uranium fuel rods of similar rod power decreases
steadily with time and does not indicate any support by the swelling fuel
up to buraups of 42 GWd/t(HM).

As expected, oxide layer thickness measurements on MOX and ERU fuel
rods gave values identical to urapnium fuel rods for comparable power
history.

The densification and swelling behaviour of the MOX/AUPul, MOX/OCOM
and ERU fuel have been examined in dependence on the fuel burnup. The re-

. sults are presented in Figure 4 in comparison to the densification and
swelling data band for UC, standard fuel (dotted lines). Apart from the
ERU fuel, whose density data fit well into the UO2 data band, the density
data of the MOX/AUPUC and MOX/OCOM fuel altogether are positioned at the
lower boundary c¢f thne UOD data band; that means the dimensional changes of
the MOX fuel up to fuel Durnups of about 40 GWd/t(EM) seem to be somewhat
smaller.
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Figure 5 shows the stationary fractionzl lission gas release of
MOX/AUPuC/OCOM znd ERU fuel in dependence on {fuel rod burnup. The fraction-
al fission gas release of MOX/AUPuC/OCOM and ERU fuel at high burnup ranges
from 2 % to 17 %. This wide raznge in fractional fission gas release is
attributed to the alsoc wide range of power historles and consequently fuel
temperatures of the fuel rods examined. Cycle average LHGEs of about

250 W/cm in the second and third operational cycle generally lead to high
fission gas releases (about 17 %} while LHGRs lower than 210 W/cm, as for
instance in the case cf the ERU fuel rods, caused fission gas releases of
about 2 %. Altogether fractional f{ission gas release of MOX/AUPuC/OCOM fuel
was found to be somewhat higher at comparable power history in relation to
UO2 fuel. .

The measured transient fission gas release of MOX/AUPuC fuel rodlets
pre-irradiated to burnups of about 26 to 43 GWd/t(EM) and ramped to ter=-
minal power levels of 420 to 490 W/cm ranges from 23 to 46 % and is com-
parable to ramped U02 fuel rods.

¢ SOLUBILITY TESTS ON IRRADIATED MOX/AUPul/OCOM FUEL

To determine the solubility behaviour eof plutonium from irradiated
MOX fuel rods fuel samples Wwere examined from one, two, three and four
cycle rods with MOX/AUPuC and MOX/OCOM fuel, respectively. The content of
fissile plutonium was about 3.2 %, the burnup of the samples in the range
of 3 to 46 GWd/t(HM). The solubility tests on these samples were performed
in pure nitric¢ acid. They altogether yielded high plutonium solubilities
{> 99.8 %) thus comparable to UO2 fuel /10/.

6. IRRADIATION TESTS WiTH PLUTONIUM OF 2ND GENERATION

In 1980 SIEMENS/XWU started an irradiation programme with segmented
MOX fuel rods containing plutonium of the second generation. This material
was gained in the reprocessing plant MILLI at the WAK in Karlsruhe from
first-generation material, which was irradiated for 3 cycles in the NPP
Gbrigheim. .

14 MOX fuel segments, fabricated at ALKEM by using the AUPuUC pro-
cess, Were irradiated in different KWO MOX fuel assemblies for 2, 3 and
" ycles. : ’ .

The fuel rodlets achieved burnups from 26 to 47 GWd/t(HM). They did-
not reveal any fuel rod defects. The overall operating performance was
comparable to that of MOX fuel rods with [{irsi-generatiop plutonium, al-
though fission gas release was considerably higher.

A comparison of neutron physics results with the performed isotopic
analyses confirmed that the fuel rod power histories and thus the reacti-
vity pattern can be predicted with a high degree of accuracy. The nuclides
relevant to neutron physics are desc¢ribed with sufficient accuracy.

T. CONCLUSIONS

The operating behaviour of the recycled fuel materials MOX/AUPuC,
MOX/0QCOM and ERU fuel was investigated in detail by systematic inspections
on many fuel assemblies and individual fuel rods in the spent fuel pools
and by hot cell examinations on selected, precharacterized fuel rods.
Supplementary power ramping experiments in the HFR Petten yielded addition-
al information about the operating behaviour under transient power condi-
tions.
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The results of the postirradiztion examinations up to lozzl burnups
of 87 GWd/t{EM} can be summarized zs fclliows ’
~ no fuel rod defects specificly czused by recycled fuei material,

- no significant differences in dimension and corrosion behaviour of

- MOX/AUPuUC/GCOM fuel but somewhat higher fission gas release at comparable
power history in relation to UQ_ fuel,

- excellent load following behavidur of the MOX/AUPUC/OCOM fuel,

- very good solubility behaviour of plutonium in pure nitric acid which is
important for the reprocessing procedure of irradiated fuel

- almost identical irradiation behaviour of ERU fuel to UO. standard fuel.

MOX recycling with plutonium of the second generatiSn has been
Successfully tested by irradiation of test fuel rods in XWO up to a burnup
of 47 GWd/t(HM).
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rirst All- HOX

huclear Yuecr =fnn: [nseriion’ FA-lyoe MOX/ERY Island  Number of fucl ivoe
{Iyue) Yoar v 2uD2 ATFAYS A ri Fuel Roc:

VAL,  xani (EwR: 180 bra-l /e $72  furmer it 0K .
LT Lingen (heR) 1574 oxh-0 - 1 15 Pu/ik, fors.ois.eox 5
xHA-A.  Lumiremmingen (HWH) iafa wx-0 =t 2260 Foraor zU1. #0X MH
HIFR, Karlsrune (PHwk 272 37-4 £ 236 Farmer 3tc. BOX IE]
KW, Ot tyneim (Pwidd 1972 14xtu-16 33 59ul} former Ste. “0X 35
K4, Oorigneim (PwR) 1481 14x14~16 29 5220 6eon s
. . 1983 laxla=1§ l 108 LRy 33
GKN-1.  Neckarwesinela (PRR) 1682 15x15-20 3z 6560 GCom uz
1986 15215-20 8§ 1640 ERY 3
KKL. unierweser (PuR} 15984 16x16-20 0 u720 0COM/ AUPUL 3
. 14987 16x16-2u 24 5563 0CQu/aPuc 25
B8/N-2. Beznau-2 (FWR) 1984 1axta-12 36 buly OCOH/AUPUC . it
KKG/BAG. Grafenrheinfelg (PHRt) 198% 16x15-20 16 5776 Lo/ AUPUC b1
1947 16218-24 16 372 QCOM/ Aubul 24
KKP-2.  Philtppsburg {FhR) [3:1:%:) 16216-24 . 12 2784 ocos/AUIuC - L]
. Gronnde (PHR) 1988 lbate-24 i . 4640 0COR/ AUPUC F}
KBH, grokgort (PHR) 1689 16x156-24 u . 528 GCOK/ AUPUC |
fatal MOX: 324 8% 53415 ] uz
fotal £RY: ) 9 1748 i3

Table I: SIEMENS'/KWU's Operating Experience with MOX and ERU Fuel Assemblies
(Status 10/89) ‘

FA Inspections in the Spent Fuel Pools

Fuel Irradiation Range of FA
Type Cycles FA Burnup Failures Axial Oxide Mea-
of FA (GWd/t(HM)) Visual TV Clearance Guide surements
Inspection of Periph- Tube on Periph-
eral FRs to Length eral FRs
End Fittings (8 per FA&)
X 3 T - 14 2t 30 1 2 -
2 15 « 29 1 28 5 6 8
3 22 - 37 1@ 23 Yy 5 T
4 42 0 ] y - 4
Total T - 42 4 85 14 13 19
ERU 1 9 - 12 1 3 - - -
18 - 24 o] 2 - - -
30 - 33 0 2 - - -
Total g - 13 1 7 - - -

! FA-Failures caused by debris: 1 fuel rod per FA4;
- FAs were repaired and achieved their final burnup after 3 cycles;

Table II: SIEMENS'/KWU's Pool-Inspections on Fuel Assemblies with MOX-0COM/AUPuC
and ERU Fuel (Status Oect. 89)
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Measured Fuel Measurement
Huclear Average Fuel Rods in the alter Hot Cell
Power Plant/ Fuel 20d Red Burnup Spent Fuel Pool? Cycles Examinaticons
fuel Ass. Typa MOX/ MOX/ Ehiy
Typc (CWAZL{HM)) QCOM AUPuC (OCOM/AUPUC/ERU)
Gbrigheim MOX-Standar: t -9 2 i 1 2 i
{KW0) 17 - 20 2 1 2 2 1
T4x1b-16 29 - 36 T 16 3 3 2
38 ] 1 4 1 1
ERU-Standard i3 2 1 1
22 i 2 1
32 - 36 10 3 1
1 - 42 2 k- 1
MOX,Segmented g - 10 2 1 2
fuel Rods 20 - 23 3 2 2 1 2
. 32 - 34 & 2 3 2 2
39 1 1 y 1
Neckarwest- MOX-Standard 33 - I 16 3
heim (GKN),
15x15-20 35 - 41 11 3 b
Grafenrhein- MOX-Standard 31 - 38 i7 3
feld (KKGT)
16x16-20
Total 6 - L2 78 24 15 1 - K 17 10 y

® Eddy Current,

Length,

Diameter, Oxide Layer

Table I11: SIEMENS'/KWU's Pool-Measurements and Hot Cell Exapinations on IndLV1dual

MOX/OCOM/AUPUC and ERU Fuel Rods -(Status Oct.

89)

Pu., in natural uranium
fiss

Pellet diameter (mm}

(we %)

MOX fuel density: AUPuC (glcm3)

0COM

Fuel length (mm}
Fuel rod length (mm)

Zircaloy-4 cladding
Cladding divensions (am)

Diametrical gap (mm)
Helium prepressure (bar)

(glcms)

3.2/3.5
9.08
10.35
10.32

310
382

Stress relieved
10.75% x 9.29/9.27

0.210/0.150
22.5%

Table IV: Rawp Experiments with MOX Fuel Rods (AUPuC and OCOM)} at HFR Petten
Des.gn Data of the Ramped Test Rods
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IFigure 1. Ramping Experiments with MOX/AUPUC/0COM Fuel Rods in the HFR Petten
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INVESTIGATION QF HIGH-BURNUP LWR URANIUM, MOX
AND RECYCLED-URANIUM FUEL ON THE BASIS OF
- JEF-1 DATA VALIDATED AT KFK

H.W. Wiese

Kernforschungszentrum Karlsruhe
Institut fiir Neutronenphysik und Reaktortechnik
P.O. Box 3640, D-7500 Karlsruhe 1, F.R.G.

ABSTRACT

Based on the Joint Evaluated File JEF-1, with the KfK burnup code
system KARBUS and subsequent KORIGEN calculations the charac-
teristics of high-burnup PWR uranium, mixed-oxide (MOX) and recy-
cled uranium (RU) fuels are analysed. Actinide masses, decay heat,
radicactivities and radiation are discussed for exposures from 40 - 60
GWd/tHM both in case of reprocessing and in case of a direct storage of
used fuel. A comparison with recent results from LANL for vranium
fuel burnt to 50 GWd/tHM shows good agreement for important
actinides and fission products.

INTRODUCTION

Validation of the European Nuclear Data File JEF-1 for LWR burnup applications
by comparisons of calculated nuclide concentrations with experimental values
from post-irradiation analyses had been performed successfully at KfK for PWR
uranium fuel with burnups up to 30 GWd/tHMI!, In this paper, advanced PWR
uranium-, MOX- and recycled-uranium (RU) fuel characteristics are analysed for
burnups up to 60 GWd/tHM. With respect to fuel reprocessing, final storage of |
waste, and a direct storage of spent fuel elements, the high-burnup behaviour of
actinide nuclides and the emission of neutron, y- and a-radiation from spent fuel
and waste is investigated. Our calculational results for radioactivities are com-
pared to theoretical values found in recent literature.

METHODS FOR DATA PROCESSING AND INVENTORY CALCULATIONS

The JEF-data are processed to a 63-group-constant set with NJOY2. For the
KARBUSS3 cell ancf burnup calculation, special attention is paid to the self-
shielding of the most important actinide and fissicn product nuclides with the
KfK-version of the code RESAB4 by properly determining the resonance neutron
flux used for weighting. Fuel decay calculations are performed with KORIGENS,
which is also used for stand-alone burnup and decay calculations with consistent
cross sections from the preceding KARBUS runs.
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INVESTIGATED FUELS AND CONDITIONS OF IRRADIATION

In order to maintain criticality at least up to a burnup of about 50 GWd/tHM,
uranium fuel with 4.0 w/o U235, MOX-fuel with 3.7 w/o fissile plutonium in
natural uranium, and RU-fuel with 4.5 % U235 is chosen. The MOX plutonium
and the RU uranium vector are

Pu238/Pui239/Pu240/Pu241/Pu242 = 1.8/59./23./12.2/4. (wlo)
U232/U0234/U235/U236/U238 = 3.35-6/.15/4.5/2.2/93.15 (w/0)

The fuel atomic number density is 2.155 - 1022 atoms of heavy material per ccm.
Since the investigation aims at the long-term fuel and waste behaviour, simplified
irradiation conditions, namely a constant-power operation with 36.7 MW/tHM, is
modelled; additionally, the boron concentration is kept constant to the average
value of 500 ppm. The reactor lattice is of BIBLIS-type, i.e. pin radius of 0.4659
em, canning thickness .0725 ecm, and 2 moderator - to - fuel ratio of 2.06.

COMPARISON OF SELE CTED CHARACTERISTICS OF
IRRADIATED FUELS 7 YEARS AFTER DISCHARGE

In Table O for U-, MOX- and RU-fuel the amounts of U, Pu, Am, Cm and Np, the
total actinide and total fission product radioactivities and decay heat releases, and
the neutron and y-emission 7 years after discharge for burnups of 40, 50 and 60

GWdJd/tHM are listed. For comparison, also values for lower-burnup uranium fuel
after 33 GWd/tHM are given.

Decay Heat and Main Contributors
For the actinide total heat releases a characteristic ratio of

"U:MOX:RU=1:54:1.8at50 GWd/tI-iM

is found. From Table I, where the contributions of the main decay heat nuclides
Cm?244, Pu238 and Am241 7 years after discharge are given, it is seen that the
large decay heat in MOX-fuel mainly originates from Cm244 (64 %) and to a lesser
part from Pu238 (22 %), whereas in RU-fuel Pu238 with 71 % is the main
contributor. In U-fuel, Cm244 and Pu238 both yield ca. 40 % of the actinide decay
heat 7 years after discharge.

TableI

Decay Heat (absolute in. W/tHM and relative to total actinide in %)
of main Decay Heat Contributors after 50 GWd/tHM Burnup

. U-Fuel MOX-Fuel RU-Fuel
Nuclide |wannv % |WAEM S %  [WHHM %
Cmo4a 197. 205 |169L. 63.7  |15L. 17.6
Pu238 191, 393 | 572, 915 |807. 70.7
Am241 60.6 125 | 260. 98 |623 73

Other Actin. | 87.4 77 | 133, 50 1377 14
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TableII

Characteristics (per tHM) of High-Burnup PWR Fuels 7 Years after Discharge (no Reprocessing)

Fuel - Uranium MOX 3.7 % Pu-fissile Recyé]ed Uranium Uranium*
Burnup 4.0 % U235 in nat. Uranium 4.5 % U235 3.2%
GWdtHM - 40. 50. 60. 40. 50. 60. 40. 50. 60. 33.
Masses U 9477 936.0 9245 919.5 Q116 903.5 945.6 9333 9213 955.8
. Np 0.57 0.73 0.85 0.23 0.29 0.33 2.00 2.36 2.63 0.44
kg Pu 9,78 10.86 11.74 35.64 32,95 30.57 1043 1190 13.16 9.19
Am 0.57 0.74 0.92 3.40 3.49 3.50 0.54 0.72 0.90 0.46
Cm | 003 008 016 0.46  0.69 097 | 0.02 006 013 0.02
¥P 414 51.7 61.9 40.7 50.8 61.0 41.4 51.7 61.9 34.0
Activity Act. 4.3 5.1 5.8 20.9 20.3 19.5 4.5 5.6 6.6 3.5
Bg FP 16.3 19.7 22.9 14.1 17.3 20.3 16.4 19.9 23.2 13.8
x 1015 Total | 20.6 24.8 28.7 35.0 37.6 39.8 20.9 25.5 29.8 17.3
a 0.30 0.53 0.87 2.25 2.87 3.55 0.62 0.96 1.39 0.22
Heat Act. 0.28 0.49 0.80 2.09 2.67 3.12 0.56 0.87 1.26 0.20
kW P 1.36 1.70 2.03 "1.18 1.49 1.79 1.36 1.70 2.03 1.16
Total | 1.64 2.19 2.83 3.27 4.16 4.91 1.92 - 2.57 3.29 1.36
Neutrons Act. 3.1 8.1 17.0 46.0  68.7 §5.1 2.4 6.3 13.4 2.2
/secx 108 only
Gammas Act. } 079 - 1.21 1.78 . 5.28 6.18 7.15 1.27 1.88 2.60 0.61
/sec x 1014 FP 86.9 111. 134. 81.1 104. 1286: 86.0 110. 133. 70.8

Act. = Actinides, FP = Fission Products, Total = Act. + FP

* lower-burnup PWR reload fuel for comparison with high-burnup fuels with increased initial enrichment
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The large amount of Cm in MOX-fuel is generated from plutonium present
already from the begin of irradiation (initially 52 kg/tHM). In U- and RU-fuel, the
build-up of Cm is delayed, since there because of zero initial plutonium this has to
be generated from uranium before partly being converted to Cm.

Pu238 is generated in MOX-fuel via Pu241, Cm242, from Pu239 and from U238,
Np237.In RU-fuel, the generation of Pu238 is due to U236 and to U238 via Np237.
The Pu238 ratio 7 years after discharge is found as

U:MOX:RU =1:3:3.2at50 GWd/tHM

The factor 3.2 from U- to RU-fuel is a consequence of the U236 already initially
present in RU-fuel. :

Burnup Dependance of Spent-Fuel Characteristics

With respect to burnup in the range of 40 - 60 GWd/tHM the characteristics
compiled in Table H show the following behaviour: '

(a) The amounts of fresh-fuel constituents (U in U- and RU-fuel, Pu in MOX-fuel)
decrease with increasing burnup. The total amount of plutonium in U- and RU-

fuel slightly increases with burnup; at 50 GWd/t burnup there are 10.9 and 11.9
kg Pu/tHM, respectively. : :

(b) The minor actinides Np, Am and Cm are generated during irradiation; they do
not reach their equilibrium concentrations within the considered burnup range up
to 60 GWd/tHM. In particular, Cm, which 7 years after discharge predominantly
consists of Cm244, doubles every 10 GWd/t in U-and RU-fuel. In MOX-fuel the
relative increase of Cm in the high-burnup range is smaller. But, remember, there
is about 10 times more Cm in MOX-fuel than in U-fuel due to the short-way
production from plutonium - see also Table I. Since the emission of neutrons is
predominantly caused by spontaneous fissions of Cm244, the relative changes in
the neutron source in Table IT are similar to those of Cm.

(¢) The characteristics in Table II related to fission products of course linearly
increase with burnup. '

(d) The plutonium compositions dependent on burnup are listed in Table ITT.

Table IIT

Plutonium Compositions (w/o) 7 Years after Discharge

Burnup U-Fuel : MOX-Fuel RU-Fuel
GWd/t— { 40 50 60 40 50 60 40 50 60
Pu236, 95-6 135 1.7-56|11-6 1.7-6 2.5-6 [3.6-5 4.4-5 5.1-5
Pu238 2.1 3.1 41 |26 3.0 35 7.0 9.0 10.9
Pu239 57.9 52.2 478 |41.2 -37.9 35.5 }577 518 47.2
Pu240 23.7 254 264 [32.1 324 32.1 j21.0 224 . 232
Pu241 10.6 11.0 11.0 113.7 13.9 13.7 |9.8 10.3 10.3
Pu242 5.7 8.3 10.8 (104 128 15.2 |4.5 6.5 8.4
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Since Pu239 as a main fissile nuclide at larger burnups essentially contributes to
energy production, its relative-to-total-plutonium ratio becomes smaller with
increasing ‘burnup whereas the contributions of all other plutonium isotopes
increase. Pu241 reaches its relative equilibrium at about 50 GWd/t burnup in U-
and RU-fuel. In MOX-fuel it decreases after 50 GWd/t.

Of special interest is Pu238. Its increase with burnup in the higher burnup region
is strongest in U-fuel, almost doubling from 40 to 60 GWd/t and reaching 3.1 % at
50 GWd/t. But in RU-fuel it amounts to 7 % already at 40 GWd/t and is still
increasing! This large fraction of Pu238 is prohibitive for RU-fuel reprocessing
and a reuse of the plutonium product for fuel refabrication because of its strong
heat production and neutron radiation. However, if Pu238 is a wanted product to
be used for e.g, pacemakers and outer-space batteries, the long-term irradiation of
RU-fuel is the best way to get it.

Pu238, generated by (n, 2n)-reactions at Np237 and, via U232, leading to Th208
(2.6 MeV gamma-radiation), is produced favourably in RU-fuel.

Decay Heat Time Dependence

The long-term time dependence of irradiated fuel and of waste after reprocessing,
important for final repository investigations for direct storage of used fuel
elements or vitrified high active waste e.g. to determine the heat loading of the
repository, can be seen from Table V and Fig. 1.

Because of the assumed identical power density of 36.7 MW/t the decay heat
shortly after discharge (1 day) is nearly the same for all fuels considered.

The most evident difference in the succeeding course of time is that the MOX-
fuel/waste decay heat is distinctly larger than the decay heat from U- and RU
fuel/waste up to 500 000 years from discharge (factor 2 and 4 at 100 and 1000
years, resp.). From Table IV may be seen, that the fission product heat releases are
largely the same for U- and MOX waste. The actinide decay heat contributions,
however, are distinetly larger in MOX-fuel. Depending on their half-lives, the
dominating nuclides are Cm242 (short term), Cm244 and Am241 {up to several
100 years), and Am243 and the Pu isotopesin the long-term range.

Table IV

t

Contributions (kW/tHM) of Actinides and Fission Products to the Heat
Release after 50 GWd/t Burnup and Reprocessing 7 Years after Discharge -

Time after Actinides Fission Products
Discharge :
(years) U-Fuel MOX-Fuel Dom.Nuecl. U-Fuel MOX-Fuel
1 1.14 6.57 Cm242, 244 12.4 1386
10 0.24 1.79 Cm244 1.35 1.16
100 0.063 . 0.30 Am?241,Cm244 (0.14 : 0.11
103-.  10.015 0.067 Am241 2.6-5 3.2-5
104 1.2-3 6.8-3 Am?243, Pu 2.5-5 3.1-5
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Table V

Decay Heat (kW/tSM) from Actinides and Fission Products in U-, MOX-

.and RU-Fuel and Waste after 50 GWd/tHM Burn-Up and Reprocessing

7y after Discharge
Decay U-Fuel MOX-Fuel RU-Fuel
Time- :
) 4.0 wio U235 3.7 wlo Pu-fiss }|4.5 w/o U235
.0027(¢) 213, 218. 216.
1 13.5 20.1 18.5
3 4.82 7.48. 5.08
7 $2.19 4.16 2.57
7 2.19(a) 1.980) |4.16() 351 [2.57( 1.93(b)
8 2.05 1.81 3.98 3.27 2.42 1.77
10 1.84 1.59 3.69 2.95 2.21 1.56
30 1.16 876 2.49 1.57 1.50 870
60 714 441 1.70 770 991 443
100 441 201 1.23 407 645 204
300 179 4272 |.672 183 223 4.39-2
600 111 2.63-2 |.424 117 117 2.67-2
1000 17.17-2 1.49-2 |.269 6.75-2 |7.31-2 1.49-2
3000 2.79-2 2.43-3 |9.55-2 1.37-2  |2.84-2 2.19-3
6000 2.18-2 1.56-3 |6.99-2 9.12-3 |2.18-2 1.36-3
104 1.64-2 1.19-3  |5.16-2 6.79-3 |1.71-2 1.06-3
5-104 3.42-3 2.62-4 |8.49-3 1.10-3  |4.60-3 3.24-4
105 1.40-3 1.53-4 [3.46-3 4.38-4 |2.78-3 2.78-4
5-105 7.51-4 1.95-4 [1.91-3 4.06-4 |1.75-3 4.46-4
106 5.31-4 1.82-4 |1.34-3 3.75-4 |9.82-4 4.17-4
5-106 1.96-4 4.71-5 [3.73-4 9.73-5 [2.87-4 1.08-4
107 1.23-4 9.77-6 |1.63-4 2.08-5 |1.60-4 2.18-5

(@)  Irradiated fuel without reprocessing

(b}  Waste after reprocessing 7 years after fuel discharge with 0.3 % U and
1.0 % Pu losses '
() -lday
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For decay times larger 500 000 years in case of reprocessing the decay heat from
the RU-waste exceeds the MOX- and U-waste decay heat. This is due to the large

build-up of Np237 in RU-fuel during irradiation. The Np237 ratio after 50 GWd/t
burnup is found as .

U:MOX:RU = 2.7:1.:8.7 at discharge.

Within 10 000 yéars after discharge via the decay of Am 241 to Np237 this ratio
has attained

0.5 :1.:1.1 withreprocessing
U:MOX:RU =
: 0.34:1.:0.58 without reprocessing

where in case without reprocessing in MOX-fuel the initial drawback is over-
compensated by the decay of Pu241 to Am241. The interesting phenomenon of a
late increase of the RU-waste decay heat reaching a relative maximum at about
6.4 - 105 years of decay results from U233 in the decay chain of Np237.

COMPARISON WITH RECENT LITERATURE VALUES

In 1988, Wilson et al. from Los Alamos National Laboratory (LANL) published
calculational results on radionuclide inventories of high-exposure LWR fuelsé. In
Table VI, for the case of 4 % enriched uranium fuel in a PWR, their results are
compared to ours for 50 GWd/tHM burnup.

- Table VI

Selected Calculated Nuclide Radioactivities (Ci/tHM) at Discharge
for 4 % Enriched PWR Uranium Fuel from LANL and KfK

Nuclide |[LANL.  KfK % (a) | Nuclide [LANL  KfK %

Pu238 (4862. 5734. 17.9 .|Sr90 1.03+5 1.03+5 | 0.

Pu239. | 349. 348. |- 0.3 |Rul0é |[7.52+5 7.61+5 | 1.2
Pu240 550, 622. | 13.1 |Cs134 |2.80+5 2.80+5 |O.
Pu241 [1.91+5 1.73+5 |- 9.4 |Cs137 |154+5 156+5 |13
Am241 | 225. 183. |-18.7 |Celdd {1.31+6 1.31+6 {O.

Cm242 [8.07+4 8.14+4| 09
Cm244 [9030. 7462. |-17.4

(a) (KIK-LANLYLANL * 100.

For Pu239, Cm242 and the leading fission products the agreement is excellent.
For the other plutonium isotopes and for Am241 and CmZ244 deviations up to
about 20 % are stated. Obviously, the crucial nuclide is Pu240 which, in the LANL
calculation because of a less shielded capture reaction, is transmuted stronger to
Pu241 and hence to heavier actinides. The KfK results are supported by inde-
pendent calculations with OREST7. '
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CONCLUSIONS

Based on the Joint Evaluated Data File JEF-1, with the KfK burnup code system
KARBUS/KORIGEN the characteristics of high-exposure PWR U-, MOX- and
RU-fuel are analysed. Special attention is paid to heat generation and neu-
tron/gamma emission, A comparison with recent results from Los Alamos shows
good agreement for fission products and for important actinides; discrepancies
very probably arise from different data and/or a different treatment of neutron
capture in Pu240.
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PERFORMANCES OF A LARGE LMFBR USING OXIDE FUEL
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J.C. GARNIER - A, ZAETTA
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ABSTRACT

A primary study has been carried out on the respective merits of oxide and
metallic fuels used in a Fast Breeder Reactor on a neutronic point of view. Differences
concerning bum-up reactvity loss, discharge burn-up, damage rate, Doppler and
sodium void reactivities are evaluated. The sensitivity of the metal fueled core perfor-
mances to design parameter variations is also examined. The conclusion, at this inter-
mediate stage of progress, is in favour of a specific optimised design for metallic fuel
use, particularly with respect to the positive sodium void reactivity reduction,

— 212 —



PNC TN9600 90-013

INTRODUCTION

LMFBR development remains closely dependant on significant economics
and safety improvements. Pursuing that goal, the CEA core design studies have
‘been enlarged to nitride fuel (UN,PuN) and metallic fuel [(U.Pu)10%Zr], both
considered for the long term as possible alternatives to oxide fuel (UO2,Pu02).

A core design optimisation, for each candidate, is underway that will enable
a realistic comparison with oxide performances and a more definitive evaluation
of their respective merits as advanced fuel.

In a preliminary phase, a neutronic comparison between oxide and metal
fueled cores has been made using a homogeneous core design, optimised for
oxide fuel : the First Consistent Design of E.F.R. e.g. the European Fast Reactor
{1]. Then, variations of these performances with smear density and clad thickness
have been examined. Results discussed in this paper are related to this work.

CORE DESIGN DESCRIPTION

Main characteristics of the core are outlined below and the core layout is
given in figure 1.

Total thermal power (MW) 3600
Number of fuel subassemblies 346
Number of fuel zones 2
Subassembly pitch (mm) 190
Number of pins per subassembly 271
Pin outer diameter (mm) 8.65
Fissile height (m) 1.40
Number of refuelling batches 3

The metal core is assumed to be identical to the oxide one, except with
regard to smear density and gas plenum. The gas plenum in the metal fuel pin is
higher and entirely located in the upper part of the pin and the smear density used
for metallic fuel is lower than the value retained for oxide fuel : 0.68 and 0.83
respectively. This difference conceming smear density is justified by the high
swelling propensity of metallic fuel.
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METHODOLOGY

The basic cross section data used for the neutronic calculations were CAR-
NAVAL IV. Twenty-five group cross section sets were generated for general use.
Core calculations were carried out in RZ geometry using the CCRR code system
and a diffusion theory methodology.

The shutdown systems were not taken into account, so the fuel zone con-
tained 33 additional subassemblies, compared with the reference EFR core. To be
consistent with this approximation, enrichments of the fresh fuel have been
chosen to give an excess reactivity of 3000 pcm at end-of-cycle (the rato
between the two enrichments being equal to 0.8).

The cycle length was adjusted to achieve a peak damage rafe of 180 dpa-
NRT which is the target value for EFR.

Both Doppler and sodium void reactivities were obtained by direct calcula-
tion, the Doppler reactivity being performed between 180 °C and nominal operat-
ing temperatures and the sodium void reactivity being performed for a complete
voiding of the fuel + axial breeder zones. |

CORE PERFORMANCE CHARACTERISTICS
Main results can be found in table 1.

The fresh fuel mass inventory makes clear the higher heavy atom content of
metallic fuel : compared with oxide, the theorical density rises by +44% but,
because of the lower smear density, the practical increase of the heavy atom con-
tent is close to +20% . This additional mass is mainly supplied by depleted
uranium leading to a better breeding gain.

The target of a zero reactivity loss is here exceeded : instead of the standard
reactivity loss with burn-up of the oxide core, the metal fueled core offers a sub-
stantial reactivity gain. However, this behaviour is closely dependant on the large
core size of EFR : an oxide/metal comparison applied to a smaller core would
show a reduced but negative reactivity variaton in favour of the metal fueled
core and a more convincing benefit on control requirements.

Corresponding to an equal damage rate, the peak discharge bumn-up is inex-
orably lower in the metal core than it is in the oxide one, mainly due to lower
enrichments . This disadvantage of metallic fuel could be partly compensated by
the use of a heterogeneous design.
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" Doppler and sodium void reactivities are also greatly modified by the use of
metallic fuel : decrease for the Doppler reactivity and increase for the sodium
void reactivity in factors about 2. These differences are mainly related to neutron
energy spectrum and also, for Doppler reactivity, to operating temperatures.

PERFORMANCE SENSITIVITY TO SMEAR DENSITY AND CLAD THICKNESS

The present knowledge on metallic fuel use in LMFBR being very far from
the one achieved for oxide fuel, uncentainties affecting design parameters are
obviously larger when metallic fuel is used.

~ Particularly, because of the swelling, the smear density capable of achieving
high discharge burn-up could be lower than the value previously mentioned. So, it
was interesting to evaluate the metal core performances considering a smear den-
sity equal to 0.63 and 0.58, the reference value being 0.68 .

Most of the results (table II) are intermediate to those previously obtained
for oxide and metal fueled cores (closer to the last one), except the cycle length
that is reduced again with respect to the “reference" metal core. This difference
can be explained by the higher instantaneous damage rate due to the higher mean
flux level and also to the spectrumn hardening (related to higher enrichments).

However, the main result is the burn-up reactvity variation that rernains
clearly in favour of the metal core in spite of the reduced smear density. More-
over, the damage rate over discharge bum-up ratio is still far from the one of
oxide fuel.

The clad thickness is an other design parameter that is likely to evolve with
knowledge improvement. A major advantage foreseen in using metallic fuel is the
non-corrosion of the clad and consequently, the possible clad thickness reduction.
Results reported in table IIT show the consequences on core performances of a.
20% reduction of the clad thickness.

The steel volume fraction reduction induces direct favourable effects related
to neutron parasitic absorption and scattering, but is also profitable to the fuel
volume fraction acting like an increase of the smear density. As a consequence,
enrichment and reactivity gain with burn-up differ appreciably from the "refer-
ence" values. :

Moreover, both parameters, smear dcnsity and clad thickness do not provoke

any significant changes of Doppler and sodium void reactivities (a few percent for
the variations considered above).
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SAFETY IMPLICATIONS

More detailed explanations can be found in reference (2], so the purpose of
the following lines will be limited to a few comments on safety aspects involving
the above results. '

When going further in such an oxide/metal core comparison, the metal
fueled core disadvantage concerning sodium density coefficient and Doppler
coefficient can be seen in the same manner as it has been here for integral reac-
tivity effects.

Taking into account the higher sodium density coefficient and the lower
Doppler coefficient, the analysis of 3 types of transient (slow loss of flow, fast
loss of flow and slow overpower) leads to the following conclusions :

- in the case of a slow loss of flow, higher sodium and clad temperatures are
reached at the beginning of the transient in the metal fueled core because of
the higher sodium density coefficient. Then, the equilibrium temperature is in
favour of the metal core due to its reduced Doppler coefficient.

- in the cases of fast loss. of flow and slow overpower, higher sodium and
clad temperatures are reached during the transient due, for the first transient,
to the higher sodium density coefficient and for the second, to this unfavour-
able effect joined with the lower Doppler coefficient.

These considerations make clear that the demand for low void cores is to be
considered of prime interest when metallic fuel is used.

CONCLUSION

A comparative study is underway to identify and quantify the physic param-
eters that differentiate metal and oxide fuel types when they are used in a
LMFBR. In a preliminary phase, a neutronic comparison has been camried out
using a large and homogeneous core, optimised for oxide fuel use, e.g. the Euro-
pean Fast Reactor core. Compared with oxide fueled core performances, the
differences mainly noticed are the following :

- a strong réduction of the bum-up reactivity loss, up to reach a reactivity

gain instead of the characteristic reactivity loss (5.65 pcm/EFPD) of the
oxide fueled core.
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- a lower discharge burn-up (-30%) corresponding 1o an equal damage rate.

- a nearly twice larger positive sodium void reactvity associated with a
reduced Doppler reactivity in a factor close to 2.

Moreover, these results are not qualitatively modified when using a smear
density of the metallic fuel reduced from 0.68 up to 0.58 or a reduced clad thick-
ness, design parameters still likely to evolve.

Among these differences, the disadvantage on sodium void reactivity,
because of the resulting core dynamic behaviour, certainly constitutes a main
draw-back for the use of metallic fuel. So, the further developments of our study
will examine some geometrical and conceptual improvements to achieve a opum-
ised design, particularly with respect to this safety aspect.
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TABLE I
Fuel U02 Pu02 UPu 10Zr
Initial Pu loading (tonne) 8.15 6.35
Initdal U+Pu loading (tonne) 48.3 56.9
Cycle length (EFPD) 503 428
Reactivity rods up at BOEC (pcm) 5837 241
Reactivity rods up at EOEC (pecm)- 3000 3000
B.U. reactivity loss (pcm/EFPD) 5.65 46.45
Peak linear rating at BOEC (W/cm) 427 419
Peak linear rating at EOEC (W/cm) 438 490
Average discharge B.U. (MWd/t) 99700 71900
peak discharge B.U. MWd/t) 161000 118000
peak damage rate (dpa NRT,Fe) 180 180
Doppler reactivity at EOEC (pcm) 1283 547
Sodium void reactivity at EOEC (pcm) 2726 4616
TABLE II
Smear density (%) ref=68 63 58
Initial Pu loading (tonne) 6.35 6.18 6.02
Initial U+Pu loading (tonne) 56.9 52.8 48.8
Cycle length (EFPD) 428 407 386
Reactivity rods up at BOEC (pem) 241 911 1664
Reactivity rods up at EOEC (pcm) 3000 3000 3000
Average discharge B.U. MWd/t) 71900 73700 75700
peak discharge B.U. MWd/t) 118000 121000 | 126000
peak damage rate (dpa NRT,Fe) 180 180 180




PNC TN9600 90-013

TABLE I

0.437

6.36
60.4
433
68600

113000

180

ref=0.534

6.35
56.9
428
719C0

118000

180

(mm)

Clad thickness

(EFPD)

(MWd/t)

(tonne)
(tonine)

Average discharge B.U.
peak discharge B.U.

Initial U+Pu loading

Cycle length

Initial Pu loading

(MWd/t)

(dpa NRT,Fe)

peak damage rate

FIGURE 1

Inner core SiAs

outer cora S/A3

tadial braadar S.JAn

control and shut down rod-s
dlverse shut down rods

Explanations

. 0e0e S0 08 .
_%_\00._,__.__0 6Cafe0e000! 7

/968080808080 ;
A De2686¢ 0o,
_\\.ooo______“mw”m.._wmmm“oon w.ov“%wgono_

20%0808e80 0868262680

: G Hip A o o _r L
1 8808080% 0050082080403
208 SeteleXalat: Cat)
ogosese86868080.020
Gt = A=~ (< (-)
roaouelSotelo
0

«%&%_&\\\

— 219 —



PNC TN9600 90-013

NEACRP-A-1057
Topic 1.3

33rd NEACRP MEETING
PARIS
OCTOBER 15-19, 1950

COMPARATIVE STUDY OF THE NEUTRONIC PERFORMANCES
OF A LARGE LMFBR
USING OXIDE FUEL OR METALLIC FUEL

by

J.C. GARNIER, A, ZAETTA
CEA

October 1990
— 220 —




PNC TN9600 90-013
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ABSTRACT

A primary study has been camried out on the respective merits of oxide and
metallic fuels used in a Fast Breeder Reactor on a neutronic point of view. Differences
concerning bum-up reactivity loss, discharge burn-up, damage rate, Doppler and
sodium void reaclivities are evaluated. The sensitivity of the metal fueled core perfor-
mances to design parameter variations is also examined. The conclusion, at this inter-
mediate stage of progress, is in favour of a specific optimised design for metallic fuel
use, particularly with respect to the positive sodium void reactivity reduction.
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INTRODUCTION

LMFBR development remains closely dependant on significant economics
and safety improvements. Pursuing that goal, the CEA core design studies have
been enlarged to nitride fuel (UN,PuN) and metallic fuel [(U,Pu)10%Zr], both
considered for the long term as possible alternatives to oxide fuel (UO2,Pu02).

A core design optimisation, for each candidate, is underway that will enable
a realistic comparison with oxide performances and a more definitive evaluation
of their respective merits as advanced fuel.

In a preliminary phase, a neutronic comparison between oxide and metal
fueled cores has been made using a homogeneous core design, optimised for
oxide fuel : the First Consistent Design of E.F.R. e.g. the European Fast Reactor
[1]. Then, variations of these performances with smear density and clad thickness
have been examined. Results discussed in this paper are related to this work.

CORE DESIGN DESCRIPTION

Main characteristics of the core are outlined below and the core layout is
given in figure 1.

Total thermal power (MW) 3600
Number of fuel subassemblies 346
Number of fuel zones 2
Subassembly pitch (mm) 190
Number of pins per subassembly 271
Pin outer diameter (mm) 8.65
Fissile height (m) 1.40
Number of refuelling batches 3

The metal core is assumed to be identical to the oxide one, except with
regard to smear density and gas plenum. The gas plenum in the metal fuel pin is
higher and entirely located in the upper part of the pin and the smear density used
for metallic fuel is lower than the value retained for oxide fuel : 0.68 and 0.83
respectively. This difference conceming smear density is justified by the high
swelling propensity of metallic fuel.
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METHODOLOGY

The basic cross section data used for the neutronic calculations were CAR-
NAVAL IV. Twenty-five group cross section sets were generated for general use.
Core calculations were carried out in RZ geometry using the CCRR code system
and a diffusion theory methodology.

The shutdown systems were not taken into account, so the fuel zone con-
tained 33 additional subassemblies, compared with the reference EFR core. To be
consistent with this approximation, enrichments of the fresh fuel have been
chosen to give an excess reactivity of 3000 pcm at end-of-cycle (the ratio
between the two enrichments being equal to 0.8).

The cycle length was adjusted to achieve a peak damage rate of 180 dpa-
NRT which is the target value for EFR.

Both Doppler and sodium void reactivities were obtained by direct calcula-
tion, the Doppler reactivity being performed between 180 2 C and nominal operat- -
ing temperatures and the sodium void reactivity being performed for a complete
voiding of the fuel + axial breeder zones.

CORE PERFORMANCE CHARACTERISTICS
Main results can be found in table L

The fresh fuel mass inventory makes clear the higher heavy atom content of
metallic fuel : compared with oxide, the theorical density rises by +44% but,
because of the lower smear density, the practical increase of the heavy atom con-
tent is close to +20% . This additional mass is mainly supplied by depleted
uraninm leading to a better breeding gain. '

“The target of a zero reactivity loss is here exceeded : instead of the standard
reactivity loss with bumn-up of the oxide core, the metal fueled core offers a sub-
stantial reactivity gain. However, this behaviour is closely dependant on the large
core size of EFR : an oxide/metal comparison applied to a smaller core would
show a reduced: but negative reactivity variation in favour of the metal fueled
core and a more convincing benefit on control requirements.

Corresponding to an equal damage rate, the peak discharge burmn-up is inex-
orably lower in the metal core than it is in the oxide one, mainly due to lower
enrichments .. This disadvantage of metallic fuel could be partly compensated by
the use of a heterogeneous design.
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Doppler and sodium void reactivities are also greatly modified by the use of
metallic fuel : decrease for the Doppler reactivity and increase for the sodium
void reactivity in factors about 2. These differences are mainly related to neutron
energy spectrum and also, for Doppler reactivity, to operating temperatures.

PERFORMANCE SENSITIVITY TO SMEAR DENSITY AND CLAD THICKNESS

The present knowledge on metallic fuel use in LMFBR being very far from
the one achieved for oxide fuel, uncertainties affecting design parameters are
obviously larger when metallic fuel is used.

Particularly, because of the swelling, the smear density capable of achieving
high discharge bumn-up could be lower than the value previously mentioned. So, it
was interesting to evaluate the metal core performances considering a smear den-
sity equal to 0.63 and 0.58, the reference value being 0.68 .

Most of the results (table I} are intermediate to those previously obtained
for oxide and metal fueled cores (closer to the last one), except the cycle length
that is reduced again with respect to the "reference” metal core. This difference
can be explained by the higher instantaneous damage rate due to the higher mean

* flux level and also to the spectrum hardening (related to higher enrichments).

However, the main result is the burn-up reactivity variaton that remains
clearly in favour of the metal core in spite of the reduced smear density. More-
over, the damage rate over discharge bum-up ratio is still far from the one of
oxide fuel.

The clad thickness is an other design parameter that is likely to evolve with
knowledge improvement. A major advantage foreseen in using metallic fuel is the
non-corrosion of the clad and consequently, the possible clad thickness reduction.
Results reported in table III show the consequences on core performances of a.
20% reduction of the clad thickness.

The steel volume fraction reduction induces direct favourable effects related
to neutron parasitic absorpton and scattering, but is also profitable to the fuel
volume fraction acting like an increase of the smear density. As a consequence,
enrichment and reactivity gain with bum-up differ appreciably from the "refer-
ence” values. '

Moreover, both parameters, smear density and clad thickness do not provoke

any significant changes of Doppler and sodium void reactivities (a few percent for
the variations considered above).
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SAFETY IMPLICATIONS

More detailed explanations can be found in reference {2], so the purpose of
the following lines will be limited to a few comments on safety aspects involving
the above results. '

When going further in such an oxide/metal core comparison, the metal
fueled core disadvantage concerning sodium density coefficient and Doppler
coefficient can be seen in the same manner as it has been here for integral reac-
tivity effects.

Taking into account the higher sodium density coefficient and the lower
Doppler coefficient, the analysis of 3 types of transient (slow loss of flow, fast
loss of flow and slow overpower) leads to the following conclusions :

- in the case of a slow loss of flow, higher sodium and clad temperatures are
reached at the beginning of the transient in the metal fueled core because of
the higher -sodium density coefficient. Then, the equilibrium temperature is in
favour of the metal core due to its reduced Doppler coefficient.

- in the cases of fast loss of flow and slow overpower, higher sodium and
clad temperatures are reached during the transient due, for the first transient,
to the higher sodium density coefficient and for the second, to this unfavour-
able effect joined with the lower Doppler coefficient.

) These considerations make clear that the demand for low void cores is to be
considered of prime interest when metallic fuel is used.

CONCLUSION

A comparative study is underway to identify and quantify the physic param-
eters that differentiate metal and oxide fuel types when they are used in a
LMFBR. In a preliminary phase, a neutronic comparison has been carried out
using a large and homogeneous core, optimised for oxide fuel use, e.g. the Euro-
pean Fast Reactor core. Compared with oxide fueled core performances, the
differences mainly noticed are the following :

- a strong reduction of the bum-up reactivity loss, up to reach a reactivity

gain instead of the characteristic reactivity loss (5.65 pc/EFPD) of the
oxide fueled core.
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- a lower discharge burn-up (-30%) corresponding to an equal damage rate.

- a nearly twice larger positive sodium void reactivity associated with a
reduced Doppler reactivity in a factor close to 2.

Moreover, these results are not qualitatively modified when using a smear
density of the metallic fuel reduced from 0.68 up to 0.58 or a reduced clad thick-
ness, design parameters still likely to evolve.

Among these differences, the disadvantage on sodium void reactivity,
because of the resulting core dynamic behaviour, certainly constitutes a main
draw-back for the use of metallic fuel. So, the further developments of our study
will examine some geometrical and conceptual improvements to achieve a optim-
ised design, particularly with respect to this safety aspect.
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TABLE I
Fuel U02 Pu02 UPu 10Zr
‘Tnitial Pu loading (tonne) 8.15 6.35
Initial U+Pu loading (tonne) 48.3 56.9
Cycle length (EFPD) 503 428
Reactivity rods up at BOEC (pcm) 5837 241
Reactivity rods up at EOEC (pem) 3000 3000
B.U. reactivity loss (pem/EFPD) 5.65 -6.45
Peak linear rating at BOEC (W/cm) 427 419
Peak linear rating at EOEC (W/cm) 438 490
Average discharge B.U. (Mwd/r) 99700 71900
peak discharge B.U. (Mwd#h) 161000 118000
peak damage rate (dpa NRT,Fe) 180 180
Doppler reactivity at EOEC (pcm) 1283 547
Sodium void reactivity at EOEC (pem) 2726 4616
TABLE I
Smear density (%) ref=68 63 58
Initial Pu loading (tonne) 6.35 6.18 6.02
Initial U+Pu loading (tonne) 56.9 52.8 48.8
Cycle length (EFPD) 428 407 386
Reactivity rods up at BOEC {pcm) 241 911 1664
Reactivity rods up at EOEC (pcm) 3000 3000 3000
Average discharge B.U. MWwd/t) 71900 73700 75700
peak discharge B.U. MWwdn) 118000 121000 126000
peak damage rate (dpa NRT,Fe) 180 180 180
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ABSTRACT

This paper deals with the studies already or to be conducted at CEA on sodium
voiding reactivity effect (SVRE) reduction in fast reactors. It considers first the varia-
tions of SVRE with single parameters affecting core composition, geometry, and
design options. This parametric study will give hints on the best ways to reduce
SVRE. Then, the parameters considered being dependent and not exhaustive, one has
10 ke into account neutronic and design basis considerations to achieve realistic
(functional) core designs; that gives a new set of consiraints on the different kinds of
design modification examined. Two examples of such optimizations are given.
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L INTRODUCTION

Two strong incentives lead the design of new fast reactors:
1} these reactors must be economically competitive with thermal reactors;
2) they must ensure as high a safety level as possible,

These two objeclives are antagonistic to some extent, and radeoffs must be found between them.
In this paper, we study a mean 10 improve fast reactors safety only, regardless of quantified conse-
quences on economical compelitiveness. A way to increase safety in fast reactors is to reduce the
sodium voiding reactivity effect (abbreviated SVRE here), an jdeal would be to achieve negative values
for SYRE.

A program of parametric studies is under way at CEA to precise SVRE behavior in relation with
core composition, geometry and design options. This series of studies will focus on two core types:
PHENIX and SUPERPHENIX, representing two interesting power levels and sizes. Calculations are
made by resolving the diffusion equation in RZ geometry, with 25 energy groups. SVREs are obtained
either by difference between two direct calculations (especially when core geometry changes) or with
perturbation theory formalism (to split SVREs into physically significant components).

2. SYREs PRESENTATION

" The influence of sodium on core neutronic balance is double: it slows down neutrons (moderating
- effect) and is a relatively weak absorber (compared to heavy atoms). When the in-core sodium concen-
tration falls down the neutronic balance is altered:

- absorption decreases due to sodium voiding, and neutron leakage goes up due to the
increase of diffusion coeflicients;

- slowing down of neutrons decreases;

- resonance self-shielding increases (lesser dilution of heavy atoms into moderator),
and heavy atoms cross-sections go down.

We can split SVRE into four cgmponénw (splitting issued from perturbation theory formalism):

1)  Leakage component

Always negalive, due 1o the increase of the diffusion coefficient. As this component
depends on the gradients of direct and adjoint flux its importance will be greater near
interfaces (core-blanket for example) and generally in external core regions.

2)  Slowing down {or spectral) component

This component depends on the variation of scaltering cross-sections and the
differcnce between initial and final importances of scattered neutrons. If sodium con-
centration goes down, scattering cross-sections decrease, and the sign of this com-
ponent depends on the shape of the importance spectrum: a lesser scattering from a
high importance energy to a lower importance one gives a positive contribution to
SVRE, and conversely. For energies greater than 0.8 MeV, importance grows with
cnergy, due to the increase of U8 fission cross-sections; from 20 keV to 0.8 MeV,
importance grows with energy in the case of Pu9 fuel, the steepness of the curve
increasing when enrichment decreases; for energies lesser than 20 keV, importance
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decreases as energy grows. To calculate accurately this component, a few-group
approximation is questionable, thus the 25-group formalism.

3)  Absomptior component

It depends on the variation of absorption cross-sections and on the values of direct
and adjoint flux. Absorption cross-sections go down as sodium is voided and as sclf-
shielding increases for heavy atoms, and this component is positive, The highest
values of direct and adjoint flux are generally obtained deep within the core (at core
center for most homogeneous cores).

4)  Production component

It depends on the variation of production cross-sections and on the values of direct
and adjoint flux. As self-shielding increases, the production cross-sections go down,
and this component is negative, with a small amplitude.

The last three components are usually added to form the so-called central component, while the
first is split into axial and radial leakage components. SVRE is then the balance between the central
component, generally positive, and the negative leakage components; thus for small SVRE values the
unceriainties become relatively large, and blur the sign of SVRE for near-zero values.

The principal ways 1o achieve a substantial reduction of SVREs are, according 10 the previous
considerations: ’

1)  to modify neutron importance spectra o act on the spectral component (for example
by modifying enrichments or by adding some moderator to driver subassemblies)

2) to increase leakage (mainly gradients of flux and adjoint flux) in flooded core
configurations. This can be done by designing smalil cores, cores with a large area-to-
volume ratio (for example pancake cores), by reducing reflector efficiency, by playing
upon enrichment ratios (radially and axially), by decoupling core zones by fertile
and/or non-active zones (heterogeneous and modular designs)...

The most promising way to decrease heavily SVRE seems to be the second, In either way, it is
easy to realize that SVRE diminution is in contradiction with a good neutron cconomy and deteriorates
core neutronic performances. A good example of performances/S VRE-reduction tradeoffs that can be
made is given in ref. 1.

The main terms of the scries of parametric studies initiated by CEA are the following:

- volume fractions of sodiem, fuel, steel

core compausition | - mean earichment, enrichment ratios

- fuel type (oxide, metal, nitride), steel Lype, Pu vector
- in-core moderalor

core geometry - height 1o diameter ratio
- volume
core design - concept: homogencous, axially and/or radially heterogeneous

- environment: blanket and/or reflector modifications

The following paragraphs will comment the results already oblamed (mainly in the case of a
SUPERPHENIX-type core), and the directions 1o be prospected.
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3, CORE COMPOSITION MODIFICATIONS

These maodifications are made on global values (volume fractions, mean enrichment, enrichment
ratics, burmup...} independently of design basis correlative modifications. Quoted values can thus lead 1o
unrealistic core designs, and advantages on SVRE expected can be offset to a large extent by design
basis constraints; but the only aim of this part of the study is to clear parametric variations of SVRE
with core composition modifications.

Here are some effects of parameter variations on SVRE, in SUPERPHENEX-type cores:

Increase of... Effect on SYRE
Sodium volume fraction Quasi-linear increase (50 pem/%)
Steel volume fraction Small decrease: <70 pcm from 10 to 40%
Fuel volume fraction Increase, saturation and decrease over the
25-40% range; maximum amplitude of
) about 200 pcm
Mean enrichment Decrease of about 30 pem/%
Enrichment ratio (at constant mean enrichment) | Increase: 550 pcm from 0.65 to 0.9
Burnup Increase of about 0.8 pcm/efpd
Notes: - Enrichment ratio is the ratio between internal and external zone earichments; it will be

recalled as Ey/E, in the following.

-lpcmzlos%

Some comments can be made on these figures:

1) Volume fractions.
Design basis rules make these values cormrelated one with another; single variations have no prac-
tical sense and realistic modifications will have to integrate the three kinds of variations simul-
taneously,

2) Sodium volume fraction alone.
In voiding sodium, SVRE central and leakage components have the following behaviors with
respect to sodium volume fraction in corresponding flooded cores:

- Central component: itls magnitude increases monotonically when sodium volume
fraction goes up, as absorption and scattering cross-sections do (the production com-
ponent is of lesser amplitude and can generally be neglected).

- Leakage componcat: it depends on the diffusion coefficient variation 3D,
D=————r where Iy, means sodivm macroscopic cross-section, and I, all-but-

3(ZatZna)

sodium macroscopic cross-section. Then 8D is proportional to

; that is, &D
+ ‘Na

value is zero when sodium volume fraction is zero (obvious), increases as sodium
volume fraction goes up, and comes to saturation with large values of sodium volume
fraction (these large values may weil be unrealistic ones).
SVRE results of the competition beiween these two effects, Dcpcndmg on flooded core leakage
level, this can give rise to two diflferent behaviors:

- Low leakage cores: leakage component magnitude is not sufficient to counter central
component increase with sodium volume fraction; SVRE monotonically increases
from zero with sodium volume fraction,
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- High leakage cores: for 'small’ sodium volome fraction values, leakage component
predominates: SVRE decreases while sodium volume fraction goes up. Then the leak-
age component goes to saturation, and central component effects become prevalent:
SVRE becomes stationary, then goes up. Such sodium volume fraction values may
well be unrealistic (too large) ones, and we may either see the decreasing part of the
curve only, or its whole shape.

In this parametric study context, fuel and steel volume fractions are fixed,

3) Fuel volume fraction, mean enrichment and enrichment ratio.
Different core sizes and shapes can lead to different behaviors. For example, calculations made
for a PHENIX-like core show a decrease in SVRE for enrichment ratios growing from 0.64 to
0.86; that is exactly the opposite trend compared to a SUPERPHENIX-type core within the same
range of Ey/E;. We can give the following sketch of explanauon (which needs yet support calcu-
lations 1o test its value):

a)  For low enrichments an increase in enrichment gives an increase to the central com-
ponent, because of spectrum hardening which activates the threshold fission cross-
sections of US8; for high enrichments, an increase in enrichment makes the central
component decrease because the slope of the importance spectrum decreases in the
20keV to 0.8 MeV range.

b)  An increase in enrichment lowers the absolute value of the leakage component,
because of the diminution of the diffusion ceefficient; this leakage component reduc-
tion goes to saturation for very high enrichments, when flux shapes are little altered
by an increase in enrichment.

The expected shape for the SVRE vs enrichment curve is then a steep increase followed by a
gentler decrease (as was obtained for the SVRE vs fuel volume fraction curve), the position of the
maximum depending on the size and shape of the core: for a flooded core with important leakage,
the position of the maximum should be shifted towards high enrichment values. This means for
example that for sufficiently small cores SVRE could grow with mean enrichment: it would be
interesting to determine the relevant sizes and/or shapes relative to these maxima. :

For enrichment ratios, we can guess asymptotic behaviors: if Ey/E; reaches near-zero values, we
get the equivalent of an annular core with a large and growing enrichment E;. SVRE decreases as
E, goes up, so SVRE grows with E\/E,. To the contrary, if E\/E; reaches large values, we get the
equivalent of a smaller aclive core with a large and growing enrichment E,. SVRE decreases as
E; grows up, that is as E;/E, grows up. The position of the maximum depends here again on the
size and shape of the core, and particularly of the width of the exiemal zone, which allows a
more or less important Mux curvature within it (in small width external zones a higher enrichment
is required to increase gradients and leakage, and not only to flatten flux distribution). Small
external zone widths lead to a displacement of the maximum towards high E; values, that is low
E,/E, values; this explanation scheme is coherent with calculations: for a PHENIX-like core we
should be on the descendent stope of the SVRE vs E/E; curve, while we should be on the ascen-
dent slope for a SUPERPHENIX-like corc for the same range of E\/E; values with which calcula-
tions were made. It could also be interesting to check SVRE values vs mean enrichment in rela-
tion to E,/E,. Note that we can have different enrichment zones not only radially but also axially.
4) Burnup.

Flux hardening dugc to voiding reduces absorption by fission products at intermediate energies; we
see that high burnup and SVRE reduction are opposile objectives, and that multibatch manage-
ment, reducing mean bumup values over a long part of core life can present advantages for SVRE
reduction.
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4. CORE GEOMETRY MODIFICATIONS

These modifications allow the easiest significant reductions of SVRE (regardless to comelated
neutronic penalties), mainly because of the massive increass of neutron leakage level they consent.

They are only size and shape modifications.

The following results are drawn from calculations on a SUPERPHENIX-type core:

Increase of...

Eifect on SVRE

H/D (at constant volume)

Increase then saturation in the 0.1 10 0.8 range; amplitude:
from 100 to 2200 pcm

Volume (at constant H/D)

Quick increase, then saturation (the higher the H/D, the
earlier the saturation)

Core radius

Increase, saturation and decrease (amplitude 320 pcm,
range 120 to 300 cm) :

Core height

Increase from 500 to 2600 pcm in the 50 to 200 ¢m range

Internal core height only

Increase from 0 to 2500 pem in the 20 to 200 cm range

External core height only

Increase from 1500 to 1750 pcm in the 20 to 200 cm range

Internal and external core heights (at constant volume)

Increase from 500 to 1700 pcm in the 20-200 to 100-100

cm range

Note: H/D = height-to-diameter ratio

Comments on these figures:

0) Expression of area-to-volume ratio_for a cylinder.

S-[2 He?

1) Height-to-diameter ratio.
As expected, for area-10-volume ratio at constant volume is minimal for H/D=1, has a steep
slope for H/D<1, and a gentler slope for H/D>1.

2) Volume.
As expected, for area-to-volume ratio at constant H/D presents a steep slope for small
volume values, which goes gentler as volume grows. When H/D grows from 0 10 1, lesser
volume values are needed to reach the same values of SfV, which explains the quicker
saturation with growing (<1) H/D values.

3) Core radius.

This behavior results of a two-effect compensation: a positive effect with saturation due to
volume increase, and a negative onc due to H/D decrease when core radius values grow up.

4) Core height.
This behavior too is a two-elfect combination: a positive effect with saturation due 1o
volume increase, an a positive (then negative when H/D>1) effect due 10 H/D increase.

5) Intenal and/or external core heights.

Due to the large core dimensions, the major part of SVRE is concentrated in the intemal
core zone, thus the behavior observed: large variations of SVRE with internal core height
variations, minor ones with external core height variation. It could be interesting 10 examine
what would happen in a smaller core, to compare in that situation the respective weights of
internal and extemal core height individual variations on SVRE. The last table entry shows
the interest (with respect to SVRE only) of a H-shaped core, which keeps reference core
volume constant.
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5. DIFFERENT CORE DESIGNS

A) Heterogeneous cores,

Al) Axially heterogeneous cores.

We check here the effect of a feriile slab insertion at core half-height on a
SUPERPHENIX-type core. Slab width varies in the 0 to 50 cm range. In the case of fuel
zone voiding only, SVRE decreases from its reference value (1710 pcm) to O pem for 50
cm width, Two points temperates this good behavior: if we void the fertile slab oo, SYRE
increases to about 2000 pcm then decreases to 1000 pem for 50 cm width; and if we check
the behavior of the SVRE vs slab width curve at 1000 EFPD the gain obtained at 50 cm
slab width becames less than one dollar.

A2) Radially heterogeneous cores.

Optimization of radially heterogeneous core designs with respect to SVRE is an uneasy
task, because of the wide range of possible design options, particularly the positions,
widths, sizes and number of in-core fertile zones. However, the general trend is the follow-
ing: for the same in-core fertile to fissile ratio (heterogeneity factor, HF in the following),
large-size fenile islands, well découpling fissile zones, should be preferred to muliiple
small-size fertile islands. Thus, compact and thick heterogeneous designs (a central slab,
one thick fertile ring) lead to the greatest SVRE reductions. More details will be given in
section 6.B.

B) Modular cores.

Decoupling even more core zones leads 10 modular core design: small fissile islands are embed-
ded in a thick fertile andfor non-active matrix. The high leakage level from the fissile islands
allows very low values of SVRE to be achieved, for volumes comparable to those of big homo-
gencous cores. The main drawbacks of this solution are the necessity to achieve very high fuel
enrichments to keep a good reactivity level (this can give problems for reprocessing) and prob-
lems of power control due to the different fissile zones high decoupling. In return, flux charac-
teristics of this core type might help for actinide burning. For more details, see ref. 2.

C) Different core environments.

Studies are under way to quantify the modifications of SVRE brought by modifying core environ-
ment. Such modifications are for example: suppression of axial blankets, use of low density steel
structures for neutronic protections, exchange of positions between axial blanket and fission gas
plenum... The main goal of these changes is here again to increase neutron leakage. These solu-
tions degrades neutronic performances and may lead to protection problems; they give relatively
small SVRE reductions compared to those achieved with core geometry modifications, but do not
modify core bulk. As an indication, we can give the following values:

- Reference core: EFR-type core with reduced height (100 cra) ; SVRE=1163 pcm.
- Reference core with 5-cm-wide axial blankets: SVRE=1109 pem.

-Reference core with S-cm-wide axial blankets and ’lightened’ plenum stecl (ﬁalf Fe, Cr, Ni
nuclides): SYRE=965 pem.

- Reference core without axial blankets and with lightened plenum steel: SVRE=792 pem.

D) Use of in-core moderator.
Moderators can be used to shift neutron spectrum towards low energies 1o increase negative con-
tributions to SVRE slowing down component. This can be done by mixing moderator pins with
fuel pins in fucl subassemblies. The result should be a diminution of SVRE due to the combina-
tion of the decrease of the central component (slowing down, absorpuon and production) with an
adverse diminution of leakage. Studies are in progress.

E) Use of other coolants.
A radical change of approach to minimize voiding reactivity effects is to change coclant, and use
other liquid metals or alloys instead of sodium. Most solutions use lead or lead alloys (with
lithium or bismuth). Studies are in progress 10 precise this point.
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6. TAKING INTO ACCOUNT NEUTRONIC AND DESIGN BASIS CONSTRAINTS

To determine individual trends is not sufficient: the parametric variations examined above are
dependent one from another, and are furthermore constrained by design basis rules and neutronic perfor-
mances considerations if they are to result in realistic core designs. Such calculations were performed
with the MECONG code, currently under development at CEA, which is able to take into account sim-
ple design basis constraints and to adjust some parameters such as enrichment ratio, mean enrichment
and cycle duration, to achieve predetermined neutronic performances (burnup, damage on steel, reac-
tivity levels at beginning and end of cycle...). We give here two examples of such investigations:

A) Some interesting core designs.
The reference is a SUPERPHENIX-like core (core radii 141 and 188 cm, core height 100
cm). Three different cores are considered:

1) A pancake core of same fissile volume and H/D=0.1 .

2) A variable height core (internal core height 50 cm, external 160 cm) with the
same fissile volume.

3) A radially heterogeneous core with a central fertile slab of 100 ¢m radius,
which replaces fuel subassemblies.
The thermal output is fixed at 3000 MW; enrichments are adjusted to obtain at end of life
with a single-batch management scheme a zero reactivity associated with a 100000 MWd/t
(oxide) bumup. The figures in the following table speak for themselves.

reference | pancake | variable radially
core height | heterogeneous

core core
Mean enrichment (%) 16.7 23.2 202 204
Initial reactivity (pcm) 5473 9655 7774 9238
Reactivity swing (pcm/efpd) 5.8 8.5 8.95 13.8
Residence time (efpd) 940 - 1134 870 678
Mean burnup (MWd/t) 67000 78000 63000 67000
Qmax (half-life, W/cm3) 400 319 419 537
SYRE (beginning of life) pcm 1520 434 960 443
SYRE (end of life) pcm 2363 1451 1728 1068
SVYRE (half-life) pcm 1942 968 1344 156

Note: To convert quickly SVRE into $ values take a 1$=400 pem basis (15 worth ranges
between 430 and 350 pcm when enrichment varies from 10 o 35%). :

B} Radially heterogeneous cores SYRE oplimization,

The aim of this study is to optimize SVRE reduction in relation with neutronic perfor-
mances and design basis constraints. To standardize calculations and 10 make casy com-
parisons between them, a group of fixed constraints has been set. These are peak bumup
(150000 MWdf), BOC reactivity (5500 pem), EOC reactivity (2700 pem); an upper value
for peak lincar rating is 480 W/cm. Parameters are of two kinds:

- Core size and shape: volume and height-to-diameter ratio. Three core volumes are
taken into account: EFR volume (16 m?3, 3600 MW thermal output), PHENIX volume
(1.5 m3, 600 MW), PRISM volume (0.5 m?, 400 MW). Reference H/D is 0.35. Other
calculations are made at H/D=0,15 and H/D=0.5 .

- Radial heterogeneity: different heterogeneity factors {from 0 to 30 %) and fertile
patterns (central slab, fertile rings, and combinations) are taken into account.
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When shifting from an homogeneous to an heterogeneous core design, al consiant core
bulk, there is a decrease in fuel volume; that needs an higher enrichment to achieve fixed
reactivity ievels. This higher enrichment leads in turn to a greater reactivity swing, which
shortens cycle length, and requires a higher-frequenced multibatch fuel management In
relation io fissile volume diminution, the power distribution is flattened with respect to
homogeneous cores: higher E,/E, values are sufficient to balance the outputs of the two
fissile zones; for high HFs, a unique enrichment is achievable.

As regards design basis constraints, a fissile subassembly number diminution leads to a
correlative increase of pin number per subassembly to try to maintain the same peak linear
rating (as pin number per S/A can only vary in a discrete way, this adjustment can only be
a loose one). Such variations need in turn an adjustment in sodium, steel and fuel volume
fractions; furthermore, a larger pin number per S/A increases core pressure drop.

This brief review shows that SVRE reduction, all constraints taken into account, is the
result of the complex interaction of multiple single variations which can individually offset
or reinforce each other. -

The first part of the study was devoted to the choice of radial heterogeneity patterns which
affect less core neutronic performances. As was said in section 5A.2, the thicker fentile pat-
terns are the beuer to decrease SVRE, at fixed HF. For both EFR and PHENIX core
volumes, the rctained pattern was the central slab, with 20% HF for EFR volume core, 30%
for PHENIX volume core (due to lesser dimensions, the same thickness is reached for
higher HFs). The PRISM-volume homogeneous core, having yet a sufficiently negative
SVRE needs no modification. The second part of the study examines SVRE reductions
brought by a H/D shift from 0.35 to 0.15. To achieve a less-than-13 SVRE in the case of a
maximum effect voiding, the sizes needed are:

- for a homogeneous core: a volume between those of PRISM and PHENIX, and a
thermal output of about 500 MW; )

- for a heterogeneous' core: a volume between those of PHENIX and EFR (about 6
m?), and a thermal output of about 1500 MW,

This shows the interest of radially heterogeneous core designs. The following table gathers
most imporlant parameter variations with design options and geometry modifications:
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Volume/thermal output EFR EFR PX PX EFR EFR
H/D 035 035 0.35 0.35 0.15 0.15
Heterogeneity factor (%) 0 20 0 30 0 20
Fuel volume fraction (%) 32.21 30.66 35.85 31.22 37.12 33.31
Sodium volume fraction (%) 3780 | 37.75 33.39 33.87 32.68 35.96
Steel volume fraction (%) 2530 | 2530 } 25.55 25.53 2471 24.57
Pin number per S/A 27 331 217 271 271 331
Pressure drop (bar) 5.20 3.70 2.89 293 2.54 299
Mean enrichment (%) 1640 | 1830 | 24.30 36.60 17.19 19.19
Enrichment ratio 0.80 1.00 0.65 1.00 0385 1.00
Mean burnup (MWd/t) 93744 | 90271 | 104266 | 113573 | 101402 | 93739
BOC pin linear rating (W/cm) | 403 427 364 367 329 352
Reactivity swing {pcm/efpd) 6.04 13.03 14.90 23.09 6.00 11.35
Cycle length (day) 476 | 212 168 117 458 244
Multibatch frequence 23 5 6 6 4 5
Fuel in-core lifetime (day) 1428 1060 1008 702 1832 1220 .
BOC SVRE (pcm) 2297 1137 -19 -1462 1170 1003
EOC SYRE (pcm) 2756 1377 135 -1369 1563 1050

7. CONCLUSION

This review is open-ended, for a great part of the studies quoted within are still in progress. Two
points can yet already be underlined:

1) As there are close interrelations between the parameters that can lead to SVRE modifications,
SVRE results of complex interactions between individual variations; furthermore, to get to realis-
tic core designs and SVRE values needs to take into account neutronic performances and design
basis constraints.

2) The major part of core modifications made in order 10 decrease substantially SVREs lead to
high leakage flooded core designs, in order to increase the leakage component magnitude in
voided cores. An easy way to do so is 10 act on core size {volume) and shape (H/D, hetero-
geneily), with subsequent penalties on neutron economy.

Complementary studies are thercfore needed in order to optimize core design and to achieve good
tradeoffs between safety and economics,
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MODULAR ISLAND CORES

Claire de Pascale - Alain Zaetta

CEA/DRN/DER/SPRC/LEDC
September, 1950.

Abstract :

Since the most essential characteristics of fast reactors must be safety as well as economics, a
. modular island core concept is proposed to nullify sodium voiding reactivity effect, while keeping neu-
- tronic performances of big conventional cores,

The General Electric design is presented as an illustration of a modular island core.

Then are presented the CEA studies which tum on module optimizations, coupling study and
modular core reconstitutions.

Very low sodium voiding reactivity are reached, but to the detriment of the core reactivity level,
the loss of reactivity during operating fuel cycle and the power control.

Two interesting coupling materials are composed of three rows of fertile/absorber/fertile assem-
blies or three rows of stainless steel/absorber/stainless steel assemblies, depending on whether breeding
gain or recycling costs are preferred.

The possibility of actinide recycling in modular cores is discussed.
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1 . Introduction

The current studies on fast breeder reactors tend to improve reactor safety and
particularly to reduce the sodium voiding reactivity effect: in large conventional -
breeders of about 1500 MWe the maximum sodium void reactivity is about $5 to $8,
and a corresponding reactivity insertion in unprotected accident situations may lead to
an energy release. i

An approach to enhance the safety of cores is to modify core designs such that
~ the removal of sodium from the core would only add a near-zero value of reactivity or
even a negative one.

However, another necessity is to make fast reactors economically competitive in
comparison with PWR:

*  reduced cycle costs with high discharge bumup values,

*  reduced structure costs with limited vessel sizes, though associated with large
thermal powers. :

First of all, sodium void reactivity effect is presented in part 2.

2 . Sodium void reactivity effect

The two major components of the sodium void worth are:
*  the leakage component, which contributes a negative reactivity, and

*  the spectral component (spectrum hardening due to voiding), which gives positive
reactivity.

| Many variations of the conventional homogeneous core design that will limit the
sodium void worth have been identified. These can be classified as follows:

*  pancake core with large axial neutron leakage,

*  heterogeneous core with large local neutron leakage from high-importance fuel
regions to low-importance internal blanket zones,

(see ref. 1)

*  and also, modular island cores as extremely decoupled designs (the larger the
degree of decoupling, the greater the leakage). -
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3 . The modular concept

Modular core configurations consist of small cores which are arranged in one
reactor vessel.

The individual modules are separated from each other by several rows of radial
blanket assemblies (or other assemblies of any "insulating” material).

The target parameters are @
*  the maximum burnup fraction,
*  the global thermal power, and
*  the vessel diameter.

The values of these parameters must be comparable with those of a conventional
homogeneous core, for economic reasons.

4 . The General Electric study

The General Electric fast reactor study is presented as an illustration of a modular
core (ref 2). _

In the design study, (Pu,U)O2 fuel is assumed for the core. This modular core has
~ seven modules separated by three rows of radial blankets .The design data are given in
table and figure 1. ' '

The sodium void worth for the total core height is $0.25, whereas a conventional
homogeneous core of similar size and thermal power would have a sodium void worth
about $5.
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figure 1

the General Electric modular island design
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table 1

The General Electric modular core data

reactor electric power MW 1200
reactor thermal power MW 3077
number of modules 7
refueling intervals days 365
capacity factor 0.7
number of fuel assemblies
1 inner module
fuel zone 1 57
fuel zone 2 0
. control 4
6 outer modules
fuel zone 1 27
fuel zone 2 24
control 4
maximum fuel zone radius cm 200
fuel zone height cm 106.7
assembly channel pitch cm 13.89
fuel assembly volume fraction ‘
fuel _ % 435.75
structure % 17.68
sodium % 36.57
enrichments
zone 1 % 18.3
zone 2 % 237
peak of linear power Wicm 597
sodium void worth doliars 0.25
(for the total core height)
dotlar value pcm 385
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The current CEA studies are:
*  module
*  coupling
*  modular core,
optimizations .

Here after are presented the first CEA studies.

5 . The module optimization

As module power and module size are conditionned by the number of modules in
the vessel, and by the way they are arranged in the vessel, the studied modules are 90
to 150 MWe reactors.

Two studied cores of 90 to 150 MWe are described in figures and tables 2 and 3.

" It can be noticed that each small reactor needs a separate control system, because
of the weak neutronic coupling between the modules.

The reduction in sodium void reactivity is very promising: near-zero values or
© even negative ones are reached. But this has some important consequences: higher
fissile enrichments are needed to obtain a high discharge burnup, thus the loss of reac-
tivity during operating cycle is increased and the initial reactivity to be controled, also.
Refueling intervals will have to be reduced.

The linear power peak is near the objective and there is no problem with the
damage dose.

To conclude with those studies, the sodium void reactivity is very interesting but
to the detriment of the loss of reactivity during the operating fuel cycle.
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BLANKEY

figure 2
the 150 MWe module
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-6 -
table 2
data B the 150 MWe reactor  the 50 MWe reactor
reactor thermal power MW 385 231
refueling intervals days 730 730
capacity factor 0.7 0.7
number of fuel assemblies
fuel zone 1 30 15
fuel zone 2 24 18
control 1 4
maximum fuel zone radius cm 58 45
fuel zone height cm 100 1C0
assembly channel pitch cm 12.8 12.8
fuel assembly volume fraction
fuel 38.7 38.7
structure 253 253
sodium 36 36
enrichmenis .
zone 1 % 2.5 30.8
zone 2 % 374 35.1
table 3
nuclear performance predictions the 150 MWe reactor  the 90 MWe reactor
peak of linear power Wicm 454 493
peak of DPA nrt 146 131
discharge burnup MwWd/t
peak 119600 116390
average 67800 67440
loss of reactivity per day
at nominal power . pcm 19.7 20.5
dollar value pem 360 350
sodium voiding effect dollars
total
-> beginning of cycle -2.6 -6
-> end of cycle 25 -3.5
fissile zone only
-> beginning of cycle 0.5 -1
1. -0.8

-> end of cycle
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6 . Coupling optimization

The reduction in sodium voiding reactivity depends on the thickness of the inter-
nal blanket zones. The blankets tend to enhance the leakage component, and thus the .
neutronic decoupling among the modules,

Blankets may here be composed with "insulating assemblies” such as:
*  ferntile (53% fertile + 28% sodium + 19% stainless steel)
*  stainless steel (50% stainless steel + 50% sodium)
*  absorber (46% natural B4C + 20% stainless steel + 34% sodium)
*  sodium (90% sodium + 10% stainless steel)

and all combinations of those materials: for example, one Tow of stainless steel / one
row of absorber / one row of stainless steel assemblies.

However, the size of the vessel must be limited for economic reasons.

It is seen in figure 4 that three rows of internal fertile assemblies decouple
sufficiently enough the core zones so that the sodium voiding reactivity does not
decrease a lot with increasing blanket thickness. Thus, three rows of any insulating
assembly is an optimum for those studies.

In table 4 are given tendances (values not to be considered as absolute ones) on
core reactivities, with different kinds of insulating materials. That coupling optimiza-
: tion has been made with the General Electric modular reactor and at the beginning of
the operating fuel cycle.

The best results are obtained with three rows of stainless steel / absorber / stain-

less steel assemblies. Such solution is also attractive because of the low recycling costs
of those non-fissile materials.

However, breeding gain during operating fuel cycle has been preferred in that
study, and so three rows of fertile / absorber / fertile assemblies have been chosen for
the optimized modular core.
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table 4

coupling optimization

core reactivity voiding effect for voiding effect for
pem the fissile zone (pcm)  the total core (pcm)
3 rows of fertile (G.E) 4300 150 -230
fertilefstainless steel/fertile ' 4570 210 50
fertile/absorber/fertile - 3340 - 40 -740
stainless steel/absorber/stainless steel 3580 -90 ' -1460
3 rows of sodium 9170 750 -6250
1 row of absorber 480 -340 920
Jigure 4

sodium void reactivity

1,000

:
P2 70] 1 1 DO
:
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7 . Modular island cores

An example of a modular island core created with seven modules of 150 MWe

(see figure and table 2), surrounded by three rows of fertile / absorber / fertile assem-
blies, is given in figure and table 5.

That reactor has an electric power of 1050 MWe.
However the core size is quite good.

Sodium voiding reactivities for the fuel zones and for the whole core seem very
promizing. But, to conclude with the safety of that modular core-when voiding sodium,
a balance with the new Doppler coefficient value has to be made.

A supplementary study illustrating the difficulty of power control in modular
island cores has been made with the General Electric design: two radial sections of
linear power rating (in S direction - see figure 1 - and in the maximum flux plane) has
been drawn for two different rod insertions (see figure 6 and the diagram below).

‘When criticality is obtained with rod insertions of 44.7 ¢cm for the seven modules,
the linear power in the inner module exceeds 1600 W/cm, whereas it is below 300
W/cm in the outer modules.

However, very slight rod movements restore the linear power equilibrium at 500
. W/cm for the seven modules.

It is why very deep attention must be brought to the high power sensitivity in
case of slight assymetries in the control rod insertions, which could be a negative
characteristic of modular cores. :

That kind of core, by its modular aspect, could also lead to a better approach of
actinide recycling, with:

*  high neutron spectra and significant flux levels in the modules and especially the
inner one. |

*  the use of the non-fissile zones surrounding the modules.
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figure 5
the 1050 MWe reactor

Control

Absorber

Fertile

a 150 MWe module

— 262 —



PNC TN9600 90-013

- 10 -

table 5
the 1050 MWe reactor

reactor thermal power 2695
number of modules 7
(150 MWe each)
refueling intervals days 730
capacity factor 0.7
maximum fuel zone radius cm 185
fuel zone height cm 100
assembly channel pitch cm 12.8
enrichments
(not recalculated values)
zone 1 % 225
zone 2 % 374
core reactivity
at the beginning of cycle
->control rod in high position pem 11110
->control rod in low position  pcm  -3420
sodium voiding effect
at the beginning of cycle
->total pcm -40
->fissile zone only pem 540
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Control of the power distribution for two different rod insertions:

A criticality obtained with rod insertions of 44.7 cm for the seven modules.

B criticality obtained with rod insertions of 53.2 cm for the inner module, and of
39.7 cm for the six outer modules.
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7 . Conclusion

The modular core concept can give a good compromise between safety and
€COnomics.

Near-zero values of sodium voiding reactivity effect can be reached, while ther-
mal power, discharche burnup and vessel size keep competitive values .

Such low values of sodium voiding reactivity are achieved, thanks to high neutron
leakage from the modules, and therefore to the detriment of the Teactivity level.

The power control during the operating fuel cycle could also be problematic.

Coupling optimization has given two interesting solutions: three rows of stainless
steel / absorber / stainless steel assemblies or fertile / absorber / fertile assemblies
depending on whether recycling costs or breeding gains are preferred.

Some complementary studies are needed in order to estimate burnup fractions,
damage doses and breeding gains after operating cycle.

The problem of actinide recycling in modular cores is set out.
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Japan

Abstract

In order to enhance FBR safety, core characteristics of nitride fuel
have been investigated. A safety map relative to sodium void reactivity
has been made for ULOF to make clear the core characteristics expected
to prevent CDA. Parametric survey calculations for various core specifi-
cations have been performed and a 1000MWe nitride fuel core with core
height 40cm has been chosen as enhanced safety core. It has been found
that the nitride fuel core can make the sodium void reactivity small
while keeping high core performances.

1. Introduction

In a view of FBR safety, it is recognized that following improvements
of core characteristics are needed ;

(1) Reduction of the sodium void reactivity at the coolant boiling or
babble passing through the core.(1)(2)(3) '

(2) Reduction of the burn up reactivity swing in order to suppress the
reactivity insertion at anticipated withdrawal of control rods.

Nitride fuels have high heavy metal density and high thermal
conductivity, and it seems to be able to design cores with nitride fuels
having low burn up reactivity and low sodium void reactivity because of
their high breeding ratios and high linear heat rates leading to the small
core size.

The nitride fuel is considered to be one of attractive FBR fuels in
future owing to its good core characteristics and thermal performances.
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In this study, a development of nitride fuel core is focused on
enhancement of its safety aspects. The transient calculations have been
performed parametrically to clarify the expected core characteristics of
sodium void reactivity and doppler coefficient. The parametric calcu-

lations have also been performed to survey core specifications satisfying
the expected values described above.

From these calculations, a core concept of nitride fuel FBR has been
selected from a point of view of core safety, and the core characteristics
have been investigated and compared with a mixed oxide fuel core.

0. A safety map for ULOF

Although several sequences leading to CDA (Core Disruptive Accidents)
are considered, it is recognized that ATWS (Anticipated Transient With-
out Scram) is a most important event.

In this study., we pay attention to ATWS, especially to ULOF
(Unprotected Loss Of Flow) in order to investigate core characteristics
that are effective to prevent CDA.

A safety map regard to sodium void reactivity and doppler coefficient
* has been made by parametric calculations of transients. It shows a region
of which the reactivity inserted in transient is less than that of a given
value. We set the following condition of making the safety map ;

“ The net insertion reactivity in transient is less than 1$”

In order to prevent CDA, it must be avoided that fuels and claddings
get damages, and no fuel melting conditions can not be attained without
a suitable negative sodium void reactivity so far as a large amount of
coolant flow not supplied in ULOF, The safety condition described above
is a minimum essential of not to reach the prompt critical before the
melting of core materials occurs.

By setting the condition that the net insertion reactivity is less than
1$ in transient, it can be expected that the negative reactivity feedback
effects by structural characteristics around the core such as control rod
drive line thermal expansions, fuel subassembly radial thermal ex-
pansions, and core support plate thermal expansions etc, suppress the
power excursions in timely.(4) (5) (6)

We choose a 1000MWe nitride fuel core with core height 60cm as a
reference core. The specifications of the reference core are shown in
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Table 1. The transient calculations have been performed for various
sodium void reactivities and doppler coefficients with respect to the
reference nitride fuel core.

Figure 1 shows the safety map for ULOF. The shaded region of this
figure corresponds to the region of which the net insertion reactivity in
transient is less than 13.

The sodium void reactivity and the doppler coefficient of the reference
core are 1.08%Ak/k and -7.4X10-3Tdk/dT respectively. In order te
improve safety characteristics of the reference core, it has been proved
that the sodium void reactivity must have been reduced to 60% of that of
the reference core.

. Parameter survey of core characteristics

The core characteristics calculations for various specifications such as
H/D’s, fuel materials, core configurations, and reactor powers have been
performed to investigate the possibilities of reduction of sodium void
reactivity and burn up reactivity.

The calculation cases are shown in Table 2. The evaluated core
characteristics are sodium void reactivity, doppler coefficient, burn up
reactivity, and breeding ratio. The results are also shown in Table 2.

The results are summarized as follows ;

(1)} Core height (H/D)

The calculations have been performed for the nitride fuel cores with
core height 40cm, 60cm (reference core), and 100em. The decreasing of
core height is very effective to reduce the sodium void reactivity. It is
found that the sodium void reactivity can be reduced to 0.51%Ak/k by
adoption of core height 40cm, and it corresponds to 50% of the value of
the reference core.

(2) Fuel materials

The sodium void reactivity of the nitride fuel core with core height
100cm is found to be less than that of oxide fuel core with same core
height, The one of reason is owing to that the nitride fuel core is small
than the oxide core in the radial dimension. In addition to this reason,
the following reason is considered. The sodium void reactivities shown
in Table 2 are evaluated at BOC. The inner core power of the nitride -
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fuel at BOC is lower than that of oxide fuel because of its high
internal conversion ratio, and it might be thought the reason that the

. sodium void reactivity of the nitride fuel core is less than that of the
oxide fuel core.

The effects on core characteristics of addition of TRU have also been
investigated. TRU has been added in the outer core with 10w/o. The
additions of TRU lead to low burn up reactivity, but they result in
increasing sodium void reactivity because of their hard neutron spectra.

(3) Core configuration

The comparisons of core characteristics have been made between the
homogeneous core and the axially heterogeneous core with nitride fuel.
The axially heterogeneous core has the advantage of reducing the
sodlum void reactivity due to existence of the inner blanket.

(4) Reactor power

The core characteristics of 1000MWe and 300MWe nitride fuel cores
have been calculated. The sodium void reactivity can be substantially
reduced with small cores. The 300MWe nitride fuel core with core
height 30cm can make the sodium .void reactivity less than zero.

IV, Consideration of external reactivity

We have selected the 1000MWe nitride fuel core with core height 40cm
as a enhanced safety core. The sodium void reactivity of this core is
0.51%aAk/k, and it does not result in prompt critical so far as no fuel and
cladding melting. However, the fuel integrity of this core is not actually
guaranteed unless some external negative reactivity insertions during
transient..

Considerations have been made to estimate the amount of external
negative reactivity insertion necessary to keep the fuel pin integrity.
Once the coolant boiling occurs it is so difficult to avoid the fuel and
cladding melting, that the prevention of coolant boiling is adequate to
the condition of keeping fuel integrity.

In order to avoid fuel pins get damages, it strongly depends on
thermal and structural characteristics of the plant system in addition to
the core characteristics. In this study, the amount of external reactivity
necessary to avoid coolant boiling has been estimated relative to core
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flows by static analyses of temperature distributions after transients. By
comparing the differences between the initial teniperature distributions
and that of attainable power levels with core flows in stable states, ii
can be obtained reactivities compensating the values that will be inserted
up to reaching stable power levels.

The external reactivitiy insertions to prevent coolant boiling for the
enhanced safety core with nitride fuels evaluated by analyses described
above are shown in Figure 2. Figure 2 shows the correlations between the
core flows by natural convections or pony motors and the necessary
reactivities inserted externally to prevent the coolant boiling for the
hottest pin, the nominal hottest pin and the nominal pin. The hottest pin
means the pin of maximum temperature with uncertainties. The nominal
hottest pin and the nominal pin correspond to the pin of maximum
temperature and the pin.of average temperature without uncertainties
respectively.

It has been found that the coolant boiling of the nominal hottest pin
can be prevented with the external reactivity of 70¢ within 10sec by
control rod drive line expansions and fuel assemblies radial expansions
and so on, as far as the 5% of core flow can be secured.

V. Conclusion

Nitride fuel cores have been investigated in view of safety enhance-
ment. The safety map relative to the sodium void reactivity and the
doppler coefficient has been made for ULOF in the condition that the net
insertion reactivity during transients is lessthan 1$. From the survey of
various core specifications, the 1000MWe nitride fuel core with core
height 40cm has been chosen as enhanced safety core.

It has been found that the enhanced safety nitride fuel core can make
the net reactivity insertion during transient less than 1$ while keeping
the burn up reactivity same as that of oxide fuel core with core height
100cm. The breeding ratio of the nitride fuel core can be increased in 0.3
than that of the oxide fuel core.

It has been proved to be able to design the enhanced safety core by
using the nitride fuel without decreasing core performances.
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Table 1 Specifications of nitride fuel reference core

Parameter _ Spec.
Electric power (MWe) 1000
Thermal power (MWt} 2600
Core configuration _ Homogeneous
Reactor inlet/ o-utlet temperature (°C) 3757530
Core height | (mm) 600
Axial blanket length (upper/lower) (mm) 300/300
Fuel pin diameter (mm) 8.5
Cladding thickness | (mm) 0.4
Fuel péllet diameter (mm) 7.28
Smear density (%TD) 85
Spacer wire diameter : (mm) | 1.5
Number of fuel pins per subassembly (—) 271
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Table 2 Core performance of various core specifications

Llectric power (MWe) 1000 300
. Axially
Core configuration Homo Hetoro Homo
Fuel type Nitride Oxide %;1% Tgfi{% Nitride | Nitride
Core height (cm) 40 (Reffr%nce) 100 100 100 40 60 30
Inner core diameter(cm) 293 239 .- 185 254 . 254 293 IB =239 185
Outer core diameter(em) | = 417 340 263 362 362 417 Core=340 263
Pu enric?mt;n)t (infottt) | 175/99.9 |12.94/17.52| 9.1/14.6 '|16.35/19.60| 16.1/20.1 | 17.1/19.1 185 | 20.9/30.8
Wi7o T
Na void reactivity 0.51 108 |/ 172 2.30 2.85 1.34 0.84 -0.01
(eak/k) (BOC)
Doppler coefficient 4.8 7.4 210.2 -8.6 7.0 -4.5 -6.6 -3.1
(X10-3Tdk/dT) : \ - '
Burn up reactivity 34 1.5 13 3.3 2.6 1.6 . 1.2 3.9
(%Ak/k) \
Breeding ratio 1.4 1.5 1.7 1.1 1.2 1.6 1.5 1.3
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GOAL

o ToDevelopa Means for Verifying that the Reactivity
Feedbacks that Ensure Passively Safe Characteristics in
a Metal Fueled LMR are in Place in the As-Built Plant

o Why?
- Credit will be Taken in Safety Analysis for
Inherently Safe Characteristics

o Constraints |
- Measurement-Based
- Unobtrusive
- Pericdic |
- Treatment of Uncertainties
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THE METHOD

Classify Unprotected Accidents According to Boundary
Conditions Presented at the Core

- Primary Flowrate

- Inlet Temperature

- - External Reactivity

Perturb these Boundary Conditions Using Pseudo Random
Binary Signals

Deduce a N‘lodei for Core Behaviour from Measurements
Predict Unprotected Accident Response by Driving Model with

Appropriate Core Boundary Conditions
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ALGORITHM STEPS
1. Model Order Determination

- Linear 'Stochastic System Framework
Cax(k+l) = 5(k) sx(k) + o(k) su(k) + a(k)g (k) + £ (k)

sy(k) = C(k)ex(k) + D(k)su(k) + E(k)g (k) + n(k)
- Akaike's Criterion

min min AIC(a,m)
a m

AIC(a,m) 7= -2 In f(x]|a,m) + 2 dim (a)

2. Model Parameter Estimation
- Non-Linear Stochastic System Framework

x(ktl) = flx(k), ulk), £,(K)] + £, (k)

y(k) = glx(k), u(k), g,(k)] + a(k)

- Maximize Likelihood Function

In floy,(1),...,8y,(n)] =

I~

71 lor (k) 'z(k]k-1)""sr (k) +
k=1

r In 2z + In |det z(k|k~l)]]
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ALGORITHM STEPS (CONTINUED)

3. Model Validity Test

- Test for Whiteness of Measurement Residuals

prast

- -1
RO) =gy L F (K) F(keD)T
=1

=

llR(T)*ij -y

g

aey |
il <3

R(L), .
tJ

4, Uncertainty Prediction

x(k+1) = £lx(k), u(k), g (k)] + &, (k)

z(k) = glx(k), - u(k), g,(k)]

z(k) ~ Nlu(k), z(k]k-1)]
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- TEST PROBLEM

o Description
- EBR-ll Core
- Primary Flowrate Forcing Function

o Use Simple Model to Generate Measured Data
- Point Kinetics
- One Group Neutron Precursor
- Lumped Parameter Control Red

o Predict Core Response for Unprotected Loss of Flow
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AKAIKE'S CRITERION

RESULTS OF MODEL ORDER DETERMINATION
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RESULTS OF UNCERTAINTY PREDICTION
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FUTURE WORK

Method Works Well for Simulations Performed to Date
More Detailed Simulations are‘Underway Using the SASSYS Code

~Method Will be Tested in EBR-I
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A MEASUREMENT-BASED METHOD FOR PREDICTING
MARGINS AND UNCERTAINTIES FOR UNPROTECTED ACCIDENTS
IN THE INTEGRAL FAST REACTCR CONCEPT

R. B. Vilim

Argonne National Laboratory
Argonne, Illinois 60439, U.S.A.

ABSTRACT

A measurement-based method for predicting the response of an
LMR core to unprotected accidents has been developed. The method
processes plant measurements taken at normal operation to generate a
stochastic model for the core dynamics. This model can be used to
predict three sigma confidence intervals for the core temperature
and power response. Preliminary numerical simulations performed for
EBR-II appear promising. .

INTRODUCTION

If the economic and safety benefits of an inherent shutdown capability
in the Integral Fast Reactor (IFR) concept are to be realized, then the
concept of passive safety, and the associated risk reduction, must be
incorporated in the plant probabilistic risk assessment. In order to claim
passive safety, however, it must be shown that sufficient inherent feedback
mechanisms for safe shutdown are present in the plant as built. The only
way to demomstrate this is to routinely perform dynamic tests om the plant.
An analogous situation exists in light water plants., Tests are
periodically perxformed to verify that the Engineered Safety Systems meet
design requirements. These tests are mandated by the Technical Specifi-
cations upon which the reactor has been licensed.

The goal is to show that the required shutdown capability is in place.
To do so, periodic and unobtrusive testing of plant dynamics will be
performed. The plant measurements from these tests will be processed to
yield a dynamic model that comprises a measured basis upon which the
response to unprotected accidents will be predicted. T1If the response is
within safety limits, then it will be concluded that the mechanisms for
safe shutdown are in place.

Other approaches exist for predicting the response of the core!:? but
they do not make use of current measurements and as a result suffer two
shortcomings. First, estimates for uncertainty magnitudes made without
consideration for current operating data will always be larger than those
obtained by direct measurement, Since the core rating must be decreased as
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the uncertainty increases, an economic penalty is imposed. 1In principle,

the minimum uncertainty levels for the method proposed in this paper depend
only.on measurement noise levels. Second, a direct confirmation of model
validity requires that the identified model be compared against current
measurements and that the goodness of the fit be consistent with the
statistical properties of the identified model. This comparison can be
done only if current measurements are available.

While the preferred form of the identified model is one developed from
measured data without regard to model structure, some structure beyond that
of a transfer function is required to handle nonlinearities. A linear
model simply cannot represent core. behavior during a rapid loss of flow.

In addition to the requirement for a measurement-based approach and
the need for some nonlinear model structure, there are other factors that
influence the type of scheme used to generate the model. First, experience
at EBR-II%* indicates that neither process noise in the core nor rod drop
tests provide sufficient excitation energy to identify dymamic behavior.
Test signals in the form of perturbations to reactor flowrate, rod position
and inlet temperature will have to be introduced. Second, to be practical
from an operations standpeint, this excitation must take place at normal
power. Third, measurement noise and its effect on the uncertainty of the
model prediction must be explicitly dealt with. Finally, a statistical
test is required to verify that the identified model of the core dynamics
is consistent with the measurements.

This paper describes a methodology developed to meet these goals. The
methodology is a synthesis of existing methods and an extension of others.

MODEL EQUATIONS

The system to be identified is in general composed of three elements:
sensors, actuators and process hardware. The behavior of each element is
governed by the conservation laws, and these laws are normally represented
in lumped parameter form. The system equations then take the form

Lxte) - £,[x(),u(e)] (1)
and

2(e) - g (x(e),u(t)]
where

x(t) = n x 1 state vector,
u(t) = m x 1 input vector,
¥(t) = r x 1 output vector.
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The stochastic or random compeonents of the plant behavior are assumed
superimposed on the deterministic model of Eq. (1). This equation is
transformed to discrete-time form and augmented with the random vectors
Eu(k), E (k) and n(k) to give

and
x(k) =~ glx(k),ulk) £ (K] +nlk.

where k denotes the sample time.

METHODOLOGY

The methodology is sufficiently general that it can be used to
determine a probabilistic model for any system whose underlying basis is a
set of ordinary differential ‘equatioms.

A prudent first step is to determine the minimum meodel order necessary
to describe the plant. The model order that best describes the 'measured
data is determined using Akaike's minimum informatien ecriterion (AIC). 3
The criterion is used as follows. For order one we identify at the full
power operating point, a discrete-time linear canonical stochastic modal.
The maximum of the likelihood function is a by-product and we use this to
calculate AIC. This procedure is repeated for orders 2,3,... until the
minimum AIC is found. The model associated with the minimum AIC is,
according to Akaike, the one that best describes the data at the operating
peint,

The medel order, and time constants which are output in the above

step, and a knowledge of the underlying physics are used to hypothesize

a model structure whose parameter values are to be estimated. The only
constraint on the form of the structure is that it can be written in the
form of Eq. (2). In addition to u(k) representing a forcing functiom, it
can also be used to represent a model parameter. For example, if the ith
element of u(k) is to represent the deterministic parameter ay, then u(k),
.= @y and Var[E,(k);] = 0 in Eq. (2). Alternatively, if the ith element of
u(k) is to represent the stochastic parameter e, then u(k); - E[a;] and
Var{f,(k),] = Var{ey]. The symbols E and Var denote expected value and
variance, respectively.

The parameter values sought are those that maximize the logarithm of
the likelihood function of Eq. (2),

Cmax In flya(l),..., ¥Ya(n)|a] ' (3)
[ . .

where the dependence on the parametars g has been written explicitly.

— 278 —



PNC TN9600 90-013

If the plant output measurements are y. (1), ..., ¥,(n), then

In fly, (1), ..., ¥ (n)] (4)

R

o

- _% [:a(k) ™Y (xlk-1)"z (%) + r In2z + Inldet ¥ (klk-l)l]

K=

where

x (k) - x (%) - gl2(klk-1),u(k), 0]

m

and where E(klk-l) is the covariance matrix of the measurement residual
and 2(klk-1) is the Kalman filter state estimate.

As a necessary condition for the model to be declared valid, we
require that the statistical properties of the identified model be
consistent with the méasured data. A reasonable test is to check to see
that the measurement residuals are white as they should be, This can be
done by computing the covariance of measurement residuals displaced in
time and locking to see that

Elzr(k) z(k+1)T] =0,1%0. )

The test for measurement residual whiteness used in this paper is that
of Peterson.® He proposes the matrix

¥-1 (6)
-1 Y I (k) Ik} T
R(1) - === ; z
where
I(k) =Y (Kk-1)72 z(k) (7

as a measurement of the covariance between residuals. The statiscical
properties of R(l) were, however, not given by him so they were derived
independently as part of this work.

The wvalidicy test is as follows. The values of the elements of R(1l)
are computed from plant measurements y,(1), ..., Y.(¥) using Eq. (6) to
give

R(1)* = value of R(1);; computed using plant measurements
Ya(l), <., Ya(ND.
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Now if Eq. (2) is a valid representation of the plant and if the errors
introduced by the linearization are small, then R(1)j; must be consistent
with the statistical properties of R(1);5. To be specific, if the
identified model given by Eq. (2) is a wvalid representation of the
measurements ¥.(I1), ..., Yo(N), then for f defined to be the fraction of
R(1)* elements for which

OR(.” 13

we must have £ > 0.995 where p denotes the mean and ¢ the standard
deviation.

The identified model can be used to predict the uncertzinty in the
plant response for a given input forcing function. The state variables
x(k) and the outputs y(k) in Eq. (2) correspond to temperatures and powers
that are of interest from a safety standpoint. Further, these quantities
are random variables whose statistics can be caleulated. However, in
Eq. (2), v(k) is a sensor signal which includes the effect of sensor noise.
We are more interested in predicting the process wvariable itself, not the
noise corrupted version output by the sensor. The more appropriate form of
Eq. (2) for prediction is

x(k+1) = Fylx(K), u(k), £ (K] + £ (X) (9)

and

z(k) - glx(k), ulk), L (K]

where the output measurement noise term, g(k), has been dropped.

APPLICATION

The methodology was evaluated by processing simulated measurements
generated for the EBR-II reactor. This approach provides a starting point
for the eventual demonstration of the methodology at the EBR-II plant using
real data.

The results presented here considered only the effect of primary
flowrate on reactor behavior. The effect of external reactivity and inlet
temperature are to be studied in future work.

The simulation model used in this example while relatively simple --
it consists of the point kinetics equation with one precursor and the
prompt jump approximation and a lumped parameter equation for the control
rod -- predicts the core power behavior observed in EBR-II flow coastdown
tests quite well, The solution for quasi-static changes in flow depends on
a parameter ., a function of all reactivity feedbacks. The solution for
more rapid changes .depends on the additional parameters ag4;, the one-group
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neutron precursor half-life, cgy, a function of all reactivity feedbacks
except the control rods, and @43, the control rod temperature time
constant.

Measurement data were generated by adding white noise to reacror power
and primary flow obtained from a noise-free simulation.

Quasi-Static Identification

A slowly varying transient in which some parameters do not affect the
quasi-scatic plant response presents an opportunity to identify a subset of
parameters. In turn, the task of identifying the remaining parametars
through a fast transient is made easier. Specifically, if flow is varied
in a quasi-static manner, then the parameters ay, 24, and @4y do not
affect the power. This leaves the expected value of @cs, the variance of
@4, the variance of the measured flowrate, £;(k), and the variance of the
measured power, mn;z{k}, to be identified. The state equation errors En(k)
and E?a(k) are set to zero for the present, , :

A quasi-static transient was initiated by ramping flowrate from 100 to
85 percent and back -again over a period of one hour. Simulatad
measurements wer2 generated by adding white noise to the flowrate foreing
function and to the calculated reactor power. .

The parameter values identified from the quasi-static transient
simulated measurements are shown in Table I. As seen in the table, the
"initial” values used to start the parameter search algorithm are a factor
of two different from the "actual"” values used to generate the simulated
measurements. '

Model Order Identification

A determination of model order was made by perturbing the plant at
full power and processing the measurements using Akaike's criterion. The
input signal consisted of a pseudo-random binary sequence superimposed on
the full power primary flowrate. The AIC criterion is plotted as a
function of model order in Fig. 2. The results indicate that flow
perturbations of at least five percent but no more than ten percent are
needed to correctly determine the model order. Further, the system is very
nearly first order which is consistent with .the fact that the control rod
feedback coefficient is small,

Based on the above findings, flowrate perturbations of five percent
and a system order of one were determined as appropriave for performing
dynamic identification. One concludes thact the effect of the control.rod
on plant dynamic behaviour is minor.

Dynamic Identification
Identificacion was performed for the first order system obtained by

setting the control rod driveline time constant to zers. 1In doing so we
find the parameters ey, and ag, assume fixed values in the problem.
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Ve are left with a reduced set of parameters to be estimated and these are
listed in Table II.

This first order system was identified using simulated measurement
data generated from the second order model. The input signal consisted of
the signal in the quasi-stacic case with a plus and minus five percent
pseudo-random binary signal superimposed on this.

The parameter values identified are shown in Table II,

Test for Model Validity
The validity test given by Eq. (8) was applied to the identified
model. The model passed the test.

Prediction Uncertainty

The validatad model was .used to predict the response of the core to an
unprotected loss of flow accident. A hyperbolic flow decay with a halving
time of five seconds was used and is typical of a flow coastdown in EBR-II
following a loss of electric power to the primary pumps. :

The results of the uncertainty prediction are shown in Fig. 2. The
solid line is the power-to-flow ratio given by the model used to generate
simulated measurements throughout this work. The two dotted lines show the
three-sigma confidence level of the identified model, As it should, the
identified model prediction envelopes the response of the model that was
used to generates the simulated measurements.

SUMMARY AND FUTURE WORK

A method was developed to obtain a probabilistic model for the dynamic
behavior of a reactor core from measurements made at normal operation. The
method tests initially for the dynamic order of the plant. Time constants
are then determined once the order is known. From a knowledge of time
constants and the underlying physics, one develops a stochastic model
structure to describe the plant. The parameter wvalues in this structure
are then selected to maximize the likelihood that the model produced the
measured data., A validity test is then used to check for statistical
consistency between model and measurements. The model once validated can
be used to predict three-sigma core response uncertainty levels for
different forcing functions.

It is envisioned that this capability will be used to predict the
response of an as-built IFR core to unprotected accidents. This capabilicy
will be required if credit for a passive shutdown capability is to be taken
in the plant probabilistic risk. assessment. Measurements will be gathered
in an unobtrusive manner and on a periodic basis. The resulting model will
be driven by core boundary conditions -- primary flowrate, reactor inlet
temperature and external reactivity -- corresponding to five classes of
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unprotected accidents: loss of flow, loss of heat sink, rod withdrawal,
primary pump overspeed and chilled core inlet temperature. -The thraa- sigma
confidence levels generated by the model will then be compared against

cladding eutectic, sodium boiling and fuel melglnv safety limits. If the
predicted response is within safety limits, then it will be concluded that
the mechanisms for safe shutdown are in place.

The method was evaluated by processing simulated measurements from the
EBR-II reactor. Although the simulation model is relatively simple, it
predicts the core behavier observed in EBR-II tests quits well. The method
zppears very promising. The model order test proved effective for deter-
mining the minimum signal-to-noise ratio required, for determining the '
actual system order and for determining an appropriate model order. In
particular, pseudo-random binary slgnals of ten percent peak-to-peak super-
imposed on full power flowrate proved sufficient for identifying core
dynamics.

Future work will be directad toward eventual demonstration in EBR-II.
The next step will be to generate new simulated measurements using the more
detailed models in the SASSYS code. A more detailed investigation of the
effect of the input signal's energy spectrum and time duration on the
uncertainty in the identified model will be made. In addition to including
primary flowrate as a forcing function as was done in this report, inlet
temperature and external reactivity will also be examined.
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TABLE I. Parameters Identified from Quasi-Static Transient
Identification Parameter Parameter Values
Methods 'Initial
Actual Guess Identified
A Priori Var[E;(k) ]2 5.000x1072 - 5.000%1072
Least squares Efag (k)] 8.000 8.000x2.0 7.317
Maximum . '\Iar[c:zq,‘]l"2 0 8.000x0.5 3,989
Likelihood _ '
Var[ny(k)]¥2°  5.000x107%  5.000x1073x2.0. 4.926x107
TABLE II. Parameters Identified from Dynamic Transient
Identificatlibn Parameter Parameter Values
Methods Initial
Actual Guess Identified
Least squares E[ag (k)] 3.000x107? 3.000%x1073x2 2.903x1073
Maximum Var [ag (k) }2/2 3.000%1073 1.175%1077
Likelihood Var[E5(k) }1/2 0.010 0.000
Var [ag, (k) ]1/2 8.000x0.5 1.136
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SENSITIVITIES TO NUCLEAR CONSTANTS AND RELATED
- CAICULATIONAL ERRORS IN SAFETY CHARACTERISTICS
OF FAST REACTORS WITH DIFFERENT COQLANTS

G.G.KULIKOV, V.B.GLEBOV ~ Moscow Engineering FPhysics
Ingtitute

A.G.MOROZOV - I.V.Kurchatov Institute
of Atomic Energy, Moscow, USSR )

The purpose of the investigations performed was to determine
gsefety perameters gensitivity coefficients to nuclear constants,
to evaluate caslculational errors due to uncertainty in nuclear da-
ta, to analyze the components of the errcrs. Sensitivity S of re-
actor characteristic F to nuclear constant & was determined in a

gtandard way as S QF 6 _ 1)
34 F

The advanced reactors considered include fast sodium reactor
BN-1600 [1] , steam-water cooled power reactor SWPR [2] and lead-
cooled natural convection reactor RB-EZ EB] MOX fuel was used

for BN-1600 and SWPR, while UN - for RB-EZ; steinless steel was
gtructural material for all reactors considered. In burnup calcu=
lations the chain used included 235U, 238U, 239?“: 240?“:'241Pu
242py. Fission products were simulated by single effective nuclide.
The parameters in study included: effective multiplication
factors in nominal (Kp ) and voided (Kggld) states of the reac-

tor; void effect of reaot1v1ty (VER) determined as:

VER = 1/K09" - /K09t (2)
dopler effect determined as
DER = 1/K (600°K)-1/K(1500/1100°K), (3)

where 1100°K was for SWPR; K , at burnup of 3% h.a. (K ¢(T));
corregponding reactivity change due to burnup determined as

RC = 1/K43(0) = 1/K () (4)

The method used takes into account time dependence of flux-
nuclide reactor field and is based on generalized perturbation
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theory [ﬁ] + As is shown in [%J » Sengitivity S may be split to
components:

S=F+Fl+P+N, - (5)

where F is responsible for functional, Fl - for flux, P - for power,
N -~ for nuclide. These components simulate the contributions to
gengitivity from functionsl changes, neutron flux changes, power to
flux ratio changes and nuclide concentration changes correspondin-
gly. The method described is imnlemented in SENS code for maltigroup
diffusion calculations in homogeneous media. Space structure of the
reactor is taken into account by specially elaborated collapsing
procedure involving nuclear data and nuclide concentrations reduc-
tionl?ﬁ] . It was shown that reduction using value weight function
(qD+) redically improves sensitivities calculation accuracy. The
reduction model sensitivities differ from those obtained in full-
scale calculations not more than by 5% (for reactors considered).

The constant supply used was ABBN-78 [E] » and it included cor-
responding covariation mattrices of constant errors.

Megin results are presented in Tables 1 and 2.

As i3 seen from the results of calculations, the main error in
functionals is due to uncertainties in generation and absorption
constants of heavy nuclides. In the voided states the contribution
of "high-energy" processes increases (34:3;,:X ), while that of
resonance capture decreases. With burnup the sensitivities to fig-
sion and capture constants decrease by 20-30% and 50-60% correg—
pondingly. This is due to appearance of nuclide component N(5),
opposite in sign to the main functional component F. FlL and P
componenis are least important. An essential contribution of in-
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elastic scattering on Pb should be noted.
" Results of Table 2 are based on sensitivities of reactiviiy

characterigtics pr:

Spx = (KozS = K o¢S)/(K gp = Kgp)s (1)
where Kef’ S ere for unperturbated state and Kéf, S' are for pertu-
rbated state. It is evident that the value and sign of pr are de-
termined by those of the corresponding reactivity effect Kgf - Kgop
that may vary essentially under slight changes in calculational
model of the reactor. It especially concernes VER. However, the
contributions of processes to error (like the value of error itself)
are conservative if measured in Kef units.

Main contributions to VER error come from inelagtic scattering
on coolant. The exception is SWPR, where the hydrogen crogs secii-
ons are known quite accurately. Then, essential contributions are
~ from &;238U and &E 2399, that are most sensitive to spectrum
*fagtening”.

DER error is mainly due to fission and capture of 239Pu and
2385, The major contribution to RC comes from 3f239]?u,3 0238{1 and
(50 of figsion products that also determine reactor criticality.
With this the sensitivity of RC to & f239Pu is determined by N-
component (5) greatly, to & 0238U - by N-component exclusively. -

Table 3 presents results for effective delayed neutron fracti-~
on (J3ef) and neutron lifetime (1) calculatioggé As mag4?e seen,
Bet increases dramaticaelly with increase in U and Pu con~-
tents.

Increasge in.neutronulifetime may be obtaiﬁ;d wi%hmgaining'bf
g more resonance-area-oriented type of neutron spectrum.

The main conclusions are: .

1. Sengitivity calculations should be performed taking into
account fuel burnup, as nuclide component contribution to gengi-
tivity may reach 20-30% for Kef(4f) and totally determines the
gsengitivity of RC;
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2‘Kef error is essentially the same for all reactors in all
gtates considered, it has s wvalue of 2'0-2’4%'Kef' The exception
is the error in Kggm for lead cooled RB-EZ that reaches 2.9% K.r
due to uncertainty in é&NPb. For K, , error decreese 2,f239Pu,
&>f235U andj(should be refined. In voided states the contribution
of¢sin238U to Kef error increases, with burnup so does the contri-
bution of fission products.

3. DER and RC errorg in reactors with < 3% h.a. average burnup
are 0.03-0.07% K_, and 0.18-0.28% K ¢ correspondingly. BN-1600
has smaller values of VER error ~~ 0.4% Kef; for SWPR and BB—EZ
VER errors are essential - 1.15% K.y and 1.95% K_. correspondingly.
In SWER this is due to uncertainties in 4_2°CU (31% comtribution),
in RB-EZ - due toaiNPé’(GO% contribution),

4. As a whole, 3, 239Pu, &s 235U, 36238U, 2>c of fission pro-
aucts, 3,,°7%U, &;, “ve, 3,2°®rb and J  should be refined within
the used constant supply. Specific directions of refinement for a
given functionael can be driven from Tebles 1,2.
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_ 53
TABLE I

Contributions of proceases to Kef error: up - the value of error due fo uncertainty
in constant (% K,;); down ~ sensitivity coefficient of K of to constant & (-107 )

€10-06 0096NL ONd

Reactor BN-1600 SWPR RB~EZ
| £ ti 1 on void om volid om vold
:;;;;;;ﬁggfiiifiij_ ef Kef KefCQT) ef Kef Kef(Q:) Kgf Eef Kef(qs)
' 3 239Pu 27 27 24 19 24 12 24 28 17
4 418 424 345 348 419 265 523 486 372
& 235U 21 22 18 16 20 12 12 20 9
f 652 656 522 622 676 472 687 694 510
18 18 24 14 14 17 12 13 18
u}f 1000 1000 1000 1000 1000 1000 1000 1000 1000
8 238U . 10 10 4 i3 10 4 10 9 3
c -206 =185 ~110 -231 =195 -115 ~229 <351 -~ - -92
P 238U 1 9 [ 14 21 17 4 19 3
1N ~47 ~54 - ~44 ~63 = -83 -62 -49 -84 ~37
&y 2% - - - - - - 27 - 30
- - - - - - =53 - =46
fisgion 2 1 3 6 1 21 3 2 9
3
¢ ©products [.18 -15 -31 -34 -13 ~56 =33 -20 ~45
total error, ‘
% K, 2.2 2.2 2,0 2.3 2.3 2.1 2.9 2.4 2.4
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TABLE 2
Contributions of processes to reactivity effects errors,%

Reactor BN-1600 SWER RB-EZ
M VER DER RC | VER DER RC VER DER RC
2. coolant 31 1 0 60 20 4
Lt
3. % 12 3 39 33 23 33 2 40
> “77ru 10 27 4 |12 19 10 3 9 26
3, v 9 18 10 |15 13 7 4 5 13
3y 2% 5 11 o |4 23 14 T 3
2 Ifl%gglilgl,gs 3 11 17 |13 14 27 1 10 6
(o4
3 el coolant 5 8 7 44 o
functional error % * )
(% K,p) 0.37 . 0.04 0.18"] 1.15 0.07 0.26 1.95 0.03 0.28

¥ per 1% h.a. of burnup
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TABLE 3

Sengitivities ('10;3) of Bo¢ and 1 to reactor contents. Values of 3.,

and 1 (sec.-10"1)

- Y b B e e ——

Reactor BN-1600 SWER RB--REZ
t 1

hﬁhj\"“‘ﬁﬂgifffiﬁ‘ﬁh Sat 1 Bez t SBes .
nuclide

235y 30 ~40 21 ~24 18 ~11

238y 122 ~347 119 -300 152 ~341

239py -182 -884 -183 -863 ~-159 -884

240p,, -62 ~169 -87 ~222 -40 -119

241p, 74 ~172 54 -125 40 ~61

2424, -4 =21 -5 -23 =} -9

o/N -9 275 -16 141 6 142
coolant ~10 145 24 316 «~79 253
figsion products ~-10 ~-49 ~-13 ~73 ~-10 =58
structural materials ~54 183 -35 T4 ~-14 T2
value 0.00341 4,29 0.00363 5.22 0.00301 5.26

€10-06 0096NL IONd
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Pin Power and Depletion of EBR-11
W. S. Yang and R. D. McKnight

Motivated by the analysis needs resulting from the Integral Fast Reactor
(IFR) fuel cycle demonstration and other advanced Fast Breeder Reactor (FBR)
designs, a method for recovering detailed (pin-wise) information from coarse
reactor representations has been de@eIOped for hexagonal-z geometry and
implemented in a computer code RCT. This code, in conjunction with the REBUS-3
reactor burnup code, has been used to calculate in detail the depletion in EBR-1I
over a long series of runs. These calculations are being used to validate the
REBUS/RCT fuel management methodology as adequate for the EBR-II/HFEF-S fuel
cycle for both operational and material control and accountancy purposes. The
development of these reconstruction methods was essential to the préctica]
application of the REBUS Methodo1ogy to the EBR-II fuel cycle. .

Reconstruction of Pin Burnupo Characteristics

Reconstruction methods have reached a high level of development for Light
. Water Reactors, and are becoming standard analysis tools because they extend the
usefulness of computationally efficient nodal schemes and eliminate the need to
perform fine-mesh computations. However, the existing reconstruction methods are
not directly applicable to full-core FBR’s because they have been designed for
Cartesian geometry and m&croscopic depletion calculations. Therefore, RCT has
been developed to reconstruct the intra-nodal distributions of power density,
burnup, nuclide densities. group fluxes, and fast and total fluences from
nodal-diffusion/depletion calculations performed in hexagonal-z geometry using
the REBUS-3/DIF3D Argonne code system.

The spatial reconstruction techniques in RCT are basad on higher order
polynomial expansions of the nuclide densities as well as the group fluxes.-The
intra-nodal pointwise group flux is approximated for each node assuming the flux
within a node is separable in the hex-plane and axial directions. With this
separability assumption, the axial flux distribution of a node is interpolated
~ for each group by a cubic polynomial constrained to preserve the node-average
flux, the top and bottom surface-average fluxes, and z-directional flux moment.
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The hex-plane distribution is interpolated for each group by a non-separable
sixth grder polynomial required to presefve ,the1_13 nodal quantities (one
node-average flux, six surface-average fluxes, and six surface-average currents)
“and six local corner fluxes. A unique sixth order polynomial for the hex-plane
distribution is obtained with additional constraints requiring the poiynomial to
be invariant under the symmetry operations of the hexagon and to reproduce lower
order polynomial shapes exactly. The corner fluxes used in the hex-plane flux
interpolation is approximated by assuming a biquadratic polynomial shape (less
the x? y? term) in each of the three adjacent nodes. A simpie expression for a
corner flux is cbtained by preserving node-average and surface-average fluxes,
requiring flux and current continuity at mid-points, and imposing a source frea.
condition at a corner point.

The intra-nodal nuclide densities are calculated in one of two ways. In
~the first way, which is applicable to conventional assemblies with nominally
uniform beginning of life (BOL) densities and smooth density variation after
depletion, the surface and corner densities are first calculated by solving the
nuclide transmutation equations using tHe surface-average and corner fluxes.
Using these surface-average and corner densities as well as the node-average
density from the nodal solution and making the assumption of hex-planar and axial
separability, the hex-plane densities are interpolated at the center of each fuel
pin by a fourth order polynomial. Similar to the case of flux interpolation, the
~interpolatien pelynomial is required to preserve the above 13 base values and to
be invariant under the symmetry operation of the hexagon. The axial density
distribution is interpolated by a quadratic polynomial using the node-average
density and the top and bottom surface-average densities. The second method of
computing Tocal nuclide densities is applied to specified "special® pins in
assemblies with different types of fuel pins (e.g., experimental assemblies in
EBR-II)}; in this case, the.densities are not smooth functions of position within
the assembly and cannot be determined by interpolation. The special pin nuclide
densities are, therefore, calculated by point depletion, i.e., solving the
depletion equations with the interpolated fluxes. For each axial pin segment

contained in a given node, the top, axial-average, and bottom densities are
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calculated along the center Tine of the segment. Using these three values, the
axial density distribution is interpolated by a quadratic pelynomial.

The intra-ncdal distribution of the power density is calculated using the
interpolated flux and nuclide density distributions. On the other hand, the
intra-nodal burnup and fluence distributions are calculated in a similar manner
as the nucliide densities. For conventional assemblies, the hex-plane
distributions of burnup and fluences are interpolated by fourth order
polynomials, and the respective axial distributions are interpolated by quadratic
polynomials, using the node-average, surface-average, and corner values. For the
special pins, the burnup and fluences are explicitly calculated using the
interpolated fluxes at the center of each fuel pin.

Several important capabilities have been implemented in RCT to permit its
- application to a wide range of core designs and fuel management strategies. As
mentioned above, the burnup characteristics are explicitly calculated for
user-defined "special pins" by point depletion using the interpd]ated fluxes at
the center of each fuel pin. The radiocactive decay during the out-of-core
_ storage is also considered in the nuclide density calculation. Since non-uniform
" intra-nodal distributions are considered in reconstruction calculations, the
rotational shuffling of assemblies is allowed and is specified by integer
multiples of 60 degrees. To permit assembly reconstitution from different types
of fuel pins, pin-by-pin shuffling is allowed for the special pins. The axial
displacement of fuel (e.g., arising from the movement of the fueled portion of
the control rods in EBR-II} is also treated, consistent with the data provided
in the REBUS-3 input dataset. HMulti-cycle reconstruction calculations are
performed as a sequence of single cycle RCT calculations.

Denletion Calculations of EBR-IT

-

One of the first steps undertaken to demonstrate the technical feﬁsibility
of the IFR concept was to irradiate three lead subassemblies of U-Pu-Zr fuel in
EBR-II. In February of 1985 three 61-element subassemblies (X419, X420 and X321)
began operation in EBR-II with D3-clad U-10Zr, U-8Pu-10Zr, and U-19Pu-10Zr fuel.
Interim examination and reconstitution and subsequent chemical analysis of
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elements from these three subassemblies pfovide measured burnup data for the
testing of the REBUS/RCT methodolagy.

In order to analyze the burnup history for these subassemblies with REBUS,
detailed modeling of the reactor loading and the reactor power level history
began with Run 130A {(Aug. 3, 1984). This process was then extended through a
series of all subsequent EBR-II runs {up to the present), where input to the

£3US burnup calculations utilized -the known heavy metal 1loadings for
frashly-loaded subassemblies and the REBUS-calculated number densities for the
remainder of the assemblies. Therefore, after a series of EBR-II runs had been
analyzed, the effect of the initial conditions (i.e., coarse initial reactor
lozding data) should have diminished.

Because each of the lead test subassemblies were mixed fuel fypes, analysis .

with RCT was required for each EBR-II run in which these subassemblies were
irradiated in order to determine local values (i.e., values for a specific pin
at a specific axial position) of the burnup and nuclide densities. These values
were then compared with burnup measurements (basad on '**La and “®Nd indicators)

and Pu and U isotopic ratio measurements.

Agreement between the REBUS/RCT calculations and results of chemical
analysis of the burnup in X419, X420, and X421 are general]y-good (i.e., within
the combined experimental uncertainties of ~6%). C/E values range from 0.94 to
1.09, with a mean & lo of 1.026 % 0.041. Similarly, the comparison of the

measured and caiculated U and Pu isotopic fractions tend to agree within the
experimental uncertainties.

Current effort is focused on better understanding the sensitivities of both
the measured and calculated values, understanding the components of ﬂncertainty
in each, and refining both the analysis and measurement methods. We are
collaborating with the reactor experimenters and analytical chemistry personnel
to better understand the interpretation of the experiments (e.g., the extent and
interpretation of irradiation fuel growth, fission product migration, sensitivity
of fission yield data, etc.). Because the REBUS/RCT methodology is expected to
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become a production tool in the closure of the IFR fuel cycle at EBR-II/HFEF-S,
we are also working to improve the methods and models. Studies have been made
of improved cross section preparation, and an effort has been made to incorporate
Nodal Equivalence Theory in the framework of the nodal option of REBUS/DIF3D to
reduce the nodal solution error. Database systems and software are being
developed to interface with the Mass-Tracking System and to "automate" input
preparation and execution of the REBUS/ﬁCT codes. This database system will not
only contain reéctor"loading information (e.g., identification of all
subassemblies and ejements with lnasées and locations), but also the axial
profiles of nuclide densities, burnup, and fluence {which must be calculated with
RCT). These data files will be required for both pre- and post-analysis of
EBR-II operations, for input to the Mass-Tracking System, and for records
verification. ' -

In summary, the goal has been to validate the REBUS fuel management
methodology as adequate to-determine isotopic mass and neutronic data inputs to
HFEF-S for both operational and material control and accountancy purposes. This
required first developing and benchmarking the reconstruction capabilities of RCT
and then validating REBUS/RCT as a system which can compute the burnup and
isotopic distribution in binary and ternary fuel assemblies. Much progress
toward this goal has been realized.
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RECONSTRUCTION OF PIN BURNUP
CHARACTERISTICS

 Objectives

® Reconstruct Pin Values of Power, Burnup, and
Nuclide Densities

-- from Fuel Cycle Analysis Performed with -
Hex-Z Nodal Option of REBUS-G/DIF3D

e Applicable to IFR Fuel Cycle Demonstration,
EBR-1l Experiments, and Analysis of Advanced
LMR Designs

@ Take into Account Operational Features Specific
to EBR-II

— 300 —



PNC TN9600 90-013

Background -

e Draw from LWR Experience

-- Flux F{econstrucﬁ.or{ by Collocation of
Nodal Quantities

-- Need to Interpolate Corner Point Values
e Specific Features of LMR Applications

-- Simplifications:
- No Intra-node Heterogeneity
- Burnup Independent Microscopic X.S.
- Block Depletion for Average Values -

-- Challenges:
- Hexagonal Geometry
- Strong Flux Curvature
- Transport Effects

e Specific Features of EBR-I| Applications
-- Multiple Fuel Types
-- Moving Fuel

- -- Reconstitution of Fuel
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Methodology:

@ Hex-planar and Axial Separability within Node
e Planar Distribution

-- Non-separable Polynomial of X and Y
- Sixth Order for Flux
- Fourth Order for Nuclide Density

-- Preservation of
- Node-average Value
- Surface-average Values -
- Corner-point Values
- (Surface-average Currents for Flux)

-- Invariant under Svmmetrv Operations

PNC TN9600 90-013

® Axial Distribution

-- Cubic for Flux
Quadratic for Nuclide Density

-- Preservation of
- Node-average Value
- Top and Bottom Surface-average Values
- (Z-directional Flux Moment for Flux)

@ Point Depletion for Special Pins
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Validation
e Reference: Fine Mesh, Finite Difference,
Diffusion Theory, and Point Depletion
e Static Benchmarks -

2D 450 and 900 MWt LMRs
3D 450 MWt LMR and EBR-I

Maximum Errors (Pointwise Power Dénsity)
- Drivers: 2-3% ‘
- Blankets: 3-6%

Er'ror Sourbes: Planar Flux < Corner Flux.
< Separability < Nodal [nformation

‘@ Depletion Benchmark
-- 3-Cycle 450 MWt LMR (3D, 474.5 Day Cycle)

- Maximum Efr_orS in Power Density at BOC-3
- Driver: 1.5%
- Blankets: 4%

-- Maximum Errors in Pu-239 Density at FOC-3
- Driver: 0.25% -
- Blankets: 1.0 - 3.5%
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Conclusions

® Numerical Benchmarks Demonstrate Good
~Accuracy

® Comparison with EBR-Il Measurements Show
That Method is Accurate (within Experimental
Uncertainties)

e To Improve Accuracy

- Reduce Separability Error (Finer Axial
Mesh)

- More Accurate Nodal Solution (Nodal
Equivalence Theory)
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CALCULATION OF FUEL BURNUP IN EBR-lI

e GCoal: to validate REBUS as a code to compute
EBR-II burnup in binary- and ternary-
fueled Mark-1ll and Mark-1V cores

e So as to give us a way to accurately estimate the
fissile mass flows into HFEF-S
-- for MCA purposes
-- for operational purposes
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CALCULATION OF FUEL BURNUP IN EBR-lI

@ Procedure:
--Go to EBR-Il Records
-- Start at Loading for Run 130A

-- Do detailed REBUS Modeling of
| core loadings
core power level histories

-- Compute Pin Depletion of Experimental S/A’s
with RCT-

-- Compare resulting pin discharge compositions
with
La and Nd measurements
Pu and U isotopic ratic measurements
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' CALCULATION OF FUEL BURNUP IN EBR-I

e Methodology (REBUS/RCT)

Three-Dimensional Hex-Z Model

Nodal Diffusion Theory (k-eff ~ 0.96)

ENDF/B-V.2 data (9 broad energy groups)

Each S/A (rows 1-16) and all fuel management

operations are modeled for each sub-run
of EBR-II

Pin Modeling of some Experimental S/A’s
for pin-depletion analysis with RCT

® Current Status

- REBUS Analysis completed up to Run 154A
| (current run)

- RCT Analysis performed only for select S/A's
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COMPARISON OF REBUS/RCT CALCULATED BURNUP (atom %) WITH !3%La AND 148Nd BURNUP MEASURMENTS

S/A ‘ REBUS C/E Relative to

Pin No. L/Lo 1390 a 1v8 Nd % Diff. Avg. RCT 13913 T4 BN Avq.
X419 | |
31 0.08 1.571 1.624 3.37 1.598 - 1.6692  1.063 1.028 1.045
(U-19Pu-Zr) 0.57 1.828 1.834 0.33 1.831  1.9324  1.057 1.053 1.055
0.94 1.426 1.486 4.21 1.456 1.4537  1.020 0.978 0.999
40 0.12 1.628 1.665 2.27 1.647 1.7160  1.054 1.031 1.042
(U-8Pu-2r) ~  0.57 1.791 1.831 2.23 1.811 1.9146  1.069 1.046 1.057
0.90 1.550 . 1.544 -0.39 1.547 1.5160  0.978 0.982 0.980
13 0.10 1.645 1.615 -1.82 1.630 " 1.6748  1.018 1.037 1.028
(U-2r) 0.45 1.848 1.872 1.30 1.860 1.9100 1.038 1.025 1.032
0.92 1.454 1.467 0.89 1.461 1.4687  1.010 - 1.001 1.005 -
X420 ' ' :
20 0.53 5,339 5.679 6.37 .~ 5.509 5.1621  0.967 0.909 0.937
(U-8Pu-2r) - '
X421 . | .
41 0.45 9.169 9.220 0.57 9.195 10.0495 1,096 1.090 1.093
(U-8Pu-1r) : :
39 0.45 9.196 9.278 0.89 9.237 9.9929  1.087 1.077 1.082
(U-Zr)
X4198 ,
a8 0.44 12.53 12.17 -2.87 12.350 12.3526  0.986 1.015 1.000

(U-19Pu-Zr)
25

0.44 11.65 12.14 4,21 11.895 12.0882 1.038 0,996 1.016
(U-2Zr) _ .
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IFR

FUEL NEUTRON INDUCED ISOTOPIC CHANGE U-10ZR

AS CAST
X219 @ 2%/0 8U:

ToP: :
Measured
Calculated

CENTER:

Measured
Calculated

BOTTOM:

Measured
Calculated

X420 @ 5%/0 BU:

ToP:
Measured
Ca]cu]qted
CENTER:
Measured
Calculated
BOTIGM:
Measured
Calculated

X421 @ 10%/0 BU:

T0P:
Measured
Calculated

CEMTER:
Calculated

BOTTOM ¢
Calculated

234()

.488

.494

456

.4%0
456

.455

.496

.605

.501

.606
.501

.606
.501

235Y

68.7

.
[T} Yl

o Oh
v Oy
)

oo o

.
! N

64.7

— =
.. .
o0 WO
~

2,22

2.17

31.30

31.36

31.58
31.53

31.45
31.35
32.32
32.03

32.79

32.52
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IFR FUEL NEUTRON INDUCED ISOTOPIC CHANGE U-8PU-IR

AS CAST

X419 @ 23/0 BU:

TOP:
Measured
Calculatad
CENTER:
Mezsured
Calculated
BOTTOM:
Measured
Calculated -

X420 @ 5%/o0 BU:

TOP:
Measured
Calculated
CENTER:
Measured
Caleulated
EOTTON:
Measured
Calculated

X421 @ 10%/0 BU:

TOP:
Measured
Calculated
CZNTER:
Measurad
Calculated
EOTTOM:
Measured
Calculiated

234

23s(

236|)

233py

238" C2w0Q  2w1py  2wapy

.460 64.3 .295 34.8 93.8 5.72 .39

.466 63.6 .573 35.3  93.51 6.05 .38

469 64.0 .560 35.0  93.56 5.97 .40 .08

.466 63.4 .622 35.5  93.47 6.08 .38

.469 63.8 .608 35.1 93.52 6.00 .40 .08
 .466 63.4 .617 35.4  93.48 6.06 .38

.469 63.9 .603 35.1  93.51 6.02 .40 .08

.473  62.4 1.10 35,9 92.9 6.62 .39

.459  61.1 1.15 37.3 93.1 6.48 .41  .004

.477  62.1 1.23  36.2 92.8 6.72 .40

.459 61.0 1.15 37.4 93.0 6.57. .42 .01

.478 62.3 1.22 36.0 92.6 6.76 .41 .01

.459 61.1 1.15 37.3 93.0 6.62 .42

.483 60.9 1.80 36.8 92.1 7.48 .41

.476 6l1.2 1.70 36.6 2.3 7.20 .44 .09

.487 59.9 2.07 37.5 91.9 7.60 .41 .09

.478 60.1 2.02 37.4 92.0 7.40 .46

.486 60.2 2.01 37.3 91.8 7.64 .41

477 60.4 1.97 37.1 92,0 7.3¢ .46 .09
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IFR FUEL NEUTRON INDUCED ISOTOPIC CHANGE U-19PU-ZR

213py

23w]] 235y 238 233 - S 240y} 2w1Py  2w2Py
AS CaST .410 57.0 .263 42.3  93.84 5.68 .39
X419 @ 2%/0 BU:
ToP:
Mzasured .A14  55.3  .503 42.8 93.49 6.05 .38
Calculated .415  53.7 .492 42,4 93.55 5,98 .40 .07
CENTER:
Measured .415  86.1 .550 42.9  93.45 6.10 .38
Czlculated .415 53,5 .538 42.5 63.51 6.02 .40 .07 -
BOTTCM: :
Measured .418  56.3  .540 42.8 93.44 6.10 .38
Calculated .  .415 56.5 .536 42.5  93.48 6.05 .40 .07
%426 & 5%/0 BU:
TOP:
Mezsured .430 54,9  .978 43.6  92.80 6.72 .39
Calculated .417 55,1 1,05  43.4  92.85 6.56 .42 .08
CENTER: .
Measured .435 54,6 1.09 43,9 92.65 6.85 .40
Calculated .417 55.0 1.05  43.5 92.83 6.67 .43 .08
‘BOTTCM:
Measured
Calculated .417 55.1 1.05  43.4 92.78 6.72 .43 .08
xa21 @ 10%/0 BU:
TOP: : :
Measured .568 53.2 1.69 44,6 91.90 7.58 .44 .
Calculated .419 53,6 1.55  44.5 92,13 7.33 .46 .08
CENTZR: .
Measured 570 52.5 1.8  44.9 91.60 7.82 .45
Calculated .419 52,9 1.73 44.9 91.89 7.55 .47 .08
80TTCH:
Measured .568  52.8 1.85  44.7 91.60 7.85 .45
Calculated .419  53.2 1.74  44.6  91.77 7.67 .48 .08
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SUMMARY OF BURNUP COMPARISONS

Agreement is generally good
(i.e., within 1- srgma uncertainties of 6%)

Some discrepancies are attributed to
poor measurement values.

Chemistry techniques are most difficult for
ternary fuel, especially w/ high Pu fraction.

There is a slight misprediction (~1-2%) of axial tilt
‘which should improve with newer methods.

Uncertainty in calculated predictions may improve
with application of isotope correlations |
(combined with mass spectrometer measurements’

~ to better define fluence.

Burnup data is limited and new data

(e.g., X-444) will be very helpful.

Burnup comparisons for radial blanket S/A's
are needed and will be more difficult to obtain.
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FUTURE WORK WITH REBUS/RCT

® Short Term

- Implement additional checking of fuel management
by REBUS input processor

- Modify STACK file to include ISOTXS subset

@ Long Term

]

Improve plots currently produced in SUMMARY

Produce REBUS input from Master File
of S/A masses

Interface with Mass-Tracking System

Perhaps produce utilities to calculate and plot
Isotope Correlations from RCTDEN files

Improve Methodology as Available
(e.g., Equivalence Theory, X-Sections, etc.)

Better Understand the Interpretation of
the Experiments (e.g., irradiation fuel growth,
FP migration, fission yield sensitivity, etc.)
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NEACRP-A-1072

~ Topic &8

Prediction Accuracies of Safety Related N
Core Design Parameters for FBR

Keisho Shirakata and Toshio Sanda*

Power Reactor and Nuclear Fuel Development Corporation (PNC)
4002, Narita-cho, O-arai machi, Ibaraki-ken, 311-13, JAPAN

Abstract

Prediction accuracies of safety related core design parameters for a
large Liquid Metal Fast Breeder Reactor (LMFBR) core were evaluated by
using the current calculation method for core design. Target accuracies for
them were also evaluated by estimating impacts of calculation uncertainties
on the core design. The technical level of the current calculation method
for core design was assessed and discussed.

1. Introduction

Neutronics analysis methods for fast reactor core have been developed
in Japan to support the national project on LMFBR. From the standpoint of
core design'for large LMFBR, it is required to reduce the uncertainties for
core design parameters.

The analysis of JUPITER experiments (US/Japan joint physics large
core critical experiment program) has been almost concluded in Japan, and
an adequacy and accuracy of the current core analysis method has been
assessed when it was applied to critical assembly experiments on large FBR
core. Utilizing these C/E (Calculation/Experiment) results by the core
analysis method, prediction accuracies by the current calculation method for
core design were evaluated. Safety related core design parameters, i.e.,
control rod reactivity, sodium void reactivity and Doppler reactivity were
evaluated for a large FBR core design.

The purpose of this work is to assess the technical level of the current
calculation method for core design, and to investigate trends and problems
of it.

*Present address : Hitachi Ltd.

— 314 —



PNC TN9600 90-013

2. Calculation method for core design

The 70-group cross section set JFS-3-J2, processed from the JENDL-2
library, was used. Effective cross sections for individual regions were
produced by cell calculations, considering double heterogeneous configuration
of sub-assembly, heterogeneous arrangement of different material adjacent
to each other, reaction rate preservation, background cross section based on
collision probability method, and so on. The base calculation used diffusion
theory in three dimensional geometry, and employed Benoist’s diffusion
coefficients. Mesh and Transport corrections to base calculations were
considered.

3. Present prediction accﬁracies
A present prediction accuracy Apresent can be treated to consist of
systematic error and random error, and is obtained from the following
equation :
APresent = 100 (C/E - 1.0) + § + (Ag + VA2 + Ag2 + Ag2) |

where

C/E : JUPITER experiments and calculations 2),3)

S : Systematic error other than C/E

As : Random error in S

A1 : Random error in C/E

Az : Random error in extrapolation from critical assembly to

' designed core

Az : Uncertainty of the designed core.

That is, Apresent is obtained, based on the JUPITER C/E results.
Apresent of control rod, sodium void and Doppler reactivities for a 1,000

MWe size homogeneous FBR core were evaluated according to the equation.
Values of Apresent in 20 level, in percent units, were shown in Table 1, 2
and 3 respectively, together with their components. Items in the bracket of
Aj were considerd for the evaluation of A;. A systematic error means there
is a systemtic problem on the calculation method, and a random error
means the breadth of uncertainty on the calculation method.

4, Target accurancies

An impact of a calculation uncertainty on core design was evaluated
and summarized in the form of event trees, and the sensitivity coefficients
were obtained between various design parameters.¥ Based on these data,
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target accuracies ATarget of control rod, sodium void and Doppler reactivities
were evaluated considering the allowable design limits and compromising
between design margins and excessive cost. Results were shown in Table 4.

5. Results o

It was made clear:from Table 4 that Apresent did not satisfy Aparget for
all the cases, and that there were some spatial dependences in Apresent. It
was also shown that there were large systematic errors for the sodium void
reactivities. In order to make Apresent satisfy Ararget, it is necessary to
reduce both the amount of systematic error and random error. In near
future, Apresent and ATarget Will also be evaluated for different type of core.
designs.
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Table 1. Present Prediction Accuracy of Control Rod Reactivity Worth

for Large LMFBR Core (20 level, Percent units)

Systematic error

C/E
Beff error | =
98 [oading error . | =

Random error

A1 (Measurement, Calculation, =
Befsf random error, C/E fluctuation)

A, (Geometry of control rod assembly, =
Cross section, Geometry of absorber pins,
Amount of '°B loaded, Core composition)

A3z (Operation condition, =
Driver fuel composition)

Total error Apresent =

- Center Rod

0.94

2.5 125

Q.S +0.5
+5.8
+2.8
+ 2.2

-3 *+938

Qutermost

Ring Rods

1.00

25 *25

0.5 *®0.5
+5.8
+2.8
+2.2

3 *12.6
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Table 2 Present Prediction Accuracy of Sodium Void Reactivity Worth
for Large LMFBR Core (20 level, Percent units)

Systematic error

- C/E
Bets error

i

Random error

Aq (Measurement, Calculation, =
Beff random error, C/E fluctuation)

A> (Core dimension, Core composition,
Driver fuel composition, Operational
core temperature, Control rod effect)

Az (Driver fuel composition) =

1

As fhe result, total error Apresent =

Non-leakage

- 1.20
25 +25
+11.9
+19.2
+15

Central small
region void

| Leakage

1.20
2.5

+2.5

+17.2

+28.8

+0

Central Ia_r e
region voi

23 *25

29

T34
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Table 3 Present Prediction Accuracy of 238U Doppler Reactivity Worth

for Large LMFBR Core (20 level, Percent units)

Systematic error

C/E

Besf error
Mox fuel composition

Random error

A1 (Measurement, Calculation,
Beff random error, C/E fluctuation.
Effective cross section of sample)

A, (Core dimension, Core composition,
Operational core temperature,
Heterogeneity effect, Extrapolation
to full core, Blanket effect,

- Control rod effect)

Az (Operational core temperature)

Total error Apiesent

il i

Il

Full core
(298°K—1100°K)
0.87
25 25
5

+9.9

+ 10.1

+ 8
-5.5 +18.7
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Table 4 Present Prediction and Target Accuracies of Safety Related Core
Design Parameters for Large LMFBR Core (20 level, Percent units)

Present .
Prediction accuracy Target accuracy

Control rod reactivity worth
Center rod | - 3 +9.8 + 10

Outermost ring rods 3 *12.6 +10

— (2t —

Sodium void reactivity worth
Central small region void 23 *25 + 15

Central large region void 29 +34 15

2381 Doppler reactivity worth . 55 187 +15

€10-06 0096NL ONd
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NEACRP-A- /1/7C
Topic 2.1

| Analysis of JOYO Burnup Characteristics
Akihiro Hara* and Kastuya Kinjo

Power Reactor and Nuclear Fuel Development Corporation (PNC)
4002, Narita-cho O-arai-machi, Ibaraki-ken, 311-13, JAPAN

Abstract

All the post irradiation experiment (PIE) data on the experimental fast
reactor JOYO MEK-I core were collected, and complied into a data base.
Burnup calculations were done by using the JFS-3-J2 cross section set and
the three dimensional diffusion code MOSES with modified coarse-mesh
method. Comparisons of caleulations (C) with experiments (E) are as follows :

) Burnup coefficient (reactivity loss for 50MW-day)
CE=1.024+(7~-13)%
) RelatWe change of isotope ratio to burnup (a/o)

Pu-239/Pu  C/E=1.05 2%
Pu-240/Pu C/E=1.06 4%
Pu-242/Pu C/E=114 5%
U-235/U CE=1.11 +1%
U-236/U C/E=1.08 +2%
U-238/UJ C/E=111 t1%

- @ Pu build-up in radial blanket

5th layer C/E=1.01~1.06 £7%
6th layer C/E=1.02~1.14 *7%
7th layer C/E=1.07 7%
8th layer C/E=1.02 + 7%,

1. Introduction _
Burnup characteristics of JOYO were analyzed and the results were
reported in the past.1),2),3) In case of those previous reports, the number of

+ Present address : Toshiba Corporation
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analyzed PIE data was limited, and the maximum burnup of: them was
35GWd/t.

This time, all the PIE data on the JOYO MK-I core were collected and
analyzed. As the result, the number of PIE data was twice as many as the
previous report, and the maximum burnup extended to 55GWd/t.

Number of assemblies on which PIE was performed were 28 and 11 for
core fuel and blanket fuel assemblies. Numbers of points or pellets on which
PIE was performed were 147, 28 and 43 for core fuel, axial blanket fuel and
radial blanket fuel, respectively. Fig.l and 2 show the distributions of PIE
data for core and blanket fuel pellets as a function of burnup.

2. PIE data
The PIE was done through the processes of chemical separation by ion-
exchange resin and mass-spectrometry. As the result of PIE, following data
were obtained for each specimen :
N (Puw)
N (Pu) -+ N(U)

N (Pu238) N (Pu239) N (Pu240)
@ Isotopic ratio of Pu (a/o) : 1 (Pu) »  N®Puw ' NEw °

® Ratio of Pu to total heavy metal (a/o) :

- N (Pu241) N (Pu242)
N (Pu) N (Pu)
@ Isotopic ratio of U (wo) : N (0234~ N(U285) = NU236)
N () N (U) N (U)
N (U238)
N (U)
@ Burnup (a/o} : N(¥P)
N (Pu)+N(U)-+N(FP).

Specific burnup, i.e.,, GWd/t was also obtained from isotopic compositions of
Nd. :

Fig.3 and 4 show changes of isotopic ratio of #°Pu for the core and
axial blanket fuels as a function of burnup. In these Figures, identifications
for fuel fabrication lots are noted. This is because the initial isotopic ratios
are a little different between the fabrication lots.
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3. Calculation method

A core configuration of the JOYO MZXK-I core is shown in Fig.5.
Hexagonal-Z geometry diffusion calculations were performed for the analysis
of burnup characteristics of the core. The JFS-3-J2 cross section set and the
modified coarse-mesh diffusion code MOSES were employed for the
calculations.

4. Results

C/E result for the burnup coefficient was 1.02+(7~—13)%. It means,
the nominal value of calculation agrees with the experiment, but the
uncertainty is relatively large.

Fig.6 shows the results of calculation and experiment for the change of
isotopic ratio of 2**Pu as a function of burnup. There is some difference in
the gradient between them.

Results for relative change of isotope ratio to burnup(a/o) are

-Pu-239/Pu . C/E=1.05 +2%
Pu-240/Pu  C/E=1.06 +4%
Pu-242/Pu = C/E=1.14 +5%
U-235/U0 C/E=1.11 +1%
U-236/U C/E=1.08 +2%
U-238/U C/E=111 " *1%.

Calculations overpredict experiments in all the cases.
C/E results for Pu build-up in radial blanket are

5th layer CE=1.01~1.06 7%
6th layer CE=1.02~1.14 *7%
7th layer C/E=1.07 tT7%
8th layer C/E=1.02 £7%.

The uncertainty is relatively large.

In order to detail the calculation, possible corrections for pin - and
wrapper tube heterogeneity, diffusion calculation, temperature effect, etc.
will be considered in near future.

References

1) Kawashima, M., et al. : NEACRP-A-680, (1984).
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3) Ikegami, T., et al. : NEACRP-A-748, (1985).

— 323 —



PNC TN9600 90-013

Table 1 The ratio of isotopic composition change rate to burnup (PU8230%)

Calculation Experiment C/E
- 289Py/Pu —3.751+0.036 X10-! —3.541%0.085 X101 1.059 2%
240Py/Pu 3.714+0.022 X10-1 3.522%0.028 X10-! 1.055 +£2%
242Py/Pu 1.506£0.003 X10-2 1.345+0.023 X 10-2 1.120 +2%

+ Feul fabrication lot No.

Table 2 The ratio of isotopic composition chan-ge rate to burnup (PU8231)
Calculation Experiment C/E

239pPu/Pu ~3.832+0.027 Xx10-! —3.6561£0.022 X101 1.048 1%

- 240Py/Py 3.72410.057 X10-! 3.534£0.076 X101 1.064 +5%

#2Py/Pu 1.503+0.004 X10-2 1.300£0.099 X10-2 1.156 £8%
Table 3 The ratio of isotopic composition change rate to burnup (EU0004)
Calculation Experiment C/E

85U —5.398+0.044 X10-! —4.835i0.030 X10-1 1.116 £1%

6J/U 1.451£0.014 x10-1 1.35510.005 X10-! 1.071 £1%

Z8U/U 3.879+0.003 x10-1 3.475+0.033 X10-! 1.116 £1%
Table 4 The ratio of isotopic composition change rate to burnup (EUQ013)
Calculation. Experiment C/E

By —5.3761£0.024 x10-! —4.907£0.041 X10-1 1.096 +1%

Bey/U 1.46710.015 x10-! 1.351£0.020 x10-1 1.086 +£3%

BU/U 3.909£0.010 X10-! 3.5481+0.037 x10-! 1.102 £1%
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Fig.5 Core configuration of the JOYO MK-l core
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Hazard Quantification for LWR Spent Fuel
R. N. Hill

Argonne National Laboratory
Argonne, lilinocis 60439

The actinide management features of the Integral Fast Reactor (IFR) fuel cycle have several poten-
tial payoffs which are under investigation. First, by stripping transuranics from the IFR waste stream and
recycling them for fission in the reactor, the engineering and licensing aspects of sending IFR repro-
cessing wastes to a geologic repository can be expected fo be eased. Second, the energy content of the
minor actinides can be used for resource extension because they are fissionable in the fast neutron spec-
trum, and when combined with flexibility in the breeding ratio of IFR designs, they can be used to provide
either a steady-state or a growing IFR energy economy without an external source of fissile material.
Finally, breeding ratio < 1 designs combined with repeated recycle for fission can potentially provide for a
means to "burn” transuranics supplied from a source external to the [FR cycle, such as LWR spent fuel or
decommissioned sibling IFRs. In this paper, the importance of transuranics in LWR waste will be
addressed by quantifying their hazard contribution.

LWR spent fuel waste consists of both fission product and actinide elements. Fission products com-
prise hundreds of various isotopes with differing decay characteristics. Actinide isofopes include the
remaining uranium which has not fissioned (the vast majority of the initial load) as well as transuranics
produced by neutron capture. The purpose of this analysis is to assess the hazard associated with the
various isotopes in LWR spent fuel. A comprehensive risk analysis would require a detailed modeling of
the radionuclide release and transport; whereas, hazard analysis addresses only the consequences of
exposure. Hazard has been quantified using various measures and databases. In this paper, the cancer

dose {CD) measure developed by Cohen,’ the annual limit of intake (ALI) international Commission on
Radiological Protection (ICRP) limits,” and the water dilution (WD) fimits from 10 CFR 20° will be com-
pared. ICRP data from 1959, 1980," and 1988 * will be utilized as well as data from the Biological Effects
of lonizing Radiation (BEIR} | ® and BEIR 1l ” reports.

The cancer dose measure described by Cohen in Ref. 1 utilizes the dose exposure data from the
ICRP publications and the cancer risk data from the BEIR reports. Committed dose equivalent data are

presented in ICRP Publicafion No. 30 for each isotope in each tissue; this factor represents the dose
from intake of radioactive materials during the current year assuming a 50 year life after intake. These
data are given for both oral and inhalation exposure where the biological retention time will vary. The
BEIR reports are a comprehensive evaluation of the cancer effects of radiation. The BEIR resuits can be
interpreted to yield fatal cancer risk per dose factors as shown in Ref. 1. These factors vary by organ and
radiation type; alpha radiation in vital organs is the most likely to cause a fatal cancer. The Cohen meth-
odology sums over all organs te achieve the cancer hazard.

The most recent ICRP oral intake data (Ref. 5) was utilized in conjunction with the BEIR-lli (Ref. 7)
data to generate fatal cancer risk per unit activity factors for the actinides and fission products. The
product of isotopic activities and the cancer risk factors embodies the CD hazard measurement. Detailed
isotopic activities were calculated, using the ORIGEN ® code, for 1 MT of fuel in a typical LWR (3.2%
enrichment, 33000 MWd/MT burnup) with post-irradiation decay for times up to 10 million years. To put
the cancer hazard in perspective, the CD hazard is normalized to the CD hazard associated with the nat-
ural uranium required to produce the 1 MT of fuel (5§ MT of natural uranium in equilibium with its daugh-
ters). '

The dominant isotopic hazards are shown in Fig. 1. The fission products dominate the hazard curve
at discharge; however, their hazard quickly decreases as the short-lived fission products decay dropping
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below the level of the initial ore (below 1.0) after about 500 years. The hazard associated with the transu-
ranics extends over a much longer time scale; it does not fall below the level of the original ore for nearly
a million years. For the first 5000 years, Am-241 with its 432 year hal-life dominates the hazard. Pu-239
and Pu-240 dominate in the 10,000 year time scale, and Np-237 with its 2 million year hali-iife is haz-
ardous for millions of years.

The ICRP dose commitment data were initially evaluated in 1959* the entire data set was re-
evaluated in 1980° and select isotopes were again modified in 1988.° The effect of these data changes on
the CD hazard curves is quite significant. In Figure 2, CD hazard curves based on 1959 ICRP data -
BEIR 1, 1980 ICRP data - BEIR I}l, and 1988 ICRP data - BE!IR Ill are compared. The normalization
factor (hazard associated with 5 MT of natural uranium) is computed using each database; thus, the 1959
curves are normailized to the initial ore hazard calculated using the 1959 data. The old (1959) data shows
very different trends from the contemporary data. These differences are caused primarily by the treat-
ment of bone dose; the old data leads to high estimates of the cancer risk for $r-80 and Ra-226, whereas,
the new data greatly enhances the bone cancer hazard for the transuranics. Thus, the 1953 data shows
much lower relative transuranics hazards because of the presence of radium in the initial ore and the .
dominance of transuranics in the spent fuel actinide hazard. In the 1980 ICRP evaluation, the biological
retention tactor of neptunium is 100 times larger than the retention factor for plutonium; thus, the neptu-
nium hazard (and the long-term actinide hazard) is much higher for this evaluation. In the 1988 ICRP
evaluation, the neptunium and piutonium retention values are equal giving an order of magnitude
increase in the plutonium hazard and decrease in the neptunium hazard (this causes the crossing of the 2
1980 and 1988 data curves between 10,000 and 1 million years, see Fig.1 for isolopic curves). {f P
Since food or water contamination is generally agreed to be the most fikely mechanism for LWR
spent fuel radioisotope release, oral exposure data have been utilized in the -preceding analysisb.{%}ncer
dose hazards can be calculated in a similar manner for inhalation exposure; the oral and inhal4tion CD
hazards based on the most recent ICRP data are compared in Fig. 3. The fission product contribution to
the hazard is much lower for inhalation exposure. This is primarily caused by the fact that actinides are
retained much longer in the lungs than in the gastrointestinal tract; whereas, most fission products are
nearly totally absorbed through either path. Since the initial ore is also composed of actinides, the relative
actinide hazard is similar for inhalation or aral exposure as shown in Fig. 3.

The CD hazard measure is compared to the ALl and WD measures in Figures 4 and 5 for oral expo-
sure; once again the normalization factor is calculated separately for each measure. The ALl hazard
measure is based on fimits published in the ICRP reports. These limits utilize the dose commitment fac-
tors developed by the ICRP and a constant tissue weighting. “Basically, the hazard/dose is calculated
using the tissue weighting formula described in Ref. 2; whereas, the CD hazard utilizes a more detailed
tissue weighting model based on the BEIR data. The ALl hazard curves appear to agree well with the CD
hazard curves as shown in Fig. 4. The WD hazard measure expresses the volume of water necessary to
dilute a given activity to acceptable drinking standards. This curve generated from 10 CFR 20 values
does not agree well with the CD hazard curves as shown in Fig. 5; in particular, the actinide hazard is sig-
. nificantly lower using the WD hazard measure. However, the WD hazard curves are similar to the 1959
ICRP - BEIR | curve shown in Fig. 2. This suggests that the 10 CFR 20 standards are likely to have been
based on the old data and will underestimate the relative transuranic hazard.

In conclusion, fatal cancer dose for complete exposure was used as a hazard measure for LWR
spent fuel. The evolution of the cancer dose hazards from 1959 dalta to the present was shown, and the
cancer dose hazard was compared to annual limit of intake and water dilution measures. All cases
indicate that the transuranics dominate the long term hazard with Am-241, Pu-239, Pu-240, and Np-237
being the most important contributors. Thus, actinide recycle would significantly reduce the long term
radiological hazard associated with the LWR spent fuel. Therefore, actinide recycle should allow the
technical requirements placed on a repository to be met more easily, and seems highly desirable from the
point of view of public acceptance. At the same time, however, actinide recycle is not a requirement for
high-level waste management, and actinide recycle does not replace the need for a geologic repository.
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ABSTRACT

Regarding long term radiological impact, the most
important element beyond a few hundred years, is plutonium.

This paper aims to answer two questions.

Does the recycling of plutonium in a PWR permit the
reduction of the radiotoxic wastes ?

Dees the recycling of plutonium have a significant
impact on the radiotoxicity of wastes for a large nuclear power
capacity ?

The conclusion is : plutonium recycling is rather

favorable to the reduction of the radiotoxicity of the wastes
but globally the impact is limited.
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INTRODUCTION.

Some of the nuclides produced by irradiation of uranium
oxide fuels 1in reactors, (or nuclides 1linked by radiocactive
decays)are radiotoxic during a very 1long time. They are ‘a
potentiel risk as far as their storage is concerned.

A possible solution to .this problem is to destroy
these nuclides by recycling them in reactors.

It is wvery important that the recycling does not
increase the risks.

Regarding long term radiological impact, the most
important element beyond a few hundred years, is plutonium (chap
I1).

Several studies have already-beén performed concerning
this problem.

This paper aims to answer two questions.

Does the recycling of plutonium in a PWR permit the
reduction of the radiotoxic wastes ? (chap. III).

Does the recycling of plutonium have a significant
impact on the radiotoxicity of wastes for a large nuclear power
capacity constituted with PWR as in France? (chap. IV).

'1 - THE CALCULATIONAL MODEL.

in order to perform this study, the charaterizations of
irradiated fuels were calculated with the CEA subassembly
CEA code APOLLO and for the post-irradiation decay with
the MECCYCO code.

The reactors are 1000 MWe PWR's. The U0 fuel is made with
enriched (3,7 %) uranium, oxide (from natural Uranium).
The average.burn up is 45 GWd/t. '

To evaluate the radiotoxicity, the values of annual public
limits of ingestion have been used. These values are taken
from ICPR 30 guidelines modified by ICPR 48 guidelines.

For the MOX fuel, the Plutonium comes from the reprocessing
of 45 GWd/t irradiated U0y fuel (support : natural Uranium}.
The initial Plutonium content is about 7,6 $%.

In this paper, the effects of the fissjion-products are not

treated. : _
Only the ¢& - emitting nuclides are considered.
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2.
2 = THE CONTRIBIUTION OF PLUTONIUM TO THE RADIOTOXICITY OF
IRRADIATED UQ0X - FUELS.
In the .follgwing table, we give the total radiotoxicity
of the irradiated U0 fuel | R (UO03) | and the contribution
due to the Plutonium component | R (Pu)l. The radictoxicities
are expressed in arbitrary units.
Decay
(years) 10} 102 103 10% 103 106
R (UU3) 6.84 1010 4,64 1010 1,19 1010 2,77 109 1.58 108 4.19 107
R (Pu) 4,94 1010 4,05 1010 1,05 1010 2.5 109 1.39 108 2.58 107
Pu
contribution 72 % 87 % 88 % 93 % 88 % ' 61 %
We can see that the Plutonium contribution is always
predominant.
After 106 years, following the disappearance of the plutonium,
the "natural" radiotoxicity of 238 U and its descendents
- becomes the principal source.
3 - COMPARISON BETWEEN U02 AND MOX FUEL RADIOTOXICITY AFTER

A LONG DECAY.

In table 1 (UOX} and table 2 (MOX) the comparison of the
radiotoxicity for a fresh fuel (column 1) and a (45 GWd/t)
irradiated fuel (column 2)is given.

If one examines only the radiotoxicity of irradiated fuels
(columns 2} one can say that irradiated MOX fuel is more
toxic than irradiated U0X fuel. Therefore recycling of
plutonium should not be performed. .

In fact, concerning the wastes, this conclusion is not wvalid.

In effect, the fresh MOX fuel contains Plutonium which,
if not recycled, would be part of the wastes. However, the
irradiation of this plutonium (in a MOX subassembly) reduces
the radiotoxity {(column 3, table 2)}.

This effect is due to the disappearance of 239p,; and 240 py
during the irradiation. (35 % to 40 % of plutonium is consumed
in reactor).

In conclusion we can see that the recycling of plutonium
permits the reduction of the radiotoxicity of the wastes.

eao/
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4 - IMPACT OF RECYCLING OF PLUTONIUM IN A PWR POWER CAPACITY.

In order to evaluate this impact we have examined two
schemes ; the situation in France is placed between these
two cases. -

First, all energy 1is generated with U0X fuel. The spent
fuels are considered as-:radiocactive wastes.

This scheme represents the open cycle.

Second, the irradiated UO0OX fuels are reprocessed and the
Plutonium is used to make MOX fuel. The irradiated MOX fuels
are not reprocessed but put intoc storage. This case is a
closed cycle with one recycling.

In the first case, one has in the wastes the radiotoxicity"
(R1l) of the irradiated UOX fuel.

In the second case, one finds in the wastes the radiotoxicity
(R2} of the no-recycled elements of the preceding UO0X fuel
{minor Actinides and lost Plutonium) and of the irradiated
MOX fuel fabricated E£ipy: 1n9600 90-013 Plutonium.

Figure 1 gives the comparison of the radiotoxicities (R2/R1)
obtained in the:PNC TN9600 90-013 35 for equivalent delivered
energy quantities.

We state here that, even if the gains obtained are not

decisive, Plutonium recycling reduces the radiotoxicity
of the wastes. '

CONCLUSION

In this paper, we have examined only long lived «{-emitters.

The fission products are not treated, because they have
equivalent effects in the two scenarios. Furthermore, they are
only important in the short term (< 200 years).

In summary, Plutonium, recycling is rather favorable to
the reduction of the radiotoxicity of the wastes.

Globally, the impact of Plutonium recycling is limited.
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Tableau 1
RADIOTOXICITY (a.u.)
U0X FUEL
(1) , (Z)
Time of decay Fresh Irradiated
{years) fuel fuel (45 Gwd/t)
102 < 106 4.64 1010
103 < lob 1.19 1010
104 < 106 2.77 109
105 £ lo® 1.58 108
106 2.5 106 4.19 107

Tableau 2.

RADIOTOXICITY (a.u)

MOX FUEL
‘ (1) (2) (3)
Time of de Jdecay Fresh Irradiated Difference
(years) fuel fuel {45 GWd/t) (2) - (L)
102 2.76 1011 3,10 1011 4.0.1010
103 7.00 1010 6.95 1010 ~5.0 108
104 1.71 1010 1.39 1010 ~3.2 109
103 9.28 108 .6.95 108 -2.3 108
106 1.72-108 1.96 108 2.4 107
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ABSTRACT

The paper reports results of a study of the effectiveness of high-energy particle induced
reactions (spallation and fission) for reducing the long-term toxicity of Np-237, the
nuclide which dominates the long-term toxicity of the high level radioactive waste from
spent fuel.

For a (hypothetical) quasi-infinite Np-237 target and an incident proton energy of 1
GeV, the calculations give a favourable ratio of 3.9 between the high-energy fission and
spallation reactions, indicating a gobd “burning” capability. The energy multiplication
factor for the target due to the high-energy processes alone is 1.6; it could be improved
by using the many free neutrons below 15 MeV (about 30 per incident proton) to
generate additional fission power in a multiplying target assembly.

The toxicity of the transmutation products is dominated by spallation products and is 40
to more than 500 times smaller than the toxicity of the original Np-237 and its decay
products. The residual long-term toxicity (beyond 107 years) is about the same as that
of natural U;QOsg.

The theoretically achievable reduction of the toxicity depends on the high-energy fission
model. An experimental verification is desirable in order to remove the associated

uncertainties.
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1. INTRODUCTION

Transmutation by high-energy particle induced reactions has potential as a method for
reducing the long-term toxicity of actinides. A practical spallation-based transmutation
facility would involve a powerful high-energy proton accelerator and a multiplying target
assembly to ensure a good overall energy balance. If the effective multiplication factor
of the target assembly is close to 1, the transmutation properties are similar as those of a
fast reactor with a hard neutron spectrum. This implies that the viability of accelerator-
based transmutation systems depends on whether high-energy particle induced reactions
in the target assembly can be enhanced while maintaining an adequate energy balance,
and on whether these themselves are viable transmutation processes. This paper provides
information relating to the second of these questions: it reports results of a study of the
effectiveness of pure spallation processes for reducing the long-term toxicity of Np-237,
the nuclide which dominates the long-term toxicity of the high level radicactive waste
from spent fuel. '

In a practical target assembly, the overall transmutation would come from a broad-band
spectrumn of (mainly) neutrons and protons; the exact nature of the irradiating spectrum
will depend on the geometry and composition of the target. At this stage, the aim
is to demonstrate not only that such a system is effective but also identify particular
aspects of the overall process which work in favour of or against toxicity reduction.
Calculations with speculative ‘real’ models could hide such information.

Two cases have been considered: both calculate the toxicity following irradiation of sam-
ples of pure Np-237 by high-energy protons. In the first case, the interaction products for
a thin target are examined: this will examine the effectiveness of the basic high-energy
reaction and also produce results that may be compared with those from thin-foil irra-
diation experiments. The second case considers all the products of the nucleon-meson
cascade‘propagéted by the incident high-energy protons in a quasi-infinite target: such -
a system is physically unreal (at the minimum it consists of many critical masses) but
will show the maximum contribution from the nucleon-meson cascade.

2. CALCULATIONAL METHODS

The interactions have been calculated using the PSI version of the HETC [1] code
package. A full description of the physics may be found in references [2]-[5] so only
a very brief summary will be given here.

— 348 —



PNC TN9600 90-013

The fundamental part of HETC is the calculation of the interaction of nucleons and
mesons with nuclei. This is done with a two-stage model. The first stage is an
intra-nuclear cascade of individual particle-nucleon interactions governed by the usual
high-energy physics kinematics and conservation laws and ‘“free’ particle-nucleon cross-
sections; that the nucleons are bound in'a nucleus enters the interaction via their Fermi
momentum and the need to satisfy the exclusion principle. The outcome of this first
stage is a set of escape particles and a residual nucleus in an excited'energy state. The
second stage of the calculation uses the statistical model to follow the de-excitation of
this nucleus to the ground state. The PSI version of HETC has been modified to include
a treatment of fission [6]. -

The lower limit of the valid energy-range for the model is indistinct but lies somewhat
below 50 MeV for nucleons and comes from the increasing contribution of interactions
which involve the nucleus collectively. Normally 15 MeV is selected as being slightly
under the typical upper energy limit for neutron cross-section data sets; it provides a
convenient link to fast-neutron transport codes.

Calculations, using this model, of an integral measurement performed at Los Alamos
for proton irradiation of thick uranium and thorium targets [7] gave adequate agreement
with experiment.

The thin target calculation considers only a single interaction of the incident proton;
the thick target calculation adds the contribution of the high-energy interaction products
through successive génerations till the cut-off energy of 15 MeV is reached. The final
residual nuclei are collected and transferred to a separate code module for chain-yield
analysis and hence time-dependent toxicity estimates.

3. MASS YIELDS IN A THIN TARGET

The mass yield distributions resulting from the bombardment of thin Np-237 targets with
1 GeV and 590 MeV protons are shown in Fig. 1. (The contribution of light particles —
n, p, deuterium, tritium, He-3, He-4 — has been omitted, since these particles are not
relevant in the context of this study.) The two principal components, fission products
(A < about 170) and spallation' products (A > 170) both show a broader distribution
at the higher proton energy. The prominent dip, from a mass of about 210 upwards, is
a consequence of the assumptions built into the fission model concerning the transition
from sub-actinide to actinide/transuranic fission. It is probably incorrect. As will be
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seen below, in terms of toxicity, such details are not too important.

The total fission cross-sections which come out of the calculation (g = 1.2 b, 0ior,inet =
1.9 b for 1 GeV protons, oges = 1.4 b, Guoeine = 1.9 b for 590 MeV protons) are
within 20% of measured values [8,9]. On the other hand, comparison of the mass yield
distributions with those reported by Nishida et al. from JAERI [10] reveals considerable
differences. In particular, the high-energy fission model in NMTC/JAERI suggests fewer
fissions than the respective HETC model.

The relatively large fission probability is an important advantage of spallation-based
transmutation systems. However, Fig. 1 also illustrates a disadvantage of these systems,
namely the simultaneous production of other undesirable long-lived nuclides such as
U-236. '

4. MASS YIELDS IN A QUASI-INFINITE TARGET

In order to investigate the effect of the nucleon-meson cascade on the mass yield distri-
bution, a large cylinder of Np-237 is irradiated by an incident proton beam of 1 GeV.
The length (60cm) and the radius (40cm) of the cylinder are chosen such that most
particles slow down to the cutoff energy of 15 MeV within the target and the number
of escaped particles is very small.

The mass yield distribution calculated by HET is shown in Fig. 2. Two obvious effects
of the inclusion of the lower energy collisions from the inter-nuclear cascade reactions
can be seen:

o The fission processes are even more favoured in relation to the spallation products.

e The double hump in the fission product distribution indicates the influence of the
lower energy fissions.

Some important quantitative resuits (per incident 1 GeV proton) are:

No. of spallation products 1.1
No. of high-energy fissions 42
No. of transmuted nuclei - 5.3
No. of neutrons below 15 MeV 30.9
Total energy deposited 1.60 GeV
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The high ratio of fission to spallation reactions of 3.9 (1.6 for the thin target) indicates
a good actinide burning capability. With a 300 MW proton beam and a load factor of
0.8, about 100 kg of Np-237 per year (i.e. the yearly production from about 7 LWRs)
could be transmuted. However, with the calculated energy multiplication factor of 1.6, a
thermal efficiency of 33% and an estimated maximum efficiency of 50% for converting
the electric power into beam power, this (hypothetical) transmutation system would
have a self-sufficiency of only about 25%, i.e. 450 MW or 6% of the power produced
by the LWRs would have to be supplied externally. It is clear that a better overall
energy balance is desirable, and this could be achieved by using the 31 free neutrons
below 15 MeV to generate additional fission power in a (possibly isolated) multiplying
assembly.

5. TOXICITY OF THE TRANSMUTATION PRODUCTS

The evolution of the toxicity was evaluated for the mass yields in the quasi-infinite
geometry. The decay time was assumed to begin after a short irradiation period, during
which no radioactive decay and build-up was considered. All results are normalized to
1 kg of fully ransmuted Np-237. Mass yield and activity over a period of 107 years
were calculated for all decay products, and the activities were then multiplied by dose
conversion factors for irigcstion compiled from ICRP-30 [11]. The dose factors taken
into account are summarized in Table 1.

Figs. 3 and 4 show the toxicity contributions resulting from the spallation products and
the high-energy fission products, respectively. Analoguous decay calculations for the
thin Np-237 target (mass yield distribution of Fig. 1a) gave essentially the same results,
differing by not more than a factor of 2-3.

Within the first thousand years the toxicity of the spallation products is dominated by
the decay products of Pu-236, with principal contributions from U-232, Th-228 and
Ra-224. Pu-236 originates mainly from the ~-decay of the spallation product Np-236,
a nuclide with two different ground states with half-lives of 22.5 h and 1.1.10° y and
p~-decay probabilities of 50% and 9%, respectively. In the decay calculation the Np-
236 was assumed to exist only in the short-lived state, since this gives an upper limit
for the production of Pu-236.

Between 10° and 107 years the toxicity is mainly governed by Ra-226 and Pb-210 (from
the precursor nuclides Np-234 and U-234), and by Ac-227 and Pa-231. About 65% of
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the Pa-231 and Ac-227 originates from the spallation product U-231, the rest comes
from direct production.

Beyond 107 years the toxicity stays almost constant. It is predominantly due to Ac-227
and Pa-231 produced by a second route from U-235 (22%) and Np-235 (76%). Its time
behaviour is govemned by the U-235 decay (Tyj = 7-10° y).

The Temaining toxicity of the spallation products beyond 107 years is about the same
as that of 1 kg of pure U0, with natural composition.

From the spallation products, only nuclides in the peak around A = 236 give significant
toxicity contributions. As mentioned before, the mass yields of the lighter spallation
products may be incorrect. Adding these to the main peak would, however, increase
the total toxicity of the spallation products by only 35%. -

During different time periods the-total fission product toxicity is dominated by single
nuclides: between 10 and 103 years by Cs-137, then by Sn-126, and above 10° years by
1-129. Between 500 and 10° years the contribution of the fission products to the overall
toxicity is less than 1% and can therefore be neglected. Around 107 years, however, it
rises to 15% and then again reduces to less than 1% after 8-107 years (beyond the scale
of the figures).

Fig. 5 shows the toxicities of Np-237 and its main decay products under the assumption
that the reference amount of 1 kg of Np-237 simply decays. Also plotted in the figure
is the total spallation product toxicity from Fig. 3.

'A comparison shows that between 10% and 10° years the spallation products are roughly
40 times less toxic than Np-237. After 10° years this ratio improves and reaches a
maximum at 107 years when the toxicity of Np-237 and its decay products is more than
500 times larger. After 3-107 years, however, the toxicity of Np-237 decreases to the
level of the spallation products and then disappears while the latter stays constant. For
the first 300-400 years the spallation products are more toxic than the Np-237 itself,
but for this period the transmutation products could be safely enclosed.
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6. CONCLUSIONS

The investigations described in this paper allow the following conclusions to be drawn:

o The basic potential of accelerator based transmutation systems for reducing the
long-term toxicity of neptunium is confirmed. The high ratio of fission to spal-
lation reactions is an important advantage of such systems. On the other hand,
there is some simultaneous production of undesirable long-lived nuclides such as
U-235 or U-236.

o The long-term toxicity is dominated by spallation products, and the toxicity of
the high-energy fission products can be neglected. The remaining toxicity beyond
107 years is about the same as that of pure U;O4 with natural composition.

o Compared with the direct decay of Np-237 and its décay products the toxicity of
the spallation products is 40 to more than 500 times smaller for the time period
between 10 and ~ 2-107 years.

o The theoretically achievable reduction of the toxicity depends on the high-energy
fission model. An experimental verification is desirable in order to remove the
uncertainties associated with this model.

e An accelerator based transmutation system which relies on high-energy reactions
alone would not have a very favourable overall energy balance. There are, how-
ever, many free neutrons below 15 MeV which can be used to generate additional
fission power in a multiplying target assembly.
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Table 1: Dose conversion factors (mrem/Ci) for ingestion (from ICRP-30 [11])

Nuclide | Toxicity || Nuclide | Toxicity | Nuclide | Toxicity | Nuclide | Toxicity
Mn-53 9.8 E4 Fe-60 |1.6E8 }Co-60 |10E7 |Ni-59 |20ES
Se-79 | 8.5E6 Zr-93 1.6 E6 || Nb-93m! [ 53E5 || Nb-94 |5.2E6
Mo-93 |13E6 [[Tc99 |13E6 [Pd-107 |14ES | Sn-126 |27 E7
Sb-126m! | 7.5 E4 1-129 27E8 | Cs-135 |[7.0E6 | Cs-137 | 5.0 E7
Gd-148 2.1 E8 Pi-193 | 1.1 E5 | Au-194 |20E6 | Hg-194 | 6.0 E6
T1-202 1.5 E6 Pb-202 | 3.9 E7 | Pb-209 |20ES | Pb-210 |5.0E9
Pb-211 44 E5 Pb-212 | 62 E7 | Pb-214 |58E5 | Bi-210 | 4.8 E6
Bi-213 6.8 E5 Bi-214 |24 E5 | Po-210 | 1.6E9 | Ra-223 | 5.6 ES8
Ra-224 3.3 E8 Ra-225 | 3.0 E8 | Ra-226 | 8.2 E9? || Ac-225 | 9.6 E7
Ac-227 1.5 E10? | Th-227 | 3.6 E7 | Th-228 | 3.8 E8 | Th-229 | 3.9 E9®
Th-230 5.6 E8§ Th-231 | 1.3 E6 | Pa-231 1.1 E10 || Pa-233 | 3.3 E6
U-232 1.3 E9 U-233 |27 E8 | U-234 26 E8 || U-235 |25ES8
U-236 2.5 E8 U-238 " | 2.5 E8? || Np-237 | 4.1 E10 || Pu-236 | 1.5 E§

lnuclide with metastable state
2including contribution of short-lived daughter nuclides
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Figure 1: Mass yield distribution from bombardment of a thin Np-237 target with.

protons of different energies
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Figure 2: Mass yield distribution from bombardment of a quasi-infinite Np-237 target
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Figure 5: Long-term toxicity from direct Np-237 decay
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D.F.TzuricRov, A.N.Shmelyov, '4.G.Korozov, V.B.Glebov,
G.G.Eoulickov, V.V.Euznetzov

I.V.Kurchatov Institute of Atomic Fnergy, Hoscow, USSR
INTRODUCTIOHN

At the reprocessing of spent fuel of the reactors which
operate in the uranium and uranium-plutonium fuel cycles one finds
actinides (Np, Am, Cm) as well as uranium and plutonium traces in
radioactive waste. Saying "The transmutation problem of radioact-
ive waste™ one means usually burning fhese actinides 1n nuclear:
reactors. Ther has been formed two approaches for solving the
problem. The first one suggests that the actinides should be added
as a small part to the reactor fuel so that equilibrium can be
attained betwéen their forming and burning. Some estimations have
shown (see e.g. [11) that the impact of such an addition on
physical features of the reactors Is relatively small. This
approach suggestis avallabllity of numerous burner reactors.

The second approach is related . with deveiopping a speclal
nmiclear Installation. We mean first of all a fast nuclear reactor
{21, because the ratlo of rfission cross-section to radiation
capture crogs-section 1ncreases-substantially in the cnergy range
beyond 1 Mev. ' '

In such a reactor a large part of power is to be provided by
actinldes burning, and the total capacity of burner reactors can
be relatively low. In the glven paper some physical characterist-
1cs of burner reactors are analyzed.
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. NUMERIC MODEL AND SOURCE DATA .

'The purpose of the current paper 1is to study the principal
neutron physical characteristicé oi a burner reactor. One‘-should
note that space configuration of the reactor 1s not considered
here in detalls. In connectlon with this cufcumstance ihe spatial
feactor structure 1s modelled by a simplest homggéneous approxima-
tion. The energy dependance 1s described by multi-group approach.

As the nuclesr data basis the ABBN-T8 library (3] was used.
It was realized In the FORTRAN program complex ARAMAKO-CI.

As the spent fuel the fuel from WWER-1000 reactor was used
with initial enrichment 4.4% which was separated (after irradis-
tion with burn-up density 40 MW-.d/t) from fission products and
kept aftermath during 3 years. | -

The following functlonals are considered:

(1) To estimate the effectiveness of actinidés burning for
Np, Am, Cm 1t 1s convenient to use the Actinides Anninilation Co-
efficient (AAC), 1.e. the actinides fraction in the total number
of tissions in the reactor.

(2) The effective fraction of delayed.neutrons 8 ort’ Delayed
neutrons-related data are taken from (4,5]. ‘

(3) The aversge life time of instant neutrons, 1.

(4) The residual heat'power related with radicactive decsy,

gy (W/kg).

AAC 1s an analog to the effilclency of the burner reactor. ﬁeff
and 1 characterize reactor safety and g, estimates technologlcal
merits of fuel at reprocessing. _

' Besides the sodium coolant we considered melted lead and
steam-water coolants.
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2. DISCUSSING RESULTS
. The Table 1 represents the resulis of calculations for the
reactor core with the volume composition and the : lapiacian value
 corresponding to those of the “low-enrichment core® in BN-35Q
reactor. The fuel included various actinides from radicactive
waste. One can see that 1f the WWER-1000 spent fuel is used with
addition of polluted plutonium to attain cbre criticality then the
fission fraction resulting from Np, Am &end Cm burning 1is
relatively small and comes up 1.6% - 1.7% depending on coolant.
The main core fuel ingredient which 1s burned and formed again 1s
plutonium. The physical characteristics did not change essentially
as & result of adding Np, Am and Cm. But the physical
characieristics do change substantially (see var.i and 2, 3 and 4,
5 and 6 in The Table 1) 1f the fuel contains all Np, Am and Om
extracted from the WWER spent fuel as well as 1% of the
accumilated Fu (Pu extraction at chemical reprocessing is supposed
to be carried out with 99%efficlency).

We should like to mark the following specific features of
reactor cores with aciinides fuel: '

1. - Small value of the delayed neutrons effective fraction
(Which has been reduced by 3 - 4 times depending on coolant). It
might seriously complicate reactor control and comé to a 's.ituation
when reactivity effects considerably outweight that of delayed
neutrons Ifraction. In thic case reducing the sodium density only
by 10% (1n average over the core) causes positive reactivity of
value 5 for 1iquid metal coolants and that of value 14 for
steam-water coolant. | ‘

7. - 8hort 11fe time of instant neutrons (which was - reduced
by T times for 1liquid metal coolants and ‘5y 13 times for
steam-water cdolant). _

3. - High value of AAG (e.g. for Np, Am and Cm AAC was about
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71.6% - 75.4%).
4, - High values of specific heat power for actinide fuel due

to radioactive decay: q, = 118.5 W/kg (for WWEE-1000 spent fuel
arter 3 years keeping in a fuel storage q, = 3.4 Wkg). It may
complicate fuel elements and assemblies productlon of such a fuel.

Po increase the delayed neutrons effectlve fraction one can
add "supporting" nuclides to the fuel which are characterized with
two features: the increased fission cross-section for the energy
values delayed neutrons appear with and the increased fraction of
delayed neytron spectrum (235y,23%y,240py,241py,24%py),

To decrease the value of heat power conditioned by radioactive
decay one should reduce fractions of the "most energy-producing”

nuclides.
The 1sotopes of Cm constituting only 2% in the mixture give

the biggest contribution in the general heat power (= 76%). The
conclusion suggests itself that it makes sense fto extract curium

trom the mixture, and then it 1s possible to Increase KNp and Am
percentage (taking into account subsequent 2°°Pu formation). in
actinides-enriched fuel elements. As for Cm, 1t could be burned in
separate fuel elements and In separate cores when being substanti-
ally mized (to provide a reasonable heat power), with ihe
corresponding neutron spectrum being formed. It 1s possible as
well to include keeping the irradiated Cm (until decay of substan-
t1al amount of 242cm) in the technology cycle. Still, in this case
238p; 1g formed which is known as well by increased heat power
though 1ts heat power 1s lower than that of ***cm by 210 times.
So, the bulk of the actinides fraction added to fuel elements may
be restricted by the heat power considerations. |

Necesslty to provide reactor criticallty with the actinides
fraction percentage being moderate prompts analyzing fuel assemb-
1lies with low absorbing Inert diluter. The results of physical
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characteristics calculation for BN-350 reactor are shown 1in. the
Table 2. All plutonium 1s supposed to have been extracted from the
actinide fuel; calculation was performed for sodium coolant.
Zirconium (Zr) and ytirium (Y) were used as inert diluters, and
comparison 1s made with conventional non-inert diluter (aaema) .
One can see that adding "supporting® nuclide (235U) causes some
growth of the delayed neutrons effective rragtion. Begsldes, if
the ®9°T contribytion is 7.55%, then 45% of the Bopy ETOWh i
conditloned by the higher value of 235U percentage, and 50% 1s
conditioned by the increased adjoint flux in the energy range in-
herent to delayed neutrons. Adding 235U to the fuel ylelds heat
power decrease oOf the radioactive decay, with Bopp = 0.335%, ‘that
1s comparable with the value of g ery OT U-Pu core of a fast
reactor. .

Using Y as diluter demands higher actinide nuclide Iraction
then using Zr. If 238y dioxide 1s used as the diluter then the
fraction of actinides to be burned must be = 46% to get the same
value of ﬂ_&f p

Using inert diluters and desreased actinide fraction In fuel
elements give the way to.deep once-time burning the mizture which
is important at intermediate slages of fuel reprocessing.

CONCLUSIONS

A nuclear reactor for transmutation of radloactive actinides,
namely, for Am, Np and Cm was studied. it has been shown that
actinides burning is performed In the most effective way when
piytonium 1s extracted from the spent fuel and a rigid neutron
spectrum 1s formed. Yet In this case a problem of safe resactor
muintenance appears because the effective fraction of delayed
neutrons becomes too small and the 1ife time of instant neutrons
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18 too short. There are difficulties in fuel reprocessing because
of high radioactive residual .heat. '

- The following messures are offered to cope With these
problems: )

1. — Adding nuclides to the fuel tec mérease the effective
fraction of delayed neutrons. These nuclides are characterized by
the increased fission cross—section just Zfor the energy values
delayed neutrons appear with, and by the increased generation of
delayed neutrons per fission (233y 2367y 240py 241py 242py)

2. - Extracting Cm isotopes which have the highest specific
heat power Irom the mixture and subsequent burning them in
~ peparate fuel elements in highly diluted status. Fast decaying
2425m should be kept in storage until its virtual decay.

3. - Using metallic fuel with low-asbsorbing Iinert diluter
(e.g. Zr or Y). It would decrease specific heat power in the Ifuel
and glve way to deep once-time actinides burning.

The caloulations have shown that using melted lead Instead of
godium as coolant does not effect essentially on the analyzed

characteristics of burner reactors.
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Table 1.

Parameters of Bn-350-type core with various coolants

Goolant| WWER [enri){ a A0 | B 1 q L**| vari
9 eff =T v an’
fuel | % % | % | 107 7s|1n/xg
Pu : ' o
pI‘eBent 17 .? I267 1 -7 -345 3-41 2207 _.004 1
sodium '
Pu
extg&ot 77-8 -154 72-0 n110 0049 11805 _u052 - 2
e
Pu " '
pl‘esent 171:3 -253 1 -7 -334 3034 22 ‘7 +-004 3
melted ' '

Pu
lead |oriract| 78.8|.150 |71.6 [.116 | 0.52 [118.5|-.057) 4 .

Pu
Steam_ pI‘GBent 18-7 n427 1-6 n354 4-94 22-7 +5003 5
water
mixture| FPu
extgéot 92.5{.222 [75.4 [.089 | 0.39 {118.5]-.121} 6
e .

«) enrichment means percentage of trans-uranium elements (Pu, Np,
Pm, Cm) In fuel
xx) L = (dKeff/xeff)/(dg/p) for coolant
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Table 2

Low enrichment core physical characteristics of BN-350 reactor
with various fuel '

235y | Trans-Pu | Diluter Bor, | Instant. .| Actinides
elements e neutrons Amnihilat
1ife-time | coeffic.
% % % % sec. g
Diluter 1s Zr , Puel 18 metallic
0.00 54.5 45.5 0.060° 2.76E-8 100
6.00 30.0 64.0 0.236  9.48F-8 61.4
7.20 24.0 £8.8 0.309  1{.24E-T 50.8
T.60 22.2 T0.25 0.335  1{.35E-T 47.5
7.50 19.9 72.2 0.372  1.52E-T . 43.1
9-25 9025 81 |5 00591 2aIT1E_7 21 e6
Diluter is Y, Puel is metallic
0.00 53.7 46.3 . 0.060 2.79E-8 100
6.00  29.9 64.1 0.232  9.23E-8 62.2
7.60 30.0° 62.4 0.329  1.30E-T 48.4
9.65 9,65 80.7 0.581 2 . 48E-T 22.8
Diluter 1s U-238, Fuel.1s dioxide
11.50 57.6 30.9 0.245  T.T6E-8 56.6
13.80 46.1 40.1 0.325  1.01E-T 45.4
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INVESTIGATIONS FOR DESIGN JUSTIFICATION OF ACTINIDES
TRANSMUTATION REACTOR.

Bednyakov S.M., Dulin V.A., Korobeinikova L.V.,
Manturov G.N., Matveenko I.P., Tsibulya A.M.

Paper for 33-d NEACRP meeting, Paris, October, 1990

Abstract

Assesment of requirements for actinides nuclear data was
carried out on the basis of achieved and required accuracies of
physical parameters calculations for LMFBR core loaded by MOX
fuel and evenly  distributed TRU actinides from spent fuel of
BR3P-1000. The influence of nuclear data uncertainties on a
criticality . calculation accuracy at different actinides
content in the fuel was evaluated. Assessments of calculation
accuracies was carried out by using sensitivity factors to
different types of group constants and their uncertainty
covariance matrixes.

Preliminary analysis of some reactivity experiments made on
FCA (Japan) for actinide neutron cross-sections correction was
carried out. Possible uncertainties due to uncorrect analysis
of such experiments were evaluated.

An investigation programme on BH-350 reactor, BOC and BP-1

facilities for near future is described.

i. Assessment of - requirements of actinide neutron

cross—-sections corrections.

The problem of TRU actinides (plutonium,
neptunium,americium, curium) contained in irradiated fuel of
nuclear reactors can be solved by means of their transmutation

to fission products that are accumulated at ordinary nuclear fuel
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r

utilization.This problem in atomic power energetics can be solved

by means of their recycling with mixed uranium-plutonium fuel in
BH-600 type reactors. 7

' The number of BB3P-1000 reactors that are served by oné

'BH-800 may be equal near 20.

1.1 Calculation model.

For the analysis the model of +the BH-800 reactor was
considered corresponding to the first loading using MOX fuel
elements either with or without thermal reactor actinides.
RZ-model consisted of three types of =zones with different
enrichments. _ ' ' |

The calculations were carried out for 4 types of core
composition: 25%, 50%, 75% and 100% of TRU actinides in fuel.

All physical calculations of different reactor states as
well as perturbation theory calculations were carried out by
TBK-2D code with APAMAKO-C! constants preuaration on the basis of
BHAB-78 library.

1.2. Accuracy assessment.

The neutron data component of calculational uncertainly of

the reactor parameter F 1is defined as:

% =VD, = {HWH

where HF is matrix-vector of F sensitivity factors to group
cross-sections o of different types of reactions and nuclides,
composing reactor core,
H 6y dF
Pl F dox

and W 1s an uncertainty covariation matrix of the group

cross—sections. _

Sensitivity factors (HF) are calculated by TBK-2D code 1in
line with reactor physics calculations.

The uncertainty matrixes of group constants W are still
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being assessed for +the BHAB-90 nuclear data library and
assessment of such matrix for the investigated nuclides
cross-sectionsis 1is available now on the basis of DBHAB-78
and ENDF/B-5 data sets.

Sensitivity factors of Kéfto capture, fission and inelastic
cross-sections (responsible for the main neutron data component
in calculational uncertainty) for the different TRU actinides
contents in a core are given in Table 1. '

The applied estimated uncertainties of fissile nuclides
group cross-sections are given in Table 2. The estimated required
uncertainty levels resulting from the requirements to

calculational accuracy of Kegare also given in Table 2.

The contributions = of different 'uncertainty sourses
(uncertainty of o .0 .0 } +to overall one uncertainty of
calculational prediction of K BH-800 reactor with different TRU

" actinides contents are given on Fig.l. As it iz seen the

contributions of fission and inelastic scattering cross—sections
uncertainties of Np-237 and Am-241 incraases with TRU actinides
content, both contributions being equal.

The dependence of overall K calculational uncertainty on
the TRU actinides content. in the reactor core is presehted on
Fig.2. This uncertainty increases from 2.5% for a core without
TRU to 4.5% for the core with 100% TRU actinides content. The
accuracy level achievable by testing and correction of BHAB-78
library on the basis of criticél assemblies and reactors

macroexperiments is shown on the same figure.

2. Preliminary analysis of experimental data on actinides

and assessment of possible uncertainties.

Published data on average fission cross-sections  and
central reactivity worths ratios of actinides interesting f{from
the point of view of transmutation problem (1] were analysed in
the way typilcal for similar b®C experiments [2,3]. " Two aspects
should be noted here. First, when analysing experimental
reactivity worths of small samples by calculational codes, it 1s

necessary to take into accéunt not only a fine resonance and
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spatial structure of an adjoint flux but also an angle depandance
of néutron flux and adjont flux. All these effects are
calculated in HEEPC (without anisotropy) [3] and TULPE (4 ] codes
used for such an assessment. The wvalues of calculational
reactivity worths ratios in heterogenecus media of BOC critical
assemblies with spectra similar those of large plutonium reactor
are gliven as an example in Table 3. The hardest spectrum among
considered ones in BOC-49-3 critical assembly.

The calculations were carried out using BHABE-78 library. It
is seen that traditional way of analysis (with homogenisation of
group constants on fine spatial structure of cell and neutron
flux structure) in case of Pu-240 differ considerably from more
accurate calculational ways for reactivity worths. The difference
for Am-241 is less but it can excesd 10%. .

Second, in bur opinion,there exists a contradiction between
- experimental results. In Fig.3 a discrepancy value is given for
measured and calculated reactivity worth ratios of Pu-240 and
Pu-239 (%;“) in a numbér of critical assemblies (FCA and BOC).
Assessment of experiments ( correction «f calculation results for
experimental conditions) was carried out by HEEPC code.

As seen from Fig.3 the FCA and E®C results are in
essential contradiction except FCA-IX-I. It is interesting to

find out a'cauée of such contradictions.
3. Experiments on BH-350, B&C and BP-1.

At present the first stage of manufacturing and attestation
of samples for irraadiation in BH-350 has been completed. The
samples are hermetically sealed tubes Z1.2x0.1 mm and 100 mm
long with tested materials inside. The samples in the
hermetically sealed ampule ( @ 1.6%x0.16 mm) were placed between
pins in the fuel subassembly of BH-350 core. The irradiation of
the samples of Np-237, Am-241, Pu-238, Pu-240 with masses in
the range of 0.2-0.5 g started in May, 1990. The 1isotopic
analysis will be carried out after one year irradiation. It is

planned to continue these investigations for Am-243, Cm-244 and
other isotopes.
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At B®C and BP-1 critical facilities preparations started
for measurements of reactivity worths and fission rates
distributions in ecritical assemblies with different neutren

spectra.
Conclusion

1. The analysis of the neutron data uncertainty of Kegs
calculation for BH-800 type reactor with different content of TRU
actinides results in following: -

—~the uncertainty increases with TRU actinides content and at _
100% TRU fuel it is almost 2 times more than in the case of MOX
fuel without TRU; ' ’

—there exists a possibility to decrease considerably
calculational uncertainty of Kepp(2-3 times) if neutron data are

tested and corrected on the basis of integral experiments carried
out on fast critical assemblies and power reactors (BH-350,
BH-600) with a 20-30% TRU fuel;

— the main contribution to overall quuncertainty for a core
with a significant content of TRU actinides (more then 50%) is
made by fission and inelastic cross—sections uncertainties
of Np-237, Am-241, Am-243 and Pu-238. Their accuracy is rather
low; ' -

- the main contribution to inuncertainty at more than 70 2%
content of TRU actinides is made by inelastic scattering
cross-sections uncertainty of Np-237 and Am-241. It is necessary
to make in-core integral experiments on measurements of central
reactivity worths for t hese isotopes and to carry out high
presision accelerator experiments in order to decrease this
uncertainty. It is impossible to decrease Kegs calculational
uncertainty below 2% without such experiments;

— the uncertainty contributions of Np-237, Am-241, Pu-238
fission cross-sections can be considerably decreased (2-3 times)
if their fission cross-section ratios are measured.

2. Future development of fast reactor concept with TRU
actinides in a fuel requires corrections of following nuclear
data:
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—fission products yields for Np-237, Am-241, Am-243 aﬁd
Pu-238; - <

—delayed neutron data for these nuclides;

—data on Doppler self-shielding factors changs, which are
very uncertain now. ' '

3. Preliminary analysis of reactivity worth experiments
with some actinides indicated that:

—neglection of resonance and spatial structure of adjeoint
flux when comparing calculational and experimental central
reactivity.worths can result in significant errors;

—an essential discrepancy between results of Pu-240
reactivity worths experiments on FCA and BOC critical assemblies
was noted. More accurate analysis is desirable to clarify the

cause of the discrepancy.
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One group coefficients of

Table 1

to different cross-sections.

K egs SENS itivity

Type of TRU actinides contents
cross-  Nuclide '
sectisén 0% 25% 50% 75% 100%.
Py 238 0 -0.005 -0.004 -0.003 -0.002
Py—239  -0.046 -0.0I9 -0.008 -0.003 O
Pu-240  -0,022 -0.0II -0.005 -0.002 O
&  Mp-237 0 0.06I -0.,073 -0.064 -0.034
Am-24I. O -0.045 -0.056 0,051 0,030
Am 243 O -0.0II -0.0I3 -0.0IT -0.005
U -238 -0.200 -0.082 -0.033 -0.0II -0.00IL
Fe -0.0I6 -0.009 -0.006 -0.005 -0.003
R -238 0 0.040  0.04I  0.079  0.I60
Py -239 0.482° 0.368 0,263  0.I48  0.002
fu —240 0.046 0.04I  0.029 0.0I8 O
6, Py —241 0.I07 0.082 0.058 0.03¢ 0O
No—237 0O 0.070  0.I47  0.200  0.300
Am—241 0 0.045 0,095 0.I30  0.I9
Am —243 0 0.0I8 0.037 0.052  0.076
Np 237 0 -0.0I0 -0.030 -0.049 -0.093
Am —241 0 - 0.005 -0.0I6 -0.026 —0.05I
6, hm-243 0 -0.004  -0.010 -0.0I7 -0.03I
U238 -0.043 -0.055 ~0.05I -0.029 -0.006
Ne  -0.0I8 -0.023 -0.033 -0.039 -0.048
fe  -0.023 -0.036 -0.052 -0.06I -0.082
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Adopted one-group uncertainty values for

Table 2

fission

{required uncertainties are in brackets)

cross-sections

Nuclide ¥ Ge.% EJG_I_F’ % 316(4: , Ve
Np -237 I5 (5) 7 (5) 30 (I0)
U 238 5 (3) 3 (3) I0 (I0)
Pu —238 25 (I0) 10 (5) 40
Pu 239 6 (4) 3 (3) 20 (I5)
Pv —240 10 (5) 5 20 (I5)
Pu =241 15 (5) . 5(3) 20
Am 241 10 (5) 10 (5) 30 (10)
A =242m 30 (I0) I5 (5) 40
Am—243 30 (I0) I0 (5) 30
Cr —242 50 (I0) I5 (5) 30
Cm—243 50 (I0) I5 (5) 30
Cm—244 30 I0 (5) 30
Table 3

<, 235
Calculational values of gj/}D in BOC critical assemblies

Calculation bOC-41 BOC~49-3 BOC-42

Code KBP-15 .
~ TULPE traditional *) 0 153  0.122  0.041 -0.310

Pu-240 TULPE precise *x) 0,097 -0.143 -0.325 -0.345
HEEPC presise 0.I07 -0.076 -0.286 -0.356
TULPE traditional —0.233 - -0.425 -I.02

Am-241 TULPE precise -0.254 - -0.486 -1.00
HEEPC precise . ~0,244 - -0.470 -

*) and Q*) accordingly without and taking 1into account a

resonance and spatial structure of adjoint flux.
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Fig.2. Overall uncertainty of critical parameter:
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———— fissile isotopes contribution;

uncertainty level after macroexperiments analysis. .
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Session B 2.3

STUDY OF TRU TRANSMUTAION PLANT WITH A PROTOR ACCELERATOR

T. Nishida, 1. Kanno, H. Takada, T. Takizuka, M. Mizumoto, M. Akabori. -

Y. Nakahara, Y. Okumura, H. Yasuda and Y. Kaneko

) Japan. Atomic  Energy Research Institute
(Abstract) .

Researches on the TRU transmutation with a proton accelerator, which:
vere performed at JAERI| in these years, have been promoied as one of
main themes in the newly started national project OMEGA, which aims
to establish new éafer technologies to process long-lived radio-active
vastes. :Conceptual design-studies of the transmutation plant have been
made from the nucleonics-and hydraulics analysis points of view. The-
proposed iransmutation piant is a hybrid system of an intense proton
accelerator, a tungsten target cooled with sodium and a subcritical core
" loaded with the TRU metal fuel. In:ihis plant the transmutation rate
of about 200 kg TRU a year (generated from about 8 units of .1 GWe PWR)
are attainable and the marginal electricity more than one needed to
drive the acclerator-can ﬁe;produced, _ Ene e

With the aim o make assessment of the plant design and ic upgrade
the computef:codes for simulating nuclear spallation processes in the.
transmutation plant, the intégral spallation experiment has been planned

The .lead -target: has been set up along the 500 HeV beam .line of a
proton‘synchrotron.bqoster af.KEK._iThe first irradiation.experiment is .
scheduled to. start this Autumn. - ) _

* The R & D schedules of.ithe Engineering Test proton Accelerator(i.5
GeV,~ 10 mA) have been made to ascertain the engineering feasibility of
the transmutation plant. . As the first step the Basic Technology proton
Accelerator(10 HeV, 10mA) is fo be constructed to develop the advanced
technologies .of higher beam intensity, high quality beam loading with

low emittance, high efficient RF powver, etc..
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1. Introduction

.. The managemeni of minor actinides and fission products in the high
fevel wastes is an important,.hazardous problem due to their strong
radio activities. In particular,. transuranium nuclides(TRU) have a very
iong half lifetime of milijons of years. #Host of couniries promoting
the nuclear power generation have developed‘the vitrification and
geological disposal techniques for managing these wastes. This subject,
however, should be re-examined from the view piont of applying new,
advanced technologies at presént. By establishing new transmutation
technologies the upgrade of safety assurance in the waste managnent will.
be achieved. - |

In Japan the‘OﬂEGA project(Option Haking Extra Gains from Acitinides
and fission products) started to research and develop the new techno-
logies on nuclear vaste partitioning and transmutation as the long term
one. As 2 part of the project, Japan Atomic Energy Research Institute
has set up ‘the R & D plans mainily on

1) advanced partitioning technology,

2) TRU transmutation in burner and power reactors and

3) TRU transmuitation with proton accelerators. '’

The recént advance made in accelerator:technology during the past
decade has given the high possibility of: providing the ‘intense :proton
beam to the proposed itransmutation system: ~Host of the products in the
transmutation by using only the spallation reaction have halflives.
shorter than most of fission broducts; "The nuclear spallation reaction
between high’energy protons (above | GeV) and heavy metal such as TRU
generates many neutrons with the hard spectrum likely in a fast reactor.
These facts makes the use of an proton accelerator attractive as a means
of nuclear transmutation of TRU. At the present stage the accelerator-
driven transmutation system mainly utilizing the fission reactions in
duced by spatlation neutrons has been studied as the type of trans-
mutation plant because of high transmutation rate and good energy
batance. The hybrid transmutation system of accelerator-target-core has

the additional merits :
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(1) The system can be quickty shut down only by switching off the beanm
current of proton accglerator.r
{2) Since the hybrjd target-core is always operated‘in a subcritical
state, it can have a simpler structure without safety and control.
rods than the reactor.. o
(3) The higher_burnup rate is expected for the TRU fuel in this systenm
with no constraints.for the criticality. In this case the main
limitation is the lifetime of fuel and_strucfual material under
- the irradiation conditions. B
{4) The target-core designing is flexiblé.because it is free from the
safety reqﬁirements,of non-positve Na void coefficients and the
poisoning efféct due to variation of isotope abundances in the
fﬁe]_;pmpgsﬁtion as_;hgrfﬁel is burning.
However there are technological items requiring further researches and
developmeqté: -
" (a) an intense profon . beam acceferator (1.5 GeV, ~10 mA),
(b) TRU technologies, .
(e) hig@“enersv.radiation:shielding.
In the oresent paper the present status of the. research at JAERI is
described g#_folloqingritgms,
1) development of the basic simutation code systenm,
2) conceptual. study of the TRU transmutation plant,
3)5spgllatiohfintggr;l experiment,.
45‘development of a .intense proton beam accelerator. _
Tree gtructuré illustration of R & D I'tems for.the TRU Transmutation
Plant and High Intensity Proton Beam Accelerator is shown in Fig.l.
Horeover,jhe spallation targetAsystgm can_bé used for other appli-
cations syéh as,tﬁe b}eediﬁg of-fissile nuctides and the creation of
very intehsé,neﬁtfdnis&urces. _The useful nuclides or short-life Ri’s
used fék speéfal.pufbpﬁes can be produced from residual nuclides after

transmutation and nuclide partitioning processes also.

2. Research of transmutation system driven with proton accelerator
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2-1. Development of simulation codes

The knowledge of residual nuclides accumulated in the target
spallated by the proton beam irradiation is very improtant for the
feasibility estimation of proton-induced TRU transmutation. Actually, |
however, it is a2lmost impossible to obtain exactly the time evolution of
yields of all the nuclides in the target due to enormous computing time.
The SPCHAIN code has been developed to compute approximately the buidup
and decay of spallation products (SP) by expanding the depletion code
DCHAINZ 2° for fission producis. By assuming that any complicated decay
process of nuclides is disintegrated %o linearized decay chains, the
equation can be solved by the Bateman method. The new data of decay
types, decay constants, branching ratios and decay schemes have been
compiled in the SPCHAIN data library for about 1100 nuclides needed for
the TRU spallation calculation. These data wére mainly collected from
Table of Isotope (Tth version) and the data stored in the DCHA N2
sources in the (A,Z) plane. When the halflife time‘of a nuclide was not
obtained by surveying the data, it vas calculated by using ‘the decay
calculation program ) or guessed from the trend of data of nuclides’
located in the neighborhood of the nuclide in the ‘Nuclear Chart. The
yields of SP in the spallation reaction were computed by using the code
NUCLEUS.4? As a preliminary analysis the yields and radioactivities of
residual nuclides in a 24'Am farget irradiated“byfl‘GeV profoﬁs'has'heen
calcuiated. Figure 3 shows the-activity rate distribution of buildup
elements'at'thé'time_stage of one year cooling after iirradiation of ten
hours. |

The target-core design code system'SP~ACE vith a deterministic
calculation method is being developed to‘simhlafé thé'transmutation
process of TRU wastes in a subcritical system inrréasonahie'cbmputing
time and precision. Figure 4 shows the main flow chart of this syster.
The neutron transport code RABBLE- THERMOS coﬁpﬁtés the region-wise .
'neutron flux, using ultra fine group constants and the distribution of 7
spallation fedtron source, which can be obtained from Honte Carlo’
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calculations of high energy nuclear reactions and particle cascades in
NMTC/JAERI. Using these fluxes the routine COLAPU gives ihe effective
cross section and the average flux in each region for the burnup code

COMRAD to calcutate the yields of nuciides, heat generation and 7 -ray

intensitiy in the transmutation system.

2-2. Basic design siudy of the TRU transmutation system

We have been promoting the conceptual siudies on the TRU trans-
mutation.in the target-core system driven by an accelerated proton .
beam. ®':® The basic conditions settled for the system design are (1) -
high transmutation rate of TRU, the goal line of which is the trans-
mutation of amount of TRU produced in about ten commercial 1 GWe PYR
plants, and (2) gﬁod energy balance, in which it can generate enough
electricity o operate the accelerator at least. The yields of TRU
produced per year from. i1 GWe PWR are summarized in Table 1. Total
amount of : TRU is about 26 kg/y, ‘56 ¥ of which is 227Np. - _

- "“High energy nucleons ‘generated in the spallation can transmute TRU
nuclides through-the‘cascade_processestb Figure 5 shows -the dependence .
of the number.of spallated nuclides on.the incident proton energy when _ .
the proton injects on the.237Np-metal target ( 20 cm ¢ X 80-cm ). The
number of nuclides transmutated at 1.5 GeV is about 5 per incident .
proton bui it is. too small to process TRY wastes in the commercial base.
unless the proton beam can have-high current more than 300 .mA. The heat
generation ‘is not sufficient to.drive the intense.accelerator. However.
it is noted that: several tens neutrons with hard spectrum.similar to the
one”in the fast reactor-are emitted in the spallation. The computer
simulation result shows that-the number of spallation neutrons generate&‘
in-the targets of actinides such as.U, Np and Am, and heavy elements
such as Pb and V¥ increases monotonously.vhen the proton energy increases.
up, "as shown in Fig.: 6. - For:.the case of,237Np target bombarded by a
1.5:GeY proton the neutron number is ~40. As seen in Fig.7%? the (n, f)
cross section of -237lp s larger by a factor of two or three than the

(n, 7.) cross section of 237Hp in the energy range above 0.5 MeV.

— 383 —



PNC TN9600 90-013

Therefore it is considered to be advantageous to adopt high energy
proton-induced spaliation and the secondary neutron causing fission
reactions as a means of the nuclear transmutation of TRU. Figure 8
shows the target-core of hybrid plant driven by high power profon bean
wifh the energy of 1.5 GeY and the current of several iens mA. The core
design parameters are summarized in Table 2. The tungsten target is 60
cm long in the direction of the incident beam, 1 m high and 10 cm wide
and is installed in an TRU-fueled subcritical core (kerr: 0.9~ 0.84).
The core has dimensions of 2~2.68 m length, 1 m height and 1 m width,
surrounded by the HT-9 steel container with thickness of 20 cm. A beam
windoy is located at a depth-of 0.7 m from the front face and has-a
rectangular cross.séction with dimensions of 1 m high and 0.1 m wide. -

The heat generated in the TRU fuel is removed by the forced.circulation
| of liquid metal coolants Na/Pb-Bi. "The heat .removal performance is one
of the major factors to determine the rate of TRU transmutation in the
.system. The core consists of metallic alloy fuel:of TRU and provides
“considerably harder neutron spectrum than-the other. types of fuels. The
fuel consists of two types of alloys,-Np-22Pu-20Zr and AmCm-35Pu-5Y and
has the sufficiently high phase stability®’. . The fuel pin cell geometry
is-shown in Fig. 8, vith a diameter of 4 .um cladded with HT-9 steel..
The pin pitches has been adjusted to-be 8 mm "and 10 mm for Na and Pb-Bi-
cooled cores, respectively, to keep ke¢r around 0.86 ~ 0.85. Here Pu-
is added initially to the fuel in order to suppress the reactivity swing
within an acceptable barnup' range.  With'addition of 20 wi¥ of Zr, the
melting point of MNp is supposed to incréase from 640 °C up to about 500
“C. The fuel assembly in the core is similar to that employed in a TRU
burner reactor design. ™ .

For neutronics calculations the target-core system is approximated -
by an axially symmetric cylinder with the same volume as the original.
systém'for the efficient computation. A circular beam window located at
the center line has a diameter of 0.36 m, and the maximum beam diameter.
is 0.2 m. The nuclear spallation processes above the cutoff energy of
15 MeV were calculated by NMTC/JAERI code 8'. For the reaction below 15
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HeV the Honte Carlo transport code MORSE-DD °' was used with 52 neutron
group constants edited from JENDL-2 and ENDF-B4, where spallation
neutrons vere treated as the source. The results of the neutronics
calculations, for four cases of the system cooled by Na and Pb-Bi, with-
and Without the tungsten target, are summarized in Table 3. _The number
of TRU nuclei disintergated in fast fission reactions is much larger
than that in the spaliation reaction for each case. Profiles of the two
-dimensional power distribution for these cases are shown in Fig.10(a)
to (d), respectively. 1t is apparent that the power peaking which
occurs just behind the beam window is lower in the system with the
tungsien target than in the one without it due to the flatterning effect
for cases of both coolants and the flatterned power distribution
increases the number of transmuted nuclides. The maximum transmutation
rate is 202 kg/year in the core with the target cooled by Na.

Thermal hydraulics calculations for. the system vere done to obtain
the ‘maximum ‘achievable thermal power within the maximum temperature
‘Iiﬁits of fuel and cladding. >Maximum temperatures in the TRU fuel and ..
the HT-9 cladding tube.are limited to 900 °C.and 650 ‘C, respectively, -
where “the "temperature at the inlet of coolant is sei to 300 C. The .
temperature-distribuﬁions.along“the'hpttest fuel pins cooled by Na in
the core with:the :tungsten target .are shown in Fig. -11. - The maximum R
thermal power is.limited by the maximum allowable fuel temperature of
800°°C.  The 3perating‘conditions.of the target-core system are e
summarized in Table 4. In:the case of Na cocling and the tungsten .
target the maximum:thermal power ~is 681 MV with the maximum and average -
pover-densities of 889 ¥/cc and 307 W/cc. .The thermai pover _is ,
sufficietliy large to supply ithe electric power to the accelerator vhile
the beam current .required for the power is 22.6 mA. Without tungsten
target the thermal power is 405 MV with the maximum and average pover
densities of 776 W/cc and -159 HW/cc and its peaking factor is larger by
a facter of 1.7 .than the case with the tungsien target. The maximum
povers of Ph-Bi cooled core with and without the target are considerably

lower than those:of -the Na,cooled one and the beam current required is .
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less than 8 mA. This is attributed mainly to the lower thermal
conductivify of the coolant and the wider fuel pin pitch than in the
case of Na cooling. '

The variation of multiplication factor ker¢ with burnup days was
calculated as shown in Fig. 12. The increase tendency of kerr a3t the
initial stage turns the decrease around 1000 days and the subcritical
operation of the system can be kept during the burning time. The
changes of .concentrations of. some minor actinides with burn-up days in
the reference system( Na cooling, with tungsten target ) were also
calcutated, as shown in Fig.13, using the'burnup code ORIGEN2. The.
amounts of 23TNp and 24'Am at 1500 burning days become one half of their
initial inventriés;'while 238py and 242Cm, which are not cohtainedfin :

the initial. loading, buitd up.

2-3. Spallation intergal experiment

More accurate experimental data for the spallation reaction in the
‘energy range of ~1 GeV to ~100 MeV are needed -to examine the-actual
efficiency of TRU transmutation by spallation .reaction'®’:1!} and to
upgrade the simulation code system for the TRU transmutation processes.
The research plan of spalliation ‘integral .experiment by using:the high
energy proton béam has Sta}ted.ﬁeThé‘Jead'cylinder;system-for%the
experiment ‘has been set up last March near .the dump of beam line
connected to the proton ‘synchrotron booster at KEK.: Figure 14 :shovs’the:
lead cylider ‘installed “ina S$S container .with 100 cm:length and-60 cm
diameter.: -This has several .small holes parallel :to.the:ceniral axis,
which are pluged by specimen Wires 'such as Ni, Au, Cu and Fe.. Reaction
products in ‘these specimen by irradiation of .500 MeV protons are
identified from their ¢ -ray emissions measured by a Ge(Li) detector.
The energy of spallation neutron can be known from the activity of
specimen foils with ‘the threshold energy of néutron emission,- imbedded
in the holés in the cylinder. : The safety analysis for .spalliation-.
experiment has been made to 'know whether the activity in the-irradiated
specimen and the dose rate are-lower than the values restricted by the
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law when they are transported in the cask to be measured at JAER!. The
irradiation experiment for the lead system will be started this Autumun
according to the machine schedule. The switching magnet will be nevly
equipped in the near.future on the booster beam Iine o control the
intensity of irradiating beam by adjusting the number of pulses in
current.-In the next-step, a tungsten or a-depleted uranium target,
which is inserted in the central region of the lead cylinder, will be

used to simulate the TRU target'spallation-experiment.

2-4. Development of intense high energy pfoton accelerator .

The basic concept of the Engineering Test Accelerator with a bean
energy of "1.5 GeV ahd a currentiof 10 mA was;prépqsed-for.theuTRU_.
transmutation :as ‘described at the last NEA/CRP .meeting.. The accelerator
has -a ‘large 'scale compared with the conventional ones which are used for
basic nuclear -physics. experiments.: In particular, the-proton beam is
nearly 50 itimes:more .intense than -that. for exisiting machines. Only 2
‘linac can satisfy the requirements of such a high beam current with
higher efficiency of beam extraction than other circular, .accelerators.
As .the first step of :the-development, the low energy portion, of.the |
accelerator :structure Mill:be-carefully studied,. since.the beam quaiity
determined at the low energy part is a key factor of dominating. the
beam:efficiency-in-the:high:8; accelating systen. - Therefore the smaller
size proton Iinac;gﬂasic-lechnology Accelerator,. with current of 10 mA
is going to.be:constructed to-develop -the element technology. .Figure 15_
shows:an- illustration of the;proposed ;arragement of BTA,. whlch consists
of (a)ion source,:{b): Radio- Frequency;guadrupole.llnac,.(c)_grlft,lube
Linac and’ (d) hlgh:energy_beam;transport;&‘QUmQ_syqtem, with the output
beam.energies of 100 keV, 2 MeV, .10 MeV for (a) to (c), respectively.
The final beanm energy-of BTA-is.chosen.to be 10~ 20 HeyV.

Hain: items of the development of BTA.are .l1isted as
“®. lon source.and its power:supply,

@ Radio-frequency quadrupole (RFQ) linac,

@ Drift- tube;linac-(DTL),. -
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@ RF pover supﬁly system,

® Beam control technology.

The basic experimenis of the negative ion source has started to
increase the output beam current with high emitfance using Neutral Beam -
Injection iest equipment for the fusion experiment at JT-60. The
preliminary ‘calculations of beam transpord in RFQ linac vas made using
the computer codes SUPERFISH and PARMTEQ . The trade-off siudy of ETA
system witl start this Autumn in coopration with LANL to optimize the
concept of ETA arrangment. The input and output energy, the emittance
and the acceptance for the vartous components such as ion source, RFQ
and DTL have to beé determined carefully and systematically. The high
energy portion offthe accelerator(  high B8 structure, finally in CW
operation ) ‘will be-also studied in advance of the second siage
" development. ‘As the opertion mode of the accelerator in the first step,
the low duty operation will be appropriate to adjust the various

parameters so -that the adéquate parameters wili be ‘surveyed.

3. Suﬁﬁérj-ihdJConblhsibn - s

The compuier'code solving the time evolution-equation has been’
deveioped 46 &alculate the yield of decay and ‘buildup-nuclides in.the
spallation Teaction. S ‘

“The ¢onceptual design studies have beem madefor:comparison of the
tungstentargetl:! Yhen ‘the -Na cooled TRU metal fuelled core.with
tunzsien target’is operated “at ‘the “thermal “power of 681:M¥-and the bean
current-of 23-mA, this system can-transmute about 200 kg.TRU per year.
In the éase of the Pb-Bi cooled system at the thermal power of. 342.HW
and the beam current of 7.5 mA, it can transmute 140 kg TRU annually.
Improvement and optimization of target-core-design will be carried out
also in more detail through the ‘plant désign studies. - The performance
of transmutation plant of the tyﬁe‘of"mOItén'TRU is examined as the next
step. - ‘ '

The lead target has been set up along the 500 MeY beam line of a
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proten synchrotron booster at KEK. The first irradiation experiment is
scheduled to start this Autumn.

The R &'D scheduele of a high intense Engineering Test Accelerator
( 1.5 GeV,~ 10 mA) is being planned for examining the engineering
feasibility of the transmutation system. As the first step basic
researches of Basic Technology Accelerator(proton linac: 10~ 320 HeV, 10

qA) have started to obtain the'advanced accelerator technologies.
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Table I TRU production per Year

from ! GWe PWR

" Nuclide  Weight (kq)

Fraction (%)

237, ¢

Np 4.5 - 96.2

24-19\“? | 662 | 264

®am 34 120

243 o |

- Cm 0.0078 0.03

244, oy -

e 132 5.1

*m 0.072 0.3 .

Total ~ 26.8(kg) 1000
Fuel Burn Up - : ;33,‘_OOOMWD/T-
Cooling Time before Reprocessing : 3 years’
Cooling Time befo’re,Prqmi.Honing : 5 years
Collection Rate of U and Pu 100 %
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Table 2 Plant design parameters

Coolant

Proton energy

Target
Length .
Height
Width

Tungsten
LLength
Height

“Width

Reflector
Composition
Thickness

Fuel

- Composition

Bond

C]od |

Fuel slung diameter
Clad outside diometer
Clad thickness

Pin length

Na/ Pb - Bi
.5 GeV

200 ~ 260 cm
{00 cm
100  ¢m
60  c¢m
{00 cm
10~ cm

Stainless steel
20 cm

Np-15Pu-30Zr
AmCm-35Pu-10Y
‘Na
HT-9 steel
4,00 mm
5.22 mm
0.3 mm
1000 mm
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Table 3 I?'erfb'rmance of the transmutation plant

Targe! syslem

Coolant N
Effective multiplication factor
Pin pilch (mm) '
Actinide looding (kg)

~Beam current (mA)

Neulrons per- profon
Fissions per proton (>15MeV)
[ <i5MeV)
Average neulron-energy (keV)
Averoge neulron flux {x 10" n/cm? -sec)
High: energy “component { > 1.0 MeV)
L (>0.1 MeV}
Operation time {doys)
BUEnup-'rqle (%)
.weight (kg}
Unit of 3000 MWt LWR
Burnup reactlvity swing (% Ak/k)

Reference

Na
0.92

9.5
2866

22.6
38, |
0.67
150.6
739
4.6
20 %
2%
270
7.0
202
7.6
3.8

Version- |

Pb- Bi
10,86
10.5
2013
7.5
52.8
0.24
171.3
629
6.6
18 %
78 %
270
6.9
139
5.3
2.9

Version-2

~ No
0.94
10.5
2682
18.2
35.3
0.64
108.0
774
2.0
20%
T %
270
4.3
i14
4.3

2.7

Version—3

Pb- Bi
0.95
12.0
1584
5.4
55. 1
0.42
147.4
626
1.9
17 %
7%

270 -

2.7
42
1.8
2.1

€10-06 0096NL ONd



— €68 —

Table 4 Plant operation conditions

€10-06 0096NL ONd

Reference Version-1 Version-2  Version-3
Pins " TRU4W TRUH TRU TRU
Coolant _ . | Ja Pb-Bi Na Pb-B{
Proton Beam curreﬁc.[mx]* | 22.6. 7.5 18.1 5.4
Thermal Power (A ) - - "691 | 484 - 405 - 163
Power Density (W/cc) nax. 889 523 118 425
ave. 307 246 159 83
Linear Power Rating (W/cm) max. 593 499 - T13 530
| - ave. 240 235 146 103
Coolant Temperature (°C} outlet: 389 451 352 377
Clad Temperature [°C) max. ' 492 s10 481 589
Fuel Temperature [°C) maf. 300 1900 300 QOQ
Coolant Velocity (m/s] max. - 8 2.35 8 2.35

Pressure Drop (kPa] | 78 67 62 48
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R & D of TRU Transmutation
with Proton Accelerator

|

Develobmen@ of ,Intense

Researches of Transmutation

Proton Acceleator Plant _
Development of ' Basic Technology Engineering Test Sﬁﬁllation Integral Design Study of
Basic Technologies ~Accelerator Accelerator Experiment. Transmutation
(10 MeV, 10 mA ) (1.5 GeY, 10 mA) : Plant
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TRU Transmutation in an LMFBR:

M. Ishikawa, M. Yamaocka and T. Wakabayashi
O-arai Engineering Center
Power Reactor and Nuclear Fuel Development Corporation
4002 Narita, O-arai-machi, Ibaraki-ken 311-13 JAPAN

T.Kawakita .
Mitsubishi Atomic Power Industries, INC.
4-1 Shibakouen 2-chome, Minato-ku, Tokyo 105 JAPAN

ABSTRACT

The characteristics of TRU transmutation in a 1000MWe-class LMFBR with
mixed-oxide fuel were quantitatively studied to substantiate the feasibility.

We considered here two typical methods transmuting TRU in the LMFBR core.
One is the method dispersing TRU homogeneously throughout the entire core
(homogeneous TRU-loading method). It was found that the homogeneous method
had no serious penalties of TRU loading to the reactor core performance, and the
TRU transmutation rate reached approximately 11% per cycle with the loading of
the weight ratio of 5% TRU in MOX fuel. The amount of the TRU transmutation
in the LMFBR is almost six times as much as that of the TRU production from a
1000MWe-class LWR. As another desirable property, the TRU-loaded core was
found to reduce the burnup reactivity loss by 40% compared with the reference
core without TRU. It can be concluded that the TRU transmutation in an LMFBR
has no problems from the viewpoint of the core performance, provided.that the
_ homogeneous method could be employed.

The other possible method is the use of small number of subassemblies (target
S/As) which concentrate TRU in fuel (heterogeneous TRU-loading method). The
weight ratio of 50% TRU fuel was assumed to be loaded in the target S/As. The
calculating results showed that the swing of power peaking near the target S/As
became quite severe and critical for the thermal design criteria, although the
TRU transmutation rate and other reactor core performances of the
heterogeneous method were roughly comparable to the homogeneous method. It
seems from the present study that the heterogeneous method has quite a serious
problem to be overcome and much effort would be needed to make the method

feasible,
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§1. Introduction

The proper management of High Level Wastes (HLW) which are inevitably ]
produced with reactor operations is one of the most important problemsvto
complete the nuclear fuel cycle (Ref. 1). Most of fission products in the HLW have
relatively short half-lives and decay to stable form within a few hundred years,
while the transuraniums (TRU) like Np237 and Am?243, the «-emitters, have
extremely long half-lives of millions of years and contribute to the long-term
radiotoxicity of the fuel cycle wastes. Itis a strong social requirement not to leave
these long-life HLW to future generations, and Power Reactor and Nuclear Fuel
Development Corporation (PNC) has launched the project of the TRU
transmutation study in LMFBRs from the view point of both reactor core
characteristics and nuclear fuel cycle. : '

It is generally acknowledged that LMFBRs would be superior TRU
transmutation devices, mainly due to their hard neutron spectrum (Ref. 2). Inthe
course of the TRU study of PNC, we first surveyed the relation between the TRU
transmutation rates and the various reactor core parameters which included
amount of TRU loading, fuel type, reactor core size, reactor operation length per
cycle, power density, isotopic composition of TRU. The objective of the parametric
study was to understand the basic characteristics of TRU transmutation in
LMFBRs (Ref. 3). As the second stage, we chose a large LMFBR with mixed-
oxide(MOX) fuel as the TRU transmutation device and studied the characteristics
of TRU transmutation in the large LMFBR quantitatively to substantiate the
feasibility. The present report describes the summary of the second stage of the
- TRU transmutation study at PNC.

§2. Survey of TRU Transmutation in a Large LMFBR

First, a 1000MWe-class LMFBR core with MOX fuel was defined as the
- reference whose main parameters are shown in Table 2.1 and Fig. 2.1. The
nuclear characteristics of TRU-loaded core was calculated by two-dimensional
diffusion theory with depletion chain. The cross sections used were seven
effective group constants condensed from the Japanese standard 70-group
constant set, JFS-3-J2 (Ref. 4), which is based on an evaluated nuclear data
library, JENDL-2 (Ref. 5).

The loaded-TRU material was assumed to come from LWR spent fuel with five-
year cooling time before reprocessing. The isotopic composition of the TRU was
calculated by the ORIGENZ2 code (Ref. 6). Table 2.2 shows the initial composition
and the burnup dependency of the fission reaction rate of each isotope in 1 kg of
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the TRU . Itis found that the total fiscion rate increases with burnup and reaches
the maximum value of one and half times of initial value at 4-year burnup time.
The increase of the total fission rate is caused by the fission of Pu238 which is
generated from the capture reaction of Np237."

We consider here two typical methods transmuting TRU in the LMFBR core.
One is the method dispersing TRU homogeneously throughout the entire core
(homogeneous TRU-loading method), ‘which is expected not to affect the core
characteristics seriously. The other possible method is the use of small number of
subassemblies (target S/As) which concentrate TRU in MOX fuel (heterogeneous
TRU-loading method), which can have the advantage of the fuel cycle because of
handling the small number of TRU-included fuels in fabrication factory. The
followings are the results of parametric studies regarding these two TRU-loading |
methods.

2.1 Homogeneous TRU_-loading Method

Reactor core characteristics evaluated here are amount of TRU transmuted,
burnup reactivity loss and swing of power distribution with the TRU mass ioaded
in fuel as the parameter. '

a. Amount of TRU Transmuted
Figure 2.2 shows the relationship betiween the amount of TRU transmuted
and that of loaded-TRU in the FBR core. At least, one percent of TRU-loading
to fuel would be needed to eliminate TRU, and the amount of TRU transmuted
increases linearly with that of loaded-TRU. Since a 1000MWe-class LWR
produces about 26 kg of TRU per year, an LMFBR with 5% TRU-loading can
transmute the TRU mass from six LWRs in rough estimation.
b. Burnup Reactivity Loss
The TRU-loading to core results in significant decrease of burnup reactivity
loss mainly due to Pu238 build-up. As seen in Fig. 2.3, the burnup reactivity
becomes positive when the amount of TRU-loading is over 10%, therefore, the
maximum amount of TRU-loading in the FBR core would be limited to about
10% from the aspect of reactor operational safety. From other viewpoint, a
proper amount of TRU-loading might be advantageous to the extension of
reactor operation period.
c. Swing of Power Distribution
Figure 2.4 shows the swing of power distribution between the beginning
and the end of equilibrium cycle (BOEC and EOEC) with the parameter of
TRU mass loaded in the outer core region. ‘It could be possible to minimize the
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power swing by optimizing the ratio of loaded-TRU amount between the inner
and the outer core region. ' '

2.2 Heterogeneous TRU-loading Method

Parameters surveyed here are the mass of TRU contained in the target S/As,
loading position of the target S/As and plutonium enrichment of the target S/As.
The survey cases and the TRU transmutation ratio calculated are summarized in
Table 2.3.

a. TRU Transmutation Rate _

As seen in cases A30 through A100, or B30 through B100 of Table 2.3, the
TRU transmutation rate increases with the amount of TRU loading, but the
tendency is not always linear and also depends on the position of the target
S/As. About the dependence on loading position of the target S/As, the TRU
transmutation rate in the case B50 where TRU is loaded at the periphery of
the inner core is about four times as much as the case A50 of the core center
loading with roughly identical TRU mass. This means that the target S/As
perform high transmutation rate when they are loaded in a dispersive manner
to avoid the depression of neutron flux.

In addition, quite a surprising fact was found from the case AB50, in which
the target S/As with 50% TRU were loaded at just the same positions with
cases A50 and B50. The amount of TRU transmuted in the case AB50 was 147
kg/cycle; which was by 80% larger than the summed value transmuted in the
cases A50 and B50. This curious behavior of TRU transmutation was found to
be caused by the increase of flux level in each TRU-loaded position due to the
positive interference effect between two regions. ‘

The case C50 shows the radial blanket region is another possibility to load
TRU, since a large number of target S/As can be accepted there with no
influence to core characteristics and transmute sufficient mass of TRU in spite
of their low TRU transmutation rate.

Comparing cases A50, A50L and AS50H, it is found that the TRU
transmutation rate increases with plutonium enrichment of the target S/As.
This can be interpreted as the consequence of neutron flux increase by
plutonium enrichment . We should consider, however, the swing power of
target S/As also increase, which is a large penalty for core thermal
characteristics.

b. Swing of Power Distribution
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Figure 2.5 shows the power distribution of the cases A30, A50 and A100
where the target S/As are loaded in the core center region with 30%, 50% and
100% TRU in the target S/As, respectively. They are compared with no TRU- '
loading case REF., At BOEC, the power of TRU-loaded region is quite
depressed in these TRU-loading cases.

AtEOEC, all three cases shows larger power in the TRU-loaded region than
that of BOEC. The degree of the power swing tends to increase with the mass
of loaded-TRU in the target S/As, but the dependency on the mass of loaded-
TRU is quite non-linear, especially in the case A100. This marked non-
linearity can be interpreted as the complicated effect of the dominant isotope
Np237 in TRU nuclides, which acts as both strong poison and fertile of active
Pu238 as shown in Table 2.2.

§3. Nuclear and Thermal Characferistics of TRU-loaded Core

The influence of TRU-loading to the reactor core characteristics was
quantitatively analyzed about a 1000MWe-class large LMFBR. Based on the
previous survey, a typical TRU-loading core was assumed for each of the
homogeneous and heterogeneous TRU-loading methods. The basic policies
adopted here to set the loading patterns are: (a) as the main objective here is to
understand physical mechanisms, a simple loading pattern is suitable rather
than complicated one which might show better core performance, and (b) to
compare the two loading methods, the total mass of loaded-TRU is set to be
approximately identical between them, that is, 5% TRU in the whole core fuel in
the case of the homogeneous method, and 37 target S/As which have 5§0% of TRU
in fuel in the case of the heterogeneous TRU-loading method. Figure 3.1 shows
the loading pattern of TRU-loaded S/As in the heterogeneous method. No TRU-
loaded core was also analyzed as the reference case.

. 8.1 Nuclear Characteristics

The basic nuclear characteristics was calculated by means of two-dimensional
RZ diffusion-depletion theory. The three-dimensional distribution of power and
burnup compositions were obtained with the combination of two-dimensional RZ
and XY calculation. The plutonium enrichment of each core was determined to
sustain criticality at EOEC, where the control rods are all withdrawn from the
core. The characteristics evaluated here are power distribution, neutron
spectrum, various reactivity coefficients, kinetics parameters and TRU
transmutation rate. .

Table 3.1 compares the calculated results about the nuclear characteristics of
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the two TRU-loaded cores and the reference core.

a. Power Distribution .

The swing of region-integrated power in the inner and outer core and
blanket is almost identical among these three cores. The radial power
distribution of the target S/A method , however, is quite different from that of
the other cores as shown in Fig. 3.2. At BOEC, the power of TRU-loaded
target S/As is very depressed compared with the reference core, while they get
close at EOEC. This power swing would be a great obstacle for thermal
. characteristics.

b. Neutron Spectrum

Fig. 3.3 shows the spectra of neutron and admlnt flux in the three cores. Itis
found that the neutron spectrum gets harder and the high-energy importance
becomes larger vnth TRU-loading mass. .

c¢. Control Rod Worth
The control rod worth of the TRU-loaded cores decreases from the reference
core by 10~20%. This may be caused by the hardening of neutron spectrum.
d. Burnup Reactivity Loss

Due to the production of Pu238 from Np237 in TRU, the burnup reachwty

in the TRU-loading cores is 40% smaller than that of the reference core.
e. Reactivity Coefficients . _ '

The Doppler_c'qefﬁcients of the TRU-loading cores are 20~30% smaller in
absolute value, and the sodium density reactivity coefficients are 50% larger
than the reference core because of the the spectrum hardening.

f. Kinetics Parameters

Similarly, the values of prompt neutron life time in the TRU-loaded cores

become shorter by 20% than that of the reference core. '
g. TRU Transmutatlon Rate

Table 3.2 summarized the TRU inventory and transmutation rate of these
three cores. Both TRU-loaded cores can transmute TRU by 11~12% (about
180kg/cycle), and there is no differences between the two TRU-loading
methods. In detail, Np and Am were eliminated after depletion, but Cm
increased on the contrary. This would be a problem from viewpoint of the fuel
handling and transportation in fuel cycle. -

3.2 Thermal Characteristics

The coolant flow distribution was optimized for the no TRU-loaded reference
core, and the influence of TRU-loading was evaluated about the thermal
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characteristics. The results were shown in Table 3.3,

There'is no thermal problems about the homogeneous TRU-loading core, since
the power distribution hardly changes from the reference core. On the other
hand, the position where maximum temperature of cladding occurs in the
heterogeneous TRU-loading core moves from the reference core, and the hot spot
temperature of the cladding reaches 775 degree-C which is higher than that of the
reference core by 40 degrees. B

Although there might be rooms for optimization of the flow distribution, the
significant power swing is inevitable for the heterogeneous TRU-loading core.
From the viewpoint of the thermal characteristics of the core, the homogeneous
TRU-loading method is apparently superior to the heterogeneous TRU-loading
method.

§4. Decay Heat and Neutron Emission from TRU-loaded Fuel S/A

The problem of the fuel handling is another aspect to be considered related to
the TRU transmutation in FBR plant. Table 4.1 shows the decay heat and
neutron emission rate from a fresh fuel S/A with 100% TRU-loaded, in
comparison with a conventional MOX fuel S/A. In the case of 5% TRU-loaded fuel
S/A, these values will be one-twentieth since these quantities are expected
proportional to TRU mass. |

If the TRU composition contains all of Np, Am and Cm, both the decay heat and
neutron emission rate of the 100% TRU-loaded fuel S/A will exceed that of a
conventional Spent fuel. Especially, the neutron emission rate will be severe even
in the case of a 5% TRU-loading fuel S/A. From these facts, i{ seems that some
modifications of shielding and heat removal in the fuel handling system of a FBR
plant, fuel fabrication factory and/or transportation vessels are needed in order to
make the TRU transmutation feasible. 7

Furthermore, it is also'found in Table 4.1 the dominant element of these fuel

‘properties is Cm. If it is possible to remove Cm from the TRU-loaded fuel, the
decay heat value will decrease by one order, and the neutron emission rate by
three orders. Since the dominant isotope, Cm244, has a relatively short half-life
of 18 years, there might be another possibility of the fuel cycle, that is,
partitioning of Cm from TRU in the reprocess and storing of Cm for a period
separately. Some study will be needed to estimate the trade-off between the
plant modification and the reprocessing.

§5. Conclusions

— 415 —



PNC TN9600 90-013

In the present study, the characteristics of TRU transmutation in a 1000MWe-
class LMFBR with MOX fuel were quantltatlvely mvestlgated to substantiate
the feasibility, .

There would be two typical methods transmutmg TRU in the LMFBR core. One
is the homogeneous TRU-loading method. It was found that the homogeneous
method had no serious penalties of TRU loading to the reactor core performance,
and the TRU transmutation rate reached approximately 11% per cycle with the
loading of the weight ratio of 5% TRU in MOX fuel. The amount of the TRU
transmutation in the LMFBR is almost six times as much as that of the TRU
production from a 1000MWe-class LWR. As another desirable property, the TRU-
loaded core was found to reduce the burnup reactivity-loss by 40% compared with
the reference core without TRU. It can be concluded that the TRU transmutation
in an LMFBR has no problems from the viewpoint of the core performance,
provided that the homogeneous method could be employed.

The other possible method is the heterogeneous TRU-loaded method The
weight ratio of 50% TRU fuel was assumed to be loaded in target S/As. The
calculating results showed that the swing of power peaking near the target S/As
became quite severe and critical for the thermal design criteria, although the
TRU transmutation rate and other reactor core performances of the
heterogeneous method were roughly comparable to the homogeneous method. It
seems from the present study that the heterogeneous method has quite a serious
problem to be overcome and much effort would be needed to make it feasible.

As another aspect,' the decay heat and neutron activity of the TRU-loaded S/A
were estimated. As a result, it is recognized that the fuel handling system in an
LMFBR plant, a fuel fabrication factory and/or fuel transportation vessels should
be modified to treat the TRU-loaded fuel with high decay heat and strong neutron

activity,

Finally, we list up the remaining items of researches to accomplish the TRU
{ransmutation in an LMFBR,
@ Accumulation of data related to material property and irradiation
characteristics of TRU-loaded fuel,
@ Improvement of nuclear data for TRU isotopes,
@ Establishment of reactor core design method including uncertamtles of nuclear
and thermal data of TRU,
@ Optimization of TRU-loading method in FBR cores,
@ and, Consideration of FBR plants to treat TRU, e-specially fuel handling system.
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Table 2.1 Main design parameters of the 1000MWe-class reference LMFBR-

Design parameters Data
1.Plant parameters
-Reactor thermal power 2517 MWt
-Coolant temperature 530/375°C
(Reactor outlet/inlet)

+Coolant flow rate 1.27X 104 kg/s
-Operation cycle length 456 days
Plant life time 40 years

2. Core parameters
-Core concept

2-region homogeneous core

-Core layout see Fig.2.1
.Number of core fuel S/As 1757180
(inner/outer) |
‘Number of radial blanket S/As 72
‘Number of control rods 18/6
(primary / backup)
‘Number of shielding 781277
(Stainless Steel / B4C) _
-Core diameter / core height 3.68/1.00m
‘Thickness of axial blanket 0.20/0.20m
(upperlloiver)
3. Core fuel parameters
Fuel compositio_n ' Pu02- U009
‘Pu isotope ratio(239/240/241/242) 58/24/14/4
-Pu enrichment(inner/ outer) 15.3 /19.3 wt%
‘Pattern of fuel exchange 3 dispersed batches
4. Blanket fuel parameters
-Fuel composition U0z
-U isotope ratio(235/238) 0.3/99.7
-Pattern of fuel exchange 4 dispersed batches
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Table 2.1 Main design parameters of the 1000MWe-class reference LMFBR-

Design parameters Data
1. Plant parameters
-Reactor thermal power 2517 MWt
-Coolant temperature 530/375°C
(Reactor outlet/inlet)

Coolant flow rate 1.27X104 kg/s
-Operation cycle length 456 days
-Plant life time 40 years

2. Core parameters
Core concept .

2-region homogeneous core

-Core layout see Fig.2.1
‘Number of core fuel S/As 175/180
(inner/oﬁter) '
‘Number of radial blanket S/As 72
-Number of control rods 18/6
(primary / backup)
‘Number of shielding 7812717
(Stainless Steel / B4C)
Core diameter/ core height 3.68/1.00m
‘Thickness of axial blanket 0.20/0.20m
(upper/lower)
3. Core fuel parameters
Fuel composition | Pu09-U09
-Pu isotope ratio(239/240/241/242) 58/24/14/4
‘Pu enrichment(inner/outer) 15.3 /19.3 wt%
‘Pattern of fuel exchange 3 dispersed batches
4. Blanket fuel parameters
Fuel composition U0z
U isotope ratio(235/238) 0.3/99.7
Pattern of fuel exchange 4 dispersed batches
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Table 2.2 Isotopic compoéition of TRU fuel loaded and burnup dependency of fission reaction rate of each nuclide

TRU l-groui) cross section Fission reaction rate vs. irradiation time (flux: 4% 1015nv)
composition (barns) (Units: 1015 fissions/sec/1kg of initial TRU amount)
Nuclide discharged
from LWR '
(1024atm/ce) | Capture . Fission Initial lyears . 4 years 7 years 10 years
Np237 4.55x10-3 1.44 0.39 1.92 1.53 0.77 0.39 0.19
Pu238 0.0 0.70 1.18 - 1.04 2.35 2.06 1.45
Pu239 0.0 0.47 | 1.82 - 0.06 0.56 0.84 0.82
Pu240 0.0 0.49 0.42 - 0.01 0.04 0.07 0.10
Pu241 0.0 0.44 2.44 - - 0.02 0.05 0.08
Pu242 0.0 0.42 0.30 - 0.02 0.05 ' 0.06 0.05
Am?241 2,73X10-3 1.33 0.34 1.02 0.80 0.38 0.18 0.09
Am?242m 6.93%10-6 0.37 3.91 0.03 0.27 0.32 0.19 0.10
Am?243 1.40%10-3 0.051 0.27 0.41 0.35 0.22° 0.15 0.10
Cm?242 7.95%10-8 0.31 0.20 - 0.04 0.02 0.01 0.01
Cm?243 4.57x10-6 0.23 2.60 0.01 0.02 0.03 0.02 ;:O.VOI
Cm244 4.49%10-4 0.80 0.48 0.20 0.27 0.2% 0.25 0.20
Cm?245 2.31X10-5 0.30 2.60 0.07 0.16 0.34 0.38 0.35
TRU total 9.17%10-3 3.66 4.56 5.39 4.65 3.55
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Table 2.3 Effect of loading region and loaded amount of TRU upon the transmutation characteristics
‘ | (Heterogeneous TRU-loading Method)

. . amount of '
c ' Loading region of Number of TR:Ujloadlng TRU TRU .
ase name : ratio in target transmutation
target S/As target S/As transmuted
S/As (%) rate (%/cycle)
' - (kg/cycle)
REF | - 0 0 -47 -
A30 Center of the inner core 19 30 5 0.9
A50 Center of the inner core 19 50 18 1.9
A100 Center of the inner core 19 100 72 4.0
B30 Periphery of the inner core 18 30 25 4.8
B50 Periphery of the inner core 18 50 65 1.9
B100 Periphery of the inner core 18 100 153 9.5
C50 Radial blanket 72 50 . 153 2.3
A50L Center of the inner core 19 50 9 0.9
(Pu enrichiment decreased
by 30%)
A50H  Center of the inner core 19 50 . 32 3.5
(Pu enrichiment increased
". by 30%)
AB50 Center and periphery 37 50 147 8.7

+ of the inner core

(194-13)
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Table 3.1

Comparison of nuclear characteristics of TRU-loaded cores

Reference core

Homogerneous Heterogeneous
(no TRU-loaded) | TRU-loaded core | TRU-loaded core
Pu enrichment 15.3/19.3 wt% 16.2/19.6 wt% 15.3/19.3 wt%
(inner core/cuter core) '
Region-integrated power
ratio (BOEC/EOEC)
Inner core 46.8/50.9 % 49.9/53.5 % 48.8/53.6 %
Quetr core 47.6/41.8 % 44.7/39.5 % 45.4/38.9 %
Radial and axial blankets 5.6/7.4 % 5.8/7.0 % 5.8/7.5 %
Max.linear heatrate
(BOEC/EQEC) _ _
Inner core 380/419 w/cm 376/431 w/cm 391/419 w/enx
Quter core 420/357 w/em 416/355 w/em 411/332 w/cm
Radial blanket 427/397 w/cm 411/369 w/cm 502/425 w/cm
Control rod worth - - 1.67 %Ak/kk 1.46 %Ak/Kkk 1.36 %Ak/kk
(BOEC. 83cm insertion of (1.00)* (0.87)* _(0.81)*
primary rods)
Neutron spectrum see Fig.3.3 «— =
(core center) _

Burnup reactivity loss 3.31 %HAk/kk 1.88 %Ak/KK | 1.97 %Ak/Kk
Doppler coefficient -1.05% 10-2 Tdk/dT [-7.08 X 10-3 Tdk/dT |-8.35X10-3 Tdk/dT
Density reactivity

coefficient
(Ap/p/100%density change)
Fuel 2.87X10-1 2.83X10-1 2.92%10-1
Structure -5.70X10-2 -6.20x10-2 " .6.51X10-2
Coolant -1.73x10-2 -2.60%10-2 -2.67%10-2
Geometric reactivity
coefficient
Radial (Ap/p/AR/R) 7.27X10-2 6.6910-2 9.21x10-2
Axial (Ap/p/ AH/H) 1.43X10-1 1.35X10-1 1.31X10-1
Beft 8.71X10-3 3.47X10-3 3.31X10-3
Prompt neutron life time 0.406 usec 0.338 usec 0.326 usec

*) Values in parentheses denote relative control rod worth
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Table 3.2 Summary of TRU inventory and transmutation rate

Loaded TRU inventory Discharged | Transmuted 'I;RU
Core Tsotope amount of amount, of amountof | transmutation
TRU : TRU TRU rate
(kg/cycle) | BOEC(kg) | EOQEC(kg) | (kgieyele) (kg/eycle) (%)
Reference core Np 0 6 1 5 -5 -
(no TRU loaded) | Am 0 46 ‘ 82 35 -36 -
Cm 0 4 8 5 -5 -
Total 0 55 - 101 46 46 -
Homogeneous Np 289 719 590 160 129 18.0
TRU-loaded core Am 268 710 624 182 86 12.2
| Cm 31 142 173 63 -31 -22.1
Total 589 1571 1387 404 184 11.7
Heterogeneous Np 302 769 647 180 122 15.8
TRU-loaded core Am 280 752 669 197 | 83 11.0
Cm 33 140 168 61 -28 -20.4
Total 614 1660 1485 438 176 10.6
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Table 3.3 Comparison of thermal characteristics of TRU-loaded cores

flow region number
in which max. Assembl Max. Max, hot spot
Core hot spot cladding flow rat g assembly cladding
temperature power* temperature*
. occurred
Homogeneously
TRU- loaded core
@ Inner core(EQEC) 1 31.9kg/s 9.80 MW 723 °C
' ‘ (9.65 MW) (714 °C)
e Outer core(BOEC) 6 29.2 kg/s 8.84 MW 727 °C
. (8.87 MW) (728 °C)
Heterogeneously
TRU- loaded core
o Inner core(EOEC) 2 31.5kg/s 9.86 MW 766 °C
(9.08 MW) (724 °C)
& Outer core(BOEC) 7 27.1kgls 8.98 MW 775 °C
(8.06 MW) (732°C)

¥) Values in parentheses denote the power for the assembly at the same position

as in the reference core
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. Table 4.1 Decay heat and neutron emission rate of fresh TRU fuel

100% TRU fresh fuel
(cooled for 3 years before and a
year after reprocessing)

Conventional MOX fuel
(no TRU loaded)

Discharged fuel

Np+Am+Cm Np + Am Fresh fuel (after cooled
(excluding Cm)
for a year)
Decay heat - 21KW 2.9KW 0.063KW 10KW
(per assembly)
Neutron _ . .

emission rate 6.9X1010n/s | ~ 8.7X107n/s 6.8X106n/s | 5.8X108n/s
(per assembly) ‘ ' ' '
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Fig.2.1 Corelayout of 1000MWe-class reference LMFBR
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Amount of TRU transmuted per cycle (kg)
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Fig. 2.2 Relationship between Amount of TRU Transmuted and Ratio of TRU

Amount loaded in Fuel (Homogeneous TRU-loading Method)
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Ratio of TRU amount loaded in fuel (%)

- Fig. 2.3 Relationsh;ip between Burnup Reactivity Loss and Ratio of TRU

Amount loaded in Fuel (Homogeneous TRU-loading Method)
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11 ‘ TRU amount loaded in the inner |
i ! core region is fixed to 5%.
(Inner Core) -
1 X
0.9 -
T
( Outer Core)
D
0.8 i ! |
0 5 10 15 20

Ratio of TRU amount loaded in the outer core region (%)
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Fig. 2.4 Relationship between Power Peaking Swing and Ratio of TRU amount
loaded in the Outer Core Region with Fixed TRU Amount in the Inner
Region (Homogeneous TRU-loading Method)
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Fig.2.5 Power distribution of heterogeneous TRU-loaded cores
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Fig.3.3 Neutron and adjoint spectrum in the TRU-loaded cores
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