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ABSTRACT 

Breeding and safety characteristics of 
large fast breeder reactors were evaluated with primary 
emphasis on minimizing doubling time. 

The Super-Phenix, 1200 MWe, reactor 
C~ design was taken as reference raactor in this study and 

several design parameters which affect breeding performance 
were changed around this reference design to analyze their 
effect on doubling time. The best value for doubling time 
achieved with oxide fuel was 19 years. 

** Carbide fuel was also considered as 
future potential LMFBR fuel due to its high density and 
high thermal conductivity. Carbide fuel provides a reactor 
doubling time around 12 years. Since the hom.ogeneous core 

^ configuration presents a high positive sodium void reactivity 
a heterogeneous core is recommended to ensure high breeding 
performance and low positive sodium void reactivity. 

f t 



TABLE OF CONTENTS 

ABSTRACT 
LIST OF FIGURES i 
LIST OF TABLES v 
CHAPTER 1. INTRODUCTION 1 

CHAPTER 2. PERSPECTI^/E ON NUCLEAR POWER ' 5 
2.2 Growth of Nuclear Power 6 
2.3 Uraniujn Resource and Demand 8 

2.3.1 Uranium Resource 8 
2.3.2 Uranium Production Capabilities 9 
2.3.3 Uranium Demand 9 

2.4 Breeder Principles and FBR Introduction 11 

CHAPTER 3. FAST BREEDER REACTOR 21 
3.1 Historical FBR Development and World 

Program 21 
3.2 Core Design Parameters Specification 

Procedure 23 
3.2.1 Core Design Procedure 23 
3.2.2 Nuclear Analysis 25 
3.2.3 Thermal Analysis 26 
3.2.4 Safety Analysis 28 

CHAPTER 4. CALCULATIONAL METHODOLOGY 36 
4-1 Physical Model 36 



t 

E£2£ 
4.2 Nuclear Properties Calculations 37 

4.2.1 Cross Section Set 37 
~ 4.2.2 Methodology 37 

4.2.3 Breeding Ratio and Doubling Time 38 
4.2.4 Sodium Void Reactivity and Doppler 

Coefficient 42 
4.3 Fuel Element Temperature Profile 44 

4.3.1 Axial Temperature Distribution 45 
4.3.2 Radial Temperature Distribution 48 

CHAPTER 5. LMFBR OXIDE HOMOGENEOUS REACTOR 59 
5.1 Introduction 59 
5.2 Reference Reactor 60 

5.2.1 Nuclear Characteristics 61 
5.2.2 Safety Considerations 63 
5.2.3 Thermal Characteristics 

5.3 Plutonium Isotopic Composition Effect 64 
on Breeding Ratio 66 

5.4 Blanket Thickness Effect on Breeding 
Ratio 69 

5.5 Cladding Thickness Effect on Breeding 
Ratio 70 

5.6 Fuel Density Effect on Breeding Ratio 71 
5.7 Summary of the Results 72 

CHAPTER 6. CARBIDE FUELED HOMOGENEOUS REACTOR 104 
6.1 Introduction 104 
6.2 Fuel Pin Diameter Optimization 106 

rNSTITUTO D E P E S O U P » S E ^.p R ' £ ^ 1 0 ' S E N U C i . F A R E S 
I. P , E . N . 



6.3 Nuclear Characteristics Analysis 107 
6.3.1 Reactor Core Geometry 107 
6.3.2 Nuclear Perform.ance 108 
6.3.3 Cladding Thickness Effect on 

Breeding Ratio 110 
6.4 Safety Characteristics 110 
6.5 Thermal Characteristics 113 
6.6 Results 114 

CHAPTER 7. HETEROGENEOUS REACTOR 135 
7.1 Introduction 135 
7.2 Carbide Fuel 137 

7.2.1 Reactor Configurations 137 
7.2.2 Nuclear Characterisrics 138 
7.2.3 Safety Characteristics 141 
7.2.4 Results 142 

7.3 Summary of Carbide Fuel Development 
Program 143 

CHAPTER 8. ANALYSIS OF IMPROVEMENT IN BREEDING 
PERFORMANCE OF HETEROGENEOUS CONFIGURATION 
CORE 157 

8.1 Introduction 157 
8.2 Neutron Spectrum and Fertile Material 

Inventory Effect on Breeding Ratio 157 
8.2.1 Methodology 157 
8.2.2 Fertile Material Inventory 159 
3.2.3 Neutron Spectrum 

8.3 Results 



CHAPTER 9. CONCLUSIONS 170 

REFERENCES "̂'̂  
ACKNOWLEDGMENTS ^ ̂  ̂ 



LIST OF FIGURES 

FIGURE 2.3.1 Comparison of Annual World Uranium 
Supply and Demand to 2025- Low 
Growth Projection 18 

2.3.2 Comparison of Annual World Uranium 
Supply and Demand to 2025 - High 
Growth Projection 19 

2.4.1 : Uranium -Plutonivim Conversion 20 
2.4.2 Thorium- Uranium Conversion 20 

FIGURE 3.2.1 Nuclear Analysis 33 
3.2.2 Thermal Analysis 34 
3.2.3 Safety Analysis 35 

FIGURE 4.1.1 LMFBR Homogeneous Core Layout 54 
4.1.2 Equivalent Radius 55 
4.2.1 Iterative Scheme for Physic Parameters 

Calculation 56 
4.3.1 Triangular Pitch Wire-Wrapped Rod 

Bundle Geometry 57 
4.3.2 Cross Section of a Fuel Elements 58 

FIGURE 5.2.1 Diagram of Fuel Element and Fuel Rod 90 
5.2.2 Configuration of Reference Homogeneous 

Reactor 91 
5.2.3 Equilibirum Cycle Search 92 
5.2.4 EOEC Flux Distribution for Homogeneous 

core 93 



ii 

5.2.5 Radial Power Distribution at 
Equilibrium Cycle 

5.2.6 Equilibirum Cycle- Axial Power Dist. 
5.2.7 Axial Tem.perature Profile for Fuel Pin 

at the Position of Maximum Volumetric 
Power Generation 

5.2.8 Radial Temperature Profile for Fuel 
Pin at the Position of Maximum 
Volumetric Power Generation 

5.3.1 Fuel Cycle Flov/sheet for Plutonium 
Fueled LMFBR (Pu discharged from 
PWR ) 

5.3.2 Fuel Cycle Flowsheet for Plutonixam 
Fueled LMFBR ( Pu discharged from 
LMFBR ) 

5.4.1 Total Breeding Ratio Change with 
Blanket Thickness 

5.4.2 Compound System. Doubling Time Variation 
with Blanket Thickness 

5.4.3 Radial and Axial Breeding Gain with 
Blanket Thickness 

5.4.4 Blanket Volume Change with Blanket 
Thickness 

page 

94 
95 

96 

97 

98 

99 

100 

101 

102 

103 

FIGURE 6.1.1 Neutron Flux Spectra of Fast Reactors 129 
6.1.2 Heat Conductivity of Mixed Oxide-

Nitride-Carbide and Metal Fuel 130 
6.2.1 RDT,BR and Material Composition as 

Function of Pellet Diameter { Carbide 
Fuel ) 131 

I N 8 T I T U T O D6 P E S Q U ' P , « E E V E R ; . d T I C ' S E N U C I . E A R E 8 
t. P . E . N . 



iii 

6.3.1 Radial Power Distribution 132 

6.4.1 Neutron Spectra for Carbide and Oxide 

Core (EOEC) 133 

6.5.1 Profile of Fuel Pin Temperature 134 

FIGURE 7.2.1 Carbide Fueled LMFBR Core Layout 

Considered 150 

7.2.2 Heterogeneous Configuration 

Case 2-1 151 

7.2.3 Heterogeneous Configuration 

Case 2-2 152 

7.2.4 Heterogeneous Configuration 

Case 3-1 153 

7.2.5 EOEC Flux Distribution for Heterogeneous 

Core ( case 2-1) 154 

7.2.6 EOEC Flux Distribution for 

Heterogeneous Core (case 2-2) 155 

7.2.7 Flux Distribution for Heterogeneous 

Core at EOEC (case 3-1) 156 

FIGURE 8.1.1 Variation of n with Energy for 166 

¿32 
8.2.1 The fission cross Section of Th, 

240^„ and 2«Pu 

8.2.2 Uranium-238 Reaction Rate vs. 

Moderator Volumetric Ratio for the 

Fin OD=10.5 mm at Core Zone 167 

8.2.3 Uranium-238 Reaction Rate vs. Moderator 

Volume Fraction for the Pin 0D= 10,5mm 

at Internal Blanket Zone 168 



iv 

8.2.4 Plutonium Capture Rate vs. Moderator 
Volume Fraction for Pin OD=10.5mm 169 



* 
V 

LIST OF TABLES 

TABLE 2.2.1 INFCE Estimates of Nuclear Power 
Growth in the World 13 

2.2.2 World Reactor Distribution (1980-2000) 14 

2.3.1 World Uranium Resources 15 
2.3.2 Production of Maximum attainable Uranium 

Production Capacities(1980-2020) 15 
2.3.3 Cumulative Uranium Requirements for 

Different Fuel Cycle Strategies for the 
World 16 

2.4.1 Design Variables for Fast Breeders 17 

TABLE 3.1.1 Second-generation Experimental Fast 
Reactor 29 

3.1.2 Fast Breeder Demonstration Reactor 30 

3.1.3 Commercial Reactor Design Parameters 31 

3.1.4 Time Schedule for FBR in the World 32 

TABLE 4.2.1 Energy Boudries of the Cross Section Set 52 

4.3.1 Thermo-physical Properties of Sodium 53 

TABLE 5.2.1 Reactor Characteristics 74 

5.2.2 Reactor Dimensions 76 

5.2.3 Reactor Composition 76 

5.2.4 Input Data for Doubling Time Calculation 77 

5.2.5 Reactor Characteristics -Results - 78 

5.2.6 Reactor Design Specifications 79 



Vi 

5.2.7 Maximum Temperature- Radial Distribution 80 
5.3.1 Burnup and Reactivity Change due Burnup 81 
5.3.2 Peaking Factor,Breeding Ratio and 

Doubling Time 81 
5.3.3 Doppler Coefficient and Sodium Void 

Reactivity ( at EOEC) 82 
5.3.4 Maximtjm Linear Power and Coolant 

Mass Flow Rate 82 
5.3.5 Maximum. Temperature- Radial Distribution 83 
5.4.1 Blanket Thickness and Volume 84 
5.4.2 Doubling Time and Fuel Inventory 85 
5.5.1 Reactor Dimensions 86 
5.5.2 Reactor Com.position 86 
5.5.3 Nuclear Characteristics- Results- 87 
5.6.1 Nuclear Characteristics - Results- 88 
5.6.2 Summary of Nuclear Characteristics of 

the modified Eoraogeneous Oxide Reactor 89 

TABLE 6.1.1 Properties of Carbide and Oxide Fuels 116 
6.2.1 Fixed Design Parameters 117 
6.2.2 Core Fuel Pin and Assembly Design 118 
6.2.3 Blanket Pin -.and Assembly Design 119 
6.2.4 Reactor Dimensions 120 

6.3.1 Reactor Characteristics 121 
6.3.2 Reactor Dimensions 123 



page 

6.3.3 Reactor Material Composition 123 
6.3.4 Reactor Nuclear Characteristics 

- Results - 124 
6.3.5 Reactor Dimensions 125 
6.3.6 Reactor Material Composition 125 
6.3.7 Reactor Nuclear Characteristics 

- Results - 126 
6.4.1 Sodium Void Reactivity and Doppler 

Coefficient is for Oxide and Carbide 
Fueled Reactors 127 

6.5.1 Maximum Temperature -Radial Distribution 128 

TABLE 7.2.1 Heterogeneous Reactor Neutronic 
Characteristics -Results - 147 

7.2.2 Reactor Nuclear Characteristics 
Case (2-2) -Results- 148 

7.2.3 Doppler Coefficient and Na Void 
Reactivity at EOEC 149 

TABLE 8.2.1 Internal Blanket Material Volume Fraction 163 
8.2.2 Breeding Ratio Changes with Fertile 

Material Inventory 163 
8.2.3 Specific Fuel Inventory and BR for 

Different Pin Diameter 164 
8.2.4 Neutron Flux Fraction(%) for Energies 

>100 keV 165 
8.2.5 Neutron Flux Fraction (%) for Energies 

>100 keV and Breeding Ratio 165 

TABLE 9.1 Reactor Doubling Time vs. Core Design 
Parameters 173 



viii 

TABLE 9.1 Reactor Doubling Time vs. Core Design 
Parameters 

C 

1 



CHAPTER 1 

INTRODUCTION 

The world demand for energy grows as 
man-power is replaced more and more by machine power. It is 
known that thé oil and natural gas are going to decline in 
the near future, hence to solve the energy problem in future 
assiduous efforts should be made to develop a new energy 
system. Among them the m.ost promissing alternative energy 
is nuclear energy and various kind of thermal reactor system 
have been developed and are in operation now. 

Even considering the vast amount of 
235 

energy produced by fission of U ,uraniuin-235 atoms are 
used up, being converted to other atoms during the process. 
Since there is only a finite reserve of furanium in the earth, 
it is an exautible, nonrenewable fuel source, just like the 
fossil fuel. 

Nuclear energy strategy calculations 
have shown that the uraniiwn consumption can be markedly 
reduced by the large future fast breeder reactors introdution. 
Present fast breeders under development utilise mixed uranium-
plutonium oxide fuel and they present a doubling time ranging 
from. 20 to 30 years. 
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In the case of uranium supply difficulties 
or higher energy demands, a reactor with short doubling 
time will be required. The fast breeder reactors with 
carbide fuel have a specially greater potential on this 
respect than one with oxide fuel. Therefore the carbide fuel 
introduction is the future goal of fast breeder reactor 
development. 

Some researchs concerned with carbide fuel 
v/ere evaluated in Germany, France and USA. A Germany study 
has evaluated the feasibility of carbide fuel utilization in 
SNR/43/ whereas USA reseaich has investigated the applicability 
in FFTF/44/ and CRER/65/ without large modification in the 
fuel assembly design . 

The applicability of the carbide fuel 
in large commercial reactors has been evaluated by the Argonne 
National LAboratory/66/ and Combustion Engineering,Inc.,/6V/. 
These works have concentrated on analytical study of nuclear 
properties for homogeneous core configurations. In order to 
evaluate the future potential of carbide fuel for LMFBR, the 
characteristics of several carbide fueled reactor configurations 
will be investigated in this work. Also heat transfer,nuclear 
and safety studies are performed and compared with those of 
the oxide fuel. 

Objectives of this work include these 

three itens: 
( 1 ) - To perform several comparative studies around 

a 1200 MWe reference reactor LMFBR configuration. 
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( 2 ) - To achieve an improved reactor core design that 

produces a short doubling time. 

( 3 ) - To analyze the inherent safety characteristics 

of the cores considered. 

The first item refers to the analyse of 

the effect of the several basic design parameters which change 

breeding performance of reactor. The parameters considered... 

are axial and radial blanket thicknesses, "cladding thickness, 
y • 

fuel density and plutonium isotcpic composition. The reference 

reactor design was based on that of thé Super-Phénix, the 

first large fast breeder under construction now. -

This study also involves oxide and- carbide 

fuels as well as homogeneous and heterogeneous core configura

tions. 

Outline of the work. 

Chapter 2 is introduced as a summary of the 

requirements for electrical power for a long term and the rcle 

of the nuclear power. The uranium demand and resource 

available are mentioned. The breeder introduction need is 

emphasized. 

In Chapter 3 a brief historical development 

of FBRs and world program are mentioned. 

The model and methodology applied for a 

.reactor performance calculations are described in Chapter 4. 

Definitions for breeding ratio, doubling time, sodium void 

reactivity and Doppler coefficient are done. 



Chapter 5 describes the nuclear^ safety 
and thermal characteristics calculated for the conventional 
reactor. A series of oxide designs are studied in which the 
blanket thicknesses, cladding thickness, fuel density and 
plutonium isotopic composition are varied around the 
reference. 

Carbide presents some attractive proper
ties like high fuel density and high thermal conductivity to 
be used as LMFBR fuel. Chapter 6 analyzes the performance 
of carbide fuel in a large breeder reactor and the results 
are compared with those of the reference oxide reactor. 

Chapter 7 describes all study data for 
three heterogeneous core configurations with carbide fuel. 
The advantages of this configuration are analyzed. A summary 
of carbide fuel development programs are mentioned specifying 
the areas that require attention. 

Chapter 8 provides an analysis about 
breeding ratio improvement verified due heterogenization. The 
fertile material inventory and neutron spectrum effects on 
breeding ratio are analyzed. 

Chapter 9 summarizes major conclusions of 

this work. 



CHAPTER 2 

c 

PERSPECTIVE ON NUCLEAR POWER 

2.1 WORLD ELECTRICAL ENERGY GROWTH 

Demand of energy will continue to 

grow even with vigorous policies to conserve energy adopted 

by countries. There is general agreement that, with respect 

to fossil fuels the oil and natural gas reserve are so 

restrictive that before the end of this century a marked 

decline in the supply of these fuels will be observed. 

Thus the balance between supply and demand requires that 

new energy sources be developed quickly. The uranium 

was chosen today as source of electrical energy to save 

the fossil fuels which are needed for transport and as row 

material for pharinaceuticals, plastics and other important 

commodities. 

The projections of total energy demand 

and distribution of demand between different sources for a 

long time are surrounded by uncertainty. Acceding to pre

liminary assessment of electricity demand prepared for the 

World Energy Resource Conservation Commission /!/, the 

world energy demand in the year 2020 is expected to be be

tween three and four times present consumption if average 

I ¡ N S T I T U 1 O D E P E S Q U 
1. P. E . N 
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economic growth is between 3.0 and 4.1 per cent year. 
The world electrical demand is estimated to be 39.8 EJ^*^ 
by 1985, rising to 98.5 EJ by 2000 and 237.7 EJ by 2020. 
On the other hand, according to WAES studies /5/, total 
primary energy demand in the year 2000 ranges from 344 to 
445 EJ. Another report, OECD-Nuclear Energy Agency/Inter
national Atomic Energy /2/ predicts 285 EJ by 1985, 360 EJ 
by 1980, 559 EJ by 2000 and 1,088 EJ bv 2025 for world pri-
mary energy requirements, while the electrical power share 
will be about 34 per cent of primary energy by 1985, 37 per 
cent by 1990 and 43 per cent by 2000. 

Although different energy growths are 
predicted it is clear that new sources of energy must be 
developed to substitute the fossil fuels. Nuclear energy 
continues to be one of the attractive ways to generate 

k the required electrical power. Another sources as solar 
energy and nuclear fusion cannot contribute too much subs-
tantialy in the next half century. 

2.2 GROWTH OF NUCLEAR POWER 

The projected increase in world electri
city demand would not met without a major contribution from 
nuclear power. The estimates of nuclear power growth presen
ted here are based on WEC report /I/ and OECD-NEA/IAEA /3/ 
works. 

(*) EJ = 10 •'•^joules 



WEC forecasts show that the nuclear 
share of world electricity output could be almost 45 per 
cent by the year 2000 and might be as higher as 65 per cent 
by 2020. The world total nuclear generation capacity implied 
by these percentage would be between 1,300 and 1,900 GWe ia 
the year 2000 and between 3,200 and 5,500 GWe in the year 
2020, provided the mining and prcductipn facilities could 

^ be developed in time. On the other hand, OECD-NEA/IAEA pre-
dietion for the year 2000 is 1,200 GWe for the high forecast 
and 833 GWe for low forecast. The future nuclear power 
growth estimates adopted by INFCE for 1800-2000 are shown 
in Tab.2.2.1. 

Nuclear power is viable and commercially 
compepetive now and its contribution is most conveniently 
supplied in form of electrical power. At present the most 

J of nuclear power reactor is based on non breeding cycle 
where only U-235 is the principal fissioning isotope, 

C In September 1980, the world installed 
capacity was 122 GWe, within this total light-vrater reactors 
represent 84.10 per cent, gas-cooled graphite moderated reactors 
represent 9.1 per cent and heavy-water reactors 5.1 per cent 
/4/. The INFCE estimation for the world reactor distribution 
up to 2000 is listed in Tab. 2.2,2. 

In the future there will be an increasing 
incentive in many other application areas, for example, for 
process heat in industry. Other potential area of use includes 
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district heating and manufacture of syntetic fuel. 
To support this continuous growth of 

nuclear power a substantial addition to uranium reserves or 
a new technology for efficient usage of fuel will be necessary. 

2.3 URANIUM RESOURCE AND DEMAND 

2.3.1 Uranium Resource 
If nuclear power is to play a major role 

in nation's electric energy economy and thereby important 
contribute to the world overall energy needs, adequate supply 
of uranium must be available at acceptable cost. 

The most recent world resource of uranium 
survey has been published by OECD Nuclear Energy Agency/IAEA. 
According to this report /2/ the reasonable assured uranium 
resoTirces at cost up to $130/kgU are measured in 2.60 million 
tonnes U. The world wide uranium resources position at 1st 
January 1979 is summarized in Tab. 2.3.1 for the cost ranged up 

to $i30Agu. 
In addition to these resources there are 

higher cost, generally lower grade resources. In evaluating 
the uranium resources it is important to considered whether 
all this material could be available at a rate sufficient 
to satisfy demand. In next sections the balance between 
uranium dem-and and supply is analyzed. 



2.3.2 Uranium Production Capabilities 
In conformity with OECD-NEA/IAEA report 

/2/ the uranium production was amounted about 38,000 tonnes 
in 1979 while the maximum attainable production capacity is 
about 44,000 tonnes/year. This capacity would increase to 
119,000 tonnes/year by 1990 based on currently estimated 
uranium resources. After the year 2000 uranium production 
from known resources will decrease and uranium supply will 
come to dependent more and more on resources which will be 
explored. Tab. 2.3.2 shows the future projections for uranium 
production and it is essentially an estimate of the maximxam 
rate of production that can be expected from known resources. 

2.3.3 Uranium Demand 
Nuclear power will grow in different 

ways in different countries, thus the energy supply as well 
as demand prediction for a long time faces many uncertainties. 

Most of energy planners would probably 
agree that nuclear energy appears to be the most practical 
energy source for a long range perspective. Hov/ever, the 
naturally occurring fissile isotope U-235 is not sufficiently 
abundant to support, by itself, a nuclear power program for more 
than a few decade, specifically, 15 to 20 years according to the 
OECD report. 

To arrive at a plausible ovei-all energy 

demand scenario for the 1980-2025 period, a number of fore-



10 

casts and predictions have been examined. The strategies 

discussed in the literatures /1,2,5,6,7,8/ include a 

contribution of the several reactor types, namely light-water 

reactor (LWR), fast breeder reactor (FBR), heavy-water reactor 

(HWR) and advanced converter reactor (ACR). 

The WAES/5/ estimates the future 

installed nuclear capacity about 2,000 GWe by the year 2000 

at an annual growth rate of about 15 per cent. This nuclear 

growth correspond an estimates cumulative uranium requirements 

of about 3.0 million tonnes of uranium. According to 

OECD-NEA/IAEA report, oh the other hand, thé cumulative 

requirements for the period of 1980 to 2025 could be in the 

range 3.4 million to 12.0 million tonnes U depending on the 

rate of growth of nuclear power, the choice of reactors and 

the treatment of spent fuel. 

Tab. 2.3.3 summarize the cumulative 

uranium requirements for four nuclear reactors stratey 

considered by INFCE and Fig.2.3.1 and Fig. 2.3.2 show the 

annual world uranium supply and demand to 2025 for low and 

high growth projections, respectively. The nuclear reactor 

strategy until 2000 will bè principally based on the Ligth 

Water Reactor. It is expected that commercial introduction 

of FBRs will become significant in the mid-1990. 

Analyzing uranium demand and supply data, 

one can see that fast breeder introduction is essential if 

nuclear energy is to be sustained as a substantial source of 
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world energy much beyond the end of this century /9/. 

2.4 BREEDER PRINCIPLES AND FBR INTRODUCTION 

Of the fissionable isotopes, U-233,U-235 
and Pu-239,only U-235 occurs in nature where it makes up 
about 0.71 per cent of the natural uranium. Though the over 
two fissionable isotopes do not exist in nature they can be 
manufactured. 

In reactors as LWR the fuel used is 
enriched uranium with 3.0 to 3.5,per cent uranium-235 and 
less than 5 per cent of the total weigh of fuel in the core 
is fissioned before the fuels are removed. Furthemore, a 
large amount of natural uranium has been used,whereas in fast 
breeder reactor, by its characteristics, a large fraction of 
natural U or Th ores can be fissioned /12/ multiplying, 
perhaps more than 50 times, the usability of natural uranium 
resources. 

The breeding principle consist of trans
forming the fertile material into new fissile material, 
consequently a fast breeder produces more new fissionable 
material then it ccn.sumes. It provides a way to use most of 
the 99 per cent of natural uranium that is the nonfissionable 
U-238 or the thorium ore. 

In the case of fission reactors,two kinds 
of reaction lead to breeding. The chain for the production 

2 •? q 238 
of plutonium from uranium ( Pu/ U) and uranium from 
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thorium ( ̂ ^^U/ ^̂ '̂ Th ) are described by following chains: 

»̂  n238 . ^ . ,,238 B" „„239 3 „„239 
a) ^"-^ Vo^^ » 93^P ^94^" 

23.5 min 2.85 d 

b) Th232 ) Th232 3~ p^233 8" „233 
23.4 min 27.0 d 

The more complete chains are shown in 
Fig. 2.4.1 and Fig.2.4.2. 

As shown in Tab.2.4.1 a number of fast 
breeder concepts could be considered with \'̂ arious types of fuel 
and fertile material, coolants and reactor arrangement. The 
main type of fast breeder presently under construction for 
power reactor is Liquid Metal Cooled Fast Breeder Reactor (LMFBR) 
type. It is a liquid metal ( Na) cooled reactor with ( UO2-PUO2) 

fuel in the core and depleted in the blankets. 
The LMFBR by its characteristics can 

produce energy and simultaneously produce fuel in the greater 
quantities than it is consumed. The plutonium produced by 
existing LWR will be used in LMFBR and thermal reactor and 
fast breeder will probably coexist for a number of years till 
FBR-FBR self fuel cycle will become possible. 



TABLE 2.2.1 

INFCE ESTIMATES OF NUCLEAR POWER GROWTH IN THE WORLD /2/ / /3/ 

• INSTALLED CAPACITY , GWe 

• \ y e a r 1980 1981 1985 1990 1995 2000 2025 

Low growth 144 163 257 433 617 833 1,800 

High growth 159 181 303 533 805 1,206 3,900 

file://�/year


TABLE 2.2.2 

WORLD REACTOR DISTRIBUTION (1990-200 0) /2/ , /3/ 
(GWe) 

LWR HWR AGR CG HTR FBR 
(Lights 
react* 

vater 
sr) 

( Heavy water 
reactor ) 

( Advanced 
gas cool.reac 

(Graphite 
) gas reac) 

(High temp, 
gas reactor) 

(Fast breeder 
reactor) 

TOTAL 

^^"^^^q row tl yea r ^ L H L H L H L H L H L H L H 

1980 126.0 140.8 7.6 7.8 2.9 2.9 7.1 7.1 0.3 0.3 0.5 0.5 144.4 159.4 

1981 141.7 159.5 8.2 8.4 4.9 4.9 7.1 7.1 0.6 0.6 0.5 0.5 163.0 181.0 

1985 220.0 273.1 14.9 15.7 4.9 4.9 6.7 6.7 0.6 0.6 2.0 2.4 257.1 303.4 

1990 387.7 483.7 25.9 29.0 8.0 8.0 4.2 4.2 1.6 1.6 5.4 6.9 432.8 533.4 

1995 544.7 717.6 43.6 55.8 12.4 12.4 0.8 0.8 2.6 2.6 12.7 15.8 616.8 805.0 

2000 716.8 1,040 73.5 101.0 16.8 23.0 0.0 0.0 3.6 3.6 21.8 38.2 823.5 1,205.6 

L: low growth 

H: high growth 
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TABLE- 2T3T1 

1 . 

WORLD URANIUM RESOURCES /2/ 
(1,000 tonnes 0) 

1 ( * ) 

1 $80/kgU 
||( $30/lbU^0g) 

S80-$i30Agu 

(SSO-SO/lbU^Og) 
Total at 

$130AgU 

Reasonable jj 
assured | 1,850.0 
resources | 

740.0 2,590.0 

Estimated 1 
additional 1,480.0 
resources j 

970.0 2,450.0 

(*) defined as "Reserve* 

TABLE 2.3.2 

PRODUCTION OF MAXIMUM ATTAINABLE URANIUM PRODUCTION 
CAPACITIES (1980- 2020) /2/ 

(1,000 tonnes U) 

Year Total 

World 

Year Total 

World 

1980 50.1 2000 114.8 

1985 98.0 2005 94.0 

1990 119.3 2010 82.9 

1995 123.0 2020 57.8 
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TABLE 2.4.1 

DESIGN VARIABLES FOR FAST BREEDERS 

Fissile material ü-235,Pu mixtures 

c Fertile material Ü-238, depleted ü,Th-232 

Types of fuel metal,oxide,carbide 

Reactor coolant liquid metal(Na,NaK) 
gas (He/CO^) 

M 

Reactor arrangement integrated concept (pool) 
loop design 

_ • — — '• 
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FIG 2.3.1 /2/ 
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FIG 2.3.2 /2/ 
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CHAPTER 3 

FAST BREEDER REACTOR 

3.1 HISTORICAL FBR DEVELOPMENT AND WORLD PROGRAM 

The development of fast breeder reactors 
first followed the line of metallic fuel element and their 
power was only few hundred megav^atts. It is represented by 
early concepts such as that of the first generation fast 
breeder reactor. As matter of fact, the first fast breeder 
reactor, CLEMENTINE, was operated in 1946 at Los Alamos (USA) 
with mercury coolant. The first power reactor, EBR-I, was 
started in 1951 generating 100 kWe. 

^ Since 1950 a large amount of research 

and development has been carried out around the world in the 
fast breeder field, mostly in USA, USSR, France, Germany , 
Italy, UK and Japan. 

The second line of fast breeder 
development is distinctly different in terms of fuel technology, 
reactor physics, safety and as well as pov/er plant characteris
tics. Mixed plutonium-uranium dioxide is used as reactor fuel. 
This phase is known as " Second Generation Fast Breeder " and 
one can m.ention Joyo, SEFOR, FFTP. The characteristics these 

CNST1TJÍ0 i,. , - , ; - .n = r K M . r ^ , r Al^pS 
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reactors are listed in Tab. 3.1.1 /IG/. 
Design and costruction of reactor of the 

300 MfVe class began between 1965 and 1970. The reactor size 
of 300 MWe is considered a first step towards to the construc
tion of large commercial size breeder of the 1000 to 1500 MWe 
class. Some of the 300 Mîi?e LMFBRs are alredy in operation 
such as the Soviet BN-350 that became critical in 1972; the 
French prototype fast breeder Phenix has been operating 
since 1974. The British PFR and the Soviet BN-600 are also 
in operation now; the German prototype SNR-300 is still under 
construction while US Clinch River Breeder-Reactor and the 
Japan Monju construction are expected to start sioon. The 
Tab.3.1.2 shows the demonstration reactors characteris tics, 
while Tab.3.1.3 shows the future commercial fast breeder 
reactors planned, only the French Super-Phenix with 1200 MWe 
is under construction / 13,14,15 /. Table 3.1.4 gives the 
time schedule jpor FBR development in the world. 

Generally the development and evaluation 
of new major technologies is seen to follow a pattern that 
distinguishes three degree of feasibility, as: 

- scientific feasibility ; 
- engineering feasibility ; 
- commercial feasibility. 

In case of fast breeder development the 
technologies for liquid sodium as coolant and for mixed 
oxide as fuel are essentially in hand. It can /therefore, be 
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considered that the phases of scientific and engineering 
feasibility have almost passed, the commercial feasibility 
however has not yet passed. 

The success and the early commercialization 
of the LMFBR will depend on the success of Super-Phenix 
operation and performance. Commercial feasibility of LMFBR 
also includes the remaining part of the fuel cycle such as 
fuel fabrication plant, fuel reprocessing plant and their 
waste disposal must be fully developed. 

The energy crisis has reemphasized the 
importance of achieving a short doubling time in a FBR to save 
world uranium resources. The next target then will be develop 
an advanced FBR fuel with thermal and neutronic properties 
superior to those of mixed oxide. Carbide fuel can satisfy 
above conditions and will achieve a shorter doubling time 
than oxide fuel. 

3.2 CORE DESIGN PARAMETERS SPECIFICATION PROCEDURE 

3.2.1 Core Design Procedure 
Tht; various parameters that contribute 

to core design generally are not indepedent but form an 
interrelated matrix in which the degree of influence of one 
parameter on another may vary considerably. The desired 
reactor core parameters are generated from trade-off envolving 
a lot of parameters interdependent. 

The primary analytical areas are: nuclear 
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design, thermal-hydraulic desig. material design,safety design 
and economic related design, and the desired design specifications 
are determined by considering all the analytical areas. Fixed 
conditions,together with data needed for the analysis, such as 
cross sections, thermal and material properties, serve as input 
in each analytical areas. The required fuel loading, flux and 
power distribution are obtained from the nuclear design, and 
some feedback to both the nuclear data and thermal-hydraulic 
design. 

The coolant temperature,flow and velocity 
and geometric arrangement evolve from the thermal-hydraulic 
design. Thermal conditions also contribute some feedback to 
the material specifications. The thermal condition is also 
taken as the limiting criteria for the core design. This 
representation emphasizes some important interdependencies 
among the design parameters, 

îf" In this study only nuclear design and 

thermal design are considered with safety design analysis. 
Since fast reactors are important primaly because of their 
potentially high breeding ratio, the design objective is to 
obtain a high breeding ratio or specifically a short doubling 
time. SOj the parameters associated with the production of 
new fissile fuel from fertile material are of interest. 
However the core breeding ratio tends take a dependent 
variable rather than a primary design objective since the 
design is also related with reactor size and configuration 
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from the heat-removal view point, coolant characteristics and 
perhaps various safety requirements. 

The sequence of a design approach taken 
in this study is showed in Figs. 3.2.1, 3.2.2 and 3.2.3. 
First the homogeneous core design was taken into account and 
later the heterogeneous core was considered. Some design 
parameters are taken fixed and the fuel center temperature 

(̂^ and cladding surface temperature were considered as limiting 

criteria. 

3.2.2Í Nuclear Analysis 

The design decision concerned with 
selecting fuel element composition and diameter are critical, 
to fuel cycle economics. Design data on the thermal conductivity 
and limiting temperature of the fuel are used to compute the 
design limit linear power rating on the fuel element. 

Fig. 3.2.1 shows a flow diagram for a 
core design approach considered where each step is described 
bellow: 

- Fuel pellet diameter is specified ; 
- Cladding thickness and gap are specified ; 
- With wire diameter defined and space between pins fixed 

the pin pitch is determined ; 

- With core power and core heigh specified, the total 

number of pin fuel in the core is calculated ; 
- Number of súbassemly is determined as well as the 
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subassembly pitch ; 
- After definition of the assembly, the core material 
volurae fraction is determined. The coolant volume fraction 
is a dependente parameter deduced from coolant velocity ; 

- Core sizing is determined- ; 
- Reactor size is defined and geometric parameters are 

specified. The axial and radial blanket thicknesses are 
fixed ; 

- Neutronic calculations are evaluated. The fuel enrichment 
is determined taking into account the peaking factor and 
^gff 3t EOEC ; 

- Power density distribution is calculated and linear power 
is determined-; 

- Nuclear characteristics calculated are : 
- breeding ratio, doubling time, fuel inventory and 
power distribution ; 

- Axial linear power profile is determined for the maximum 
power channel and thermal analysis is evaluated . 

3.2.2 Thermal Analysis 

In this, process, theinnal analysis begins 
with primary coolant inlet temperature and mean outlet 
temperature specifications {see Pig.3.2.2 ) and 

- The coolant temperature profile in the maximum power 
channel is determined ; 

- The axial profile of the cladding temperature is calculated 
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using axial power profile and empirical correlations for 
the surface heat transfer coefficient t 

- Cladding inner surface temp'?rature profile is computed; 
- With gap conductance specified the fuel surface temperature 

is computed ; 
- Using empirical correlation for thermal conductivity the 

fuel center temperature is calculated ; 
- Coolant mass flow rate necessary to mantaim the difference 
between inlet and outlet temperatures equal to 150 'C is 
calculated ; 

- From coolant flow area determined in design specification 
the coolant velocity is calculated. 

The calculated maximum fuel center 
temperature and maximum cladding outer surface temperature are 
compared with allowable temperatures specified from material 
properties. The cooleint velocity is also compared with the 
permitted value. 

. If the temperature at the fuel center or 
at cladding surface is superior than that the allowable tempe
rature the new fuel pin diameter is considered and the calcula
tions are performed again. If the coolant velocity is too 
high the coolant volume ratio is reconsidered and the calcula
tions are repeated. 

The limiting criteria adopted are ; 

- Maximum allowable temperature at fuel center 
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for oxide fuel : 2400 «»C 
for carbide fuel : 1800 *C 

- Maximum permitted temperature at cladding surface: 620 *C 
- Coolant velocity recomended : 5-7 m/sec 

3.2.4 Safety Analysis , 

In the safety analysis the remote 
possibility of a total voiding in the core ( total loss of 
coolant ) is accepted. Doppler coefficient and sodixim void 
reactivity are calculated in this condition (Fig.3.2.3 ). 

The severity of the reactivity change 
perhaps can be reduced by proving a enhanced Doppler coefficient 
or reducing the void coefficient. The second option can 
be obtained in modifying the reactor core configuraton, for 
example, to heterogeneous one. 
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TABLE 3.1.3 

COMMERCIAL REACTOR DESIGN PARAMETERS 

31 

Reactor Super CFR-1 SNR-2 GCFS 
Phenix 

France OK FRG FRG 

Power 
Thermal (MWth) 2910 2900 3420 2780 
Electrical(MWe) 1200 1320 1300 1030 

Core dimension 
Height (cm) 100 100 100 
Volume (cm^) 10.2 8.8 10.2 

Fuel pin diameter 
(mm) 8.5 6.0 7.5 8.2 

Peak linear power 
(W/cm) 450 420 450 

Max. burnup 
(MWD/T) 70,000 85,000 80,000 100,000 

Coolant Na Na Na Ee 

Coolant temperatur e 
Inlet ( « 0 395 370 380 273 
OutletCO 545 540 550 555 

Specific fissile 
inventory 

(kg Pu/MWe) 4.6 2.3 3.1 3.3 

Breeding Qain 0. 18 0.16 0. 18 0.45 

Doubling Time (y) 42 37 41 

Status under 
constructio •>. planned planned planned 
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P I <3 3.2.1 NUCLEAR ANALYSIS 
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FIG 3.2.3 
SAFETY ANALYSIS 
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CHAPTER 4 

CALCULATIONAL METHODOLOGY 

C 4.1 PHYSICAL MODEL 

The homogeneous reactor configuration 
analyzed in this study is shovm in Fig. 4.1.1. In the plutonium-
uranium fueled fast breeder homogeneous reactor the core 
consists of plutonium-uranium mixed fuel pins and it is 
subdivided into two enrichment zones to minimize the radial 
power peaking factor. Surrounding the core is a blanket of 
depleted uranium which absorbs neutrons leaking from the 
reactor core and produces additional plutonium. Blanket 

' consists of two parts, axial and radial. Cooling is accomplished 

by means of liquid sodium in the case of LMFBR and the plutonium 
loaded in the core is supplied from light water reactor. 

For the calculations the reactor was 
modeled in R-Z geometry with two core zones, a radial blanket 
zone, a radial reflector zone, an axial blanket zone and an 
axial reflector zone and each zone was homogenized into 
equivalent annular rings as indicated in Fig.4.1.2. The 
control rods were negleted. The heterogeneous configuration 
will be described in Chapter 7. 
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4.2 NUCLEAR PROPERTIES CALCULATIONS 

4.2.1 Cross Section Set 

Two con^uter codes were used to determine 
the reactor physics parameters. APOLLO /16/ a two-dimensional, 
multigroup diffusion theory code and ANDROMEDA /17/ a one-
dimensional diffusion code. 

All calculations were performed with 3 
or 6 neutron energy groups collapsed from 25-group data 
library, the JAERI-FAST-SET 2. The collapsed energy groups 
were corrected for resonance self-shielding and spacial flux 
weighting. The 3 and 6 group strucutures are shown in 
Tab. 4.2.1 . 

4.2.2 Methodology 

The iterative scheme represented in 
Fig.4.2.1 was used to determine the beginning of life (BOL ) 
fuel enrichment and the physical parameters of reactor. The 
calculation procedure aimed at minimizing the power peaking 
factor while keeping reactor criticality condition at end-of-
equilibriiim cycle (EOEC) . 

The scheme starts with a guess of BOL 
fuel composition and minimum peaking factor survey is realized 
with one dimension calculation. With minimum peaking factor 
determined burnup is proceeded till the equilibrium cycle 
is achieved and the EOEC effective multiplication factor 
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^^eff ^ checked. If it is not equal to 1.005 + 0.002 the 
BOL enrichment is revised. The iterations are repeated till 
BOL fuel enrichment obtained results in EOEC reactor composition 
that satisfies both criticality and flat power distribution. 

In the burnup calculations the following 
sequence was considered in order to achieve the equilibrium 
cycle. A reactor fuel at BOL was burned one cycle, then 
1/3 of core and axial blanket as well as 1/5 of radial 
blanket were reloaded and the fuel was burned for another 
cycle. This operation is repeated till equilibrium cycle 
is obtained. 

4.2.3 Breeding Ratio and Doubling Time 

Breeding ratio and doxibling time are 
important parameters to characterize breeder reactors. The 
breeding ratio is a measure of the production of fuel and 
doubling time is a measure of the time that it takes to produce 
fuel sufficient to start up another identical reactor. 

Breeding Ratio 
The breeding ratio is derived from 

reaction rates integrated over the equilibrium cycle. For the 
region k breeding ratio is defined as 
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B 
m2 n 

Ri xtx,n n 

m 

k ml n 
m,n n 
â,k * ^ 

Where 

nĴ  : effective concentration of nuclide m in the region k 
n : energy group 
0 : microscopic cross section 
jj! : neutron flux 

over all regions 

The total breeding ratio is the summation 

BR = r BR. 
k ^ 

Doubling Time 
A wide variation of expressions are 

currently used to calculate the doubling time /18,19,20/. 
In this study the doubling time is calculated according to the 
definition presented in reference 19. The reactoi doubling 
time (RDT ) is defined according to 
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fissile BOEC 
RDT (year) = — _ 

(fissile gain) x (fuel cycle/year) 

Where: 
235 233 241 Fissile material considered are U, Pu, Pu? 

Fissile BOEC : all fissile amount in the core and 
blanlcets at beginning of equilibrium 

cycle (Kg) ; 
Fissile gain : net increase in quantity of fissile 

during one fuel cycle (Kg). 

The reactor doubling time provides 
information about the breeding capacity of a particular 
reactor. As such it is useful in comparing various reactors 
breeding performance. On the other hand a full-cycle-
inventory-doubling time (IDT) is defined to examine a reactors 
performance in terms of its overall fuel cycle. -In addition 
it includes a term of fuel loss during fuel fabrication and 
reprocessing. Then the definition for IDT is 

M. + M 
IDT (year) = • • 

(G - L - L, ) X cycles/year P o 
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With 
M^^ : reactor fissile inventory at BOEC 
M : external cycle fissile inventoiry 
G I fissile gain/ cycle 
Lp : fuel cycle loss ( fabrication and reprocessing) 

241 
: Pu decay loss for the external cycle. 

The components of above expression are defined as 

- External cycle fissile inventory 

"ex = «in ^ ^ e x / ^ c l e 

with 
RF : refueling fraction 
Tg^ : external cycle time 

^cycle * length 

- Fuel cycle loss 

Lp = fissile at MOEC x RF x 0.02 

241 
Pu decay loss 

241 
L̂ j = Pu (MOEC) X RF X 0.0462 

with 
1 2 4 1 241py (MOEC) : |- ( BOEC + EOEC ) Pu inventory 
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In the case of a system containing a 
large number of breeders it would be convenient to define 
fuel-cycle-compound-system-doubling time ( CSDT ) related 
as 

CSDT( year ) = 0.693 x IDT 

4.2.4 Sodium Void Reactivity and Doppler Coefficient 

The transient characteristics of large 
plutonium fueled fast reactor core depend on two important 
parameters, the Doppler coefficient and Sodium void reactivity. 

In large plutonixim fueled reactor the void 
effect usually adds positive reactivity whereas the Doppler 
effect is able to add prompt negative reactivity. A general 
problem of commercial LMFBR core design is to reduce the 
sodium void reactivity as low as possible. 

Sodium Void Reactivity 

In accident situations due to the sodium 
voiding the fuel temperature is drastically increases and the 
reactivity is increased due to following effects: 

(a) - Less neutrons are captured in sodium ; 
(b) - Neutron leakage from core is increased as a 

consequence of less scattering ; 

(c) - Spectrum hardening . 
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Effect (b) diminishes, effect (a) and 

(c) normally increase the reactivity. 
A set of six neutron energy group cross 

section was used in two dimensional configuration and sodium 
void reactivity was determined from direct eigenvalue 
calculations. The effective multiplication factor (k^^^) 
was calculated with sodium-in and with sodium-out conditions 
at end-of-equilibrium cycle. 

Sodim void reactivity = P i — P q 

where 
pQ : reactivity at normal condition ; 

: reactivity at sodium voided condition 

Doppler Coefficient 

In the case of the Doppler coefficient, 
broadening of fission resonance in fissile material increases 
the reactivity whereas broadening of capture resonance in both 
fissile and fertile materials decrease the reactivity. For 

238 239 
large fast reactors, in which the ratio of U to Pu 
is high, the broadening with fuel temperature increasing 
results in a significant negative value to the Doppler 
coefficient. 

For Doppler coefficient calculation the 

core temperature was changed and the variation in the 

i. b. IN. J 
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reactivity was computed. 

4.3 FUEL ELEMENT TEMPERATURE PROFILE 

The LMFBR has a higher inlet temperature 
and higher specific heat generation rate than a LWR. Both 
factors tend to yield higher fuel temperature. The coolant 
sodium, however, has a good heat transfer characteristics 
which permit to remove the heat produced without producing 
local boiling or significant changes in its physical properties 
at normal operation condition. Table 4.3.1 lists the main 
thermo-hydraulic properties of sodium /21/. 

The temperature profile in the m.aximum 
power channel is the prime importance in reactor design due to 
the fact that reactor power capacity is limited by its thermal 
transport capacity. A reactor core must be operated in such 
way that the temperature of the fuel and the cladding anywhere 
in the core must not exceed safe limits. The temperature 
calculations were performed using the program TASS ( 
Thermohydraulic Analysis at Steady State) /22/ and the 
following conditions were assumed : 

- Reactor power fix ; 
- The coolant is in the steady-state r 
- The coolant does not suffer changes in phase. 



45 

4.3.1 Axial Temperature Distribution 

Energy is generated in the fuel volume 
at a rate depending on the fission rate. The variation of 
the power density in the axial direction is a pure cosine 
function. The axial coolant temperature distribution changes 
along the - channel in response to both the change in energy 
source distribution along to the fuel pin rod|and the rise 
in coolant temperature through the core. 

In a fuel the peak temperature tends to 
follow the heat generation pattern with the maximum occuring 
at the mid-height of the fuel pin rod. However the coolant 
flows from botton to upper core, so the coolant temperatures 
increase along the rod and its maximum occurs at the top of 
the channel. The axial variation of the pov/er density is 
given by the equation 

III III 
q = q« COS ( i rz /H ) 

III III 

where q and q^ are the volximetric heat source at any 
point and at center of the fuel element,respectively. 

The numerical solution for steady-state 

heat transfer in rod bundle was evaluated using a triangular 
lattice model (see Fig.4.3.1) and the lumped parameters 
method /23,24/ . In the lumped parameters method, often 
referred to as subchannel analysis, the subassembly is divided 
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in a number of subchannels whose boundaries are defined 
arbitrarily by surfaces of fuel element. Axial coolant tempe
rature in each svibchannel is evaluated by solving equations of 
continuity, conservation of energy and the entalphy definition, 
as follow : 

(a) Equation of Continuity 

lU^ » 0 
dz 

(b) Equation of Conservation of Energy 

dh 

dz 

I 1 1 
pv X — — = q 

(c) Entalphy 

/"̂  e (T ) dT = h 
100 P ° 



Where 
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p = density of coolant 
V = velocity of coolant 
z = axial position 
h = entalphy 
q = power density 
8 ^ = specific heat 

(m/sec) 
{ m ) 

(Kcal/Kg) 
(Kcal/m^ sec) 
(Kcal/Kg "C ) 

The power density was obtained from the 
neutronic calculations described in section 4.2.2. The 
coolant density and specific heat were considered dependent 
of temperature as are shown by following equations /25/ : 

(a) Density 

p (T) = 949.0 - 0.223 T - 1.75 x lO"^ T^ 
( Kg/m^) 

T • K 

(b) Specific Heat 

Cp(T) = 0.3893 - 1.9908 x 10~ T - 11.0542 x 10~ T 

(Kcal/Kg *C) 

T •K 
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4.3.2 Radial Temperature Distribution 

Radial temperature distribution for a 
cylindrical fuel pin rod was calculated. According to the 
heat transport process, the heat flow path consists of the 
following two steps : 

(a) - Heat transfer by conduction through heat-generation 
fuel,gap and cladding ; 

(b) - Heat transfer by convection to the coolant . 

In the calculations, the thermal 
conductivity of the fuel (k^) and the cladding (k^), as 
well as the physical properties of the coolant (density, 
viscosity, specific heat ) were assumed dependent of temperature, 
Such dependence are shown in the following eguations/23/. 

- Thermal Conductivity 

- Oxide fuel 

k^ = 1.10 X 10""^x. 
t (0.4848 - 0.4465 D) 

(Kcal/m sec *C) 
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- Carbide fuel /21/ 

= 56.2773 ^ Q .̂ ĝ  ̂  ĵ Q-4 ^ 273 ) 
t + 273 

(Kcal/m sec «*C) 

- Cladding material 

k = 0.1 X (0.03066 + 0.3584 x lO"^ t - 0.0042 x 10"^t^) c 

(Kcal/m sec *C) 

- Viscosity 

Log n = 0.5108 + ^^Q-^^ 0.4925 log( t+ 273) 
t + 273 

From the point of generation,the heat 
flows through fuel material, through a gap between fuel and 
cladding material, through cladding material to an interface 
with a coolant and finally through a portion of *the coolant 
which will transport the heat from the core. 

At a given power level, the temperature 
in the fuel depends both on the temperature gradient through 
the various materials and on the bulk temperature of the 
coolant at point considered, along the length of the fuel 
element under studing. 



50 

Starting with the coolant temperature, 
which may be considered as a reference temperature, and using 
known temperature gradients it is possible to determine the 
fuel temperature profile. 

The temperature gradient is represented 

by Fourier heat flow equation 

dT 1 q 
dx k A 

Fig.4.3.2 shows the cross section of a 
cylindrical fuel element having a center temperature t^ and 
surrounded by cladding of thickness c , gap and coolant 
fluid having temperature t^. 

In the steady-state with no heat generated 
in cladding or coolant and with negligible resistance to 
heat flow at the fuel-caldding interface, the fuel element 
radial temperature distribution can be calculated using 
following expressions ; 

- At cladding outer surface 

I I I o 

^cr^ ^ 
2(R + c + g) h 
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- At cladding inner surface 

2 R c 

- At fuel pellet outer surface 

• I • 

- At fuel pellet center 

• 11 

4 

Where 
• I I 

q : power density 
R : fuel pellet radius 
c : cladding thickness 
g : gap thickness 
h : heat transfer coefficient of coolant 
k^ : thermal conductivity of fuel material 
k^ : thermal conductivity of cladding material 



TABLE 4.2.1 

ENERGY BOUNDARIES OF TIlE CROSS SECTION SET 
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ENERGY LIMIT (eV) 25 GROUP 6 GROUP 3 GROUP 

1.05E 07 1 

6.50E 06 2 

4.00E 06 3 
1 

1 

2.50E 06 4 

1.40E 06 5 

8.00E 05 6 2 

4.00E 05 7 

2.00E 05 8 
3 

l.OOE 05 9 
2 

4.65E 04 10 

2 

2.15E 04 11 4 

l.OOE 04 12 

4.65E 03 13 

2.15E 03 14 

l.OOE 03 15 
5 

4.65E 02 16 

2.15E 02 17 3 

l.OOE 02 18 

4.65E 01 19 

2.15E 01 20 

l.OOE 01 21 
6 

4.65E 00 22 

2.15E 00 23 

l.OOE 00 24 

4.65E-01 25 

¡ÉTICAS E N U C L E A R E S 



TABLE 4.3.1 

THERMO-PHYSICAL PROPERTIES OF SODIUM (liquid) /21/ 
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Melting temperature •c 97.82 

Boiling temperature •c 881.0 

Melting heat cal/g 27.08 

Boiling heat cal/g 925.6 

Density g/cc 
at 97.98 "C 0.9275 

at 400 "C 0.8563 

•Specific heat cal/g »C 0.312 

•Heat conductivity kcal/m h °C 66.0 

•viscosity kg/m sec 3.4E -04 

• at 300 'C 
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F̂ IG 4.1.1-LMFBR HOMOGENEOUS CORE LAYOUT /13/ 



FIG 4.1.2 
EQUIVALENT RADIUS 
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t^i coolant temperattire 
t ,: cladding outer surface temperature 
t^^: cladding inner surface temperatvire 
t : fuel pellet outer surface temperature s 
t^ : fuel pellet center temperatiire 

FIG . 4.3.2 
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N U C L E A R E S 
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CHAPTER 5 

LMFBR OXIDE HOMOGENEOUS REACTOR 

5.1 INTRODUCTION 

In this chapter the performance of the 

reference reactor ,sodium liquid cooled oxide reactor, is 

calculated and analyzed. The main design parameters for this 

reactor were adopted from the 1200 Mî-îe Super-Phenix /13/, the 

first high power commercial fast breeder presently under 

construciotn. 

The target of this study is to achieve 

a core design that produces a short doubling time. A reactor 

doubling time around 10 years is desired, thus aiming this 

objective any design parameters changing were performed. The 

basic design parameters that can affect the reactor breeding 

performance are the ratio of the core height to diameter, 

thickness of radial and axial blanket zones, reflector material, 

fuel pin diameter, £ùel volume fraction, fuel material, fuel 

isotopic composition , core volume and so on. 

In this chapter the effect of the blanket 

thickness,cladding thickness,fuel density and plutonium 

isotopic composition on the breeding performance was investigated. 
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In next chapter an analysis of the performance of reactor 
fueled with advanced fuel like carbide will be done. 

Many literatures refer to fuel pin 
diameter effect on the reactor doubling time /26,27,28/. 
Such studies have been shown that the fuel pin diameters 
ranging from 0.75 to 0.80 mm lead to the minimvim doubling 
time for oxide fueled reactor. 

In the case of reflector material, 
Komatsu /26/ has shown that the substitution of stainless 
steel by Ni produces a negligible change on reactor doubling 
time. 

5.2 REFERENCE REACTOR 

The reference homogeneous reactor considered 
here has 379 fuel assemiDlies that are divided into tv/o 
enrichment zones. The fuel zone is surrounded by 3 rows of 
radial blanket and 2 rows of reflector assemblies. The fuel 
assembly structural member is a hexagonal stainless steel duct 
containing 271 fuel rods in a triangular array. A schematic 
diagram of the fuel assembly and fuel rod is shown in Fig.5.2.1. 
Each fuel rod is 7.02mm in diameter and has a cladding thickness 
of 0.70 mm. The blanket assemblies are the same hexagonal 
cross-section, except that they contain only 91 rods with a 
15.80 mm outer diameter. The height of active core zone is 
100 cm, bounded by 30 cm axial blanket cotaining depleted 
uranium. 
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5.2.1 Nuclear Characteristics 

For the reactor physics analysis,one and 
two dimensional diffusion calcualtions were carried out 
using 3 energy group cross section. As mentioned above the 
the reference reactor design was based on a typical 1200 MWe 
oxide homogeneous reactor Super-Phenix. The reactor gewnetry 
as well as the parameters adopted for calculations are 
illustrated in Fig.5.2.2 and Table 5.2.1. Tables 5.2.2 and 
5.2.3 list the reactor dimension and material composition. 

For burnup calculation the following 
considerations are assumed: 

- The loaded core fuel is plutonium from a light water 
reactor discharged fuel ; 

- The fuel supplied for the blankets is depleted 
uranium and was assumed for this study to be 99.80 w/o 
U-238 and 0.20 w/o U-235 ; 

- The reactor load factor is 0.82 ; 
- The core fuel is irradiated at fixed location. The 

core presents 3 batch for refueling and the cycle 
length is 300 days ; 

- 1/5 of radial blanket assemblies is changed each 
year. 

The isotopic composition of the light 
water reactor plutonium is sensitive to the discharge exposure 
and is also influenced by the particular reactox spectrum. 
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Bor this study the isotopic composition of plutonium is 
follow: 

Isotope Weight percent (w/o) 

63.0 

240 
Pu 22.0 

12.0 

2«Pu 3.0 

Applying the iterative method described 
in Chapter 4 the fuel concentration at the beginning of life 
was determined and equilibrium cycle search was carried out. 
For this reactor the equilibrium cycle was achieved after 4 
cyles as is shown in Fig. 5.2.3. 

For doubling time calculation the 
expressions defined in Chapter 4 was utilized considering also 
the specifications listed in Tab.5.2.4. 

The calculated nuclear characteristics at 
equilibirum cycle are given in Tab. 5.2.5. The total flux 
distribution is illustrated in Fig. 5.2.4 while the power 
density distributions are in Figs. 5.2.5 and 5.2.6. 

As can be observed from, the results this 
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reactor design produces a long doubling time and high sodium 
void reactivity. In the next sections the effect on doubling 
time due to design parameters modifications are analyzed. 

5.2.2 Safety Considerations 

A major safety concern in the design of 
commercial size LMFBR is the addition of positive reactivity 
with coolant voiding that occurs in loss of flow accident case. 

Safety related parameters of common interest 
are sodium void reactivity and Doppler coefficient. The 
quantity , T ( dk/dT ) , is the negative Doppler change in 
reactivity due to the rise in the average reactor fuel tempera
ture from its normal operating temperature at 100 per cent 
design power to the maximum permitted . 

The Doppler feedback alone cannot 
necessary make a reactor subcritical but it can at least 
reduce a superprompt critical reactivity back to subprompt 
critical value. The Doppler feedback is larger in commercial 
sized breeder reactors than in the smaller demonstration 
type reactor due to the softer neutron spectrum and the 
lovjer enrichment in the large core. 

For the reference oxide reactor in this 
work the safety studies have been performed at end-of-equilibrium 
cycle and the sodium void reactivity and Doppler coefficients 
obtained are listed in Tab.5.2.5. 
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For the sodixim void reactivity calculation 
the total core voiding was assumed and the value of 0.0260 
was obtained. This indicates that at EOEC the voiding of 
the core increases the reactivity by 2.6%. 

Owing to high positive sodium void 
reactivity presented by homogeneous configuration, there is 
a strong incentive for designing large LMFBR that has a low 
sodium void reactivity. Many variations of the conventional 
homogeneous core design that will limit the sodium void worth 
have been identified /29,30,31,32,33,34/. These can be 
generally classified as follow : 

- Pancake core with large axial neutron leakage ; 
- Heterogeneous core, axial and radial heterogenization; 
- Modular island heterogeneous core ; 
- Modereted core with decreased spectral component of 

sodium void ; 
- Annular configuration . 

5.2.3 Thermal Charateristics 
The temperature distribution in the 

maximum power channel was calculated considering the specifi
cations listed in Table 5.2.6 . 

The temperature profiles illustrated in 

Pig. 5.2.7 were determined in the following positions for fuel 

pin with maximum power density ? 
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( A ) - coolant 
( B ) - outer surface of cladding 
( C ) - inner surface of cladding 
( D ) - fuel pin rod surface 
( E ) - fuel pin rod center 

For the calculations it was assumed that 
the coolant inlet temperature is 395*C and that the coolant 
temperature rise along the core is 150 To satisfy these 
conditions the coolant mass flow rate necessary is 40.90 Kg/sec. 
The radial temperature profile for the fuel pin at the position 
of maximum volumetric power generation is illustrated in 
Fig. 5.2.8 . 

The thermal limits imposed for Super-Phenix 

reactor operation are i 

- Maximum linear power : 450 W/cm 
- Maximum cladding temperature : 620 **C 

According to the results listed in 
Tab. 5.2.7 the maximum fuel temperature is around 2400 *C , 
therefore, below the oxide fuel melting point ( 2700 "O and 
the maximxam cladding surface temperature is 561 "C, hence 
below the maximum permitted. 

. ! . . ! - . fc. N . 
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5.3 PLUTONIUM ISOTOPIC COMPOSITION EFFECT ON BREEDING RATIO 

In this section the neutronic and thermal 
characteristics of a reactor for the FBR-FBR fuel cycle are 
analyzed and compared with those of the reactor for conventional 
fuel cycle LWR-FBR described in Section 5.2. 

The LWR - FBR fuel cycle or conventional 
fuel cycle is that in which the plutonium loaded in FBR core 
is obtained from LWR discharged fuel ( see Fig. 5.3.1). 

» 

In the case of the FBR - FBR fuel cycle, as shown in the 
flowsheet of the Fig. 5.3.2 , the reactor is fueled with 
plutonium which is recovered from FBR discharged fuel. The 
plutonium considered is the total recovered from discharged 
fuel from the core and blanJcet zones. This comparative study 
between two fuel system was made to verify the effect of 
plutonium composition on reactor breeding performance and also 
because although the first generation of commercial LMFBRs 
is fueled with plutonium obtained from LWR , a second generation 
shall be fueled by a LMFBR discharged fuel, as the number of 
fast breeders installed will increase. 
Reactor Performance 

The reactor design data adopted for 
physics parameters calculations are the same as those described 
in Section 5.2.1 , except in the case of the plutonium isotopic 
composition of the initial fuel loading . 
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The plutonium composition is that of LMFBR 
discharged plutonium with the following composition : 

Isotope Weight percent (w/o) 

"9pu 67.0 

23.6 

6.0 

3.4 

Such composition was determined in 
Section 5.2.1 and corresponds to the end-of-equilibrium cycle 
discharged fuel composition. 

The fresh fuel concentration loaded at 

BOL is 

Core zone Fuel concentration (w/o) 

Inner core 16.3 
Outer core 20.25 



68 

Fuel concentration is flefined here as 
the plutonium mass to total fuel mass ratio or 

^ _ Pu (kg) 
( Pu + U ) ( kg) 

The fuel concentration in this case is 
higher in comparison with LWR-FBR system due to the lower 

241 
concentration of the fissile isotope Pu for FBR-FBR 
system. 

The following comments are concerned 
with a comparative analysis for the both fuel cycles relatively 
to reactor performance. 

( a ) - Burnup (Table 5.3.1 ) 

For the same fuel residence time the 
reactivity change due to burnup is 28 % higher for 

241 
LWR-FBR system where the Pu concentration is hxgher. 

( b ) - Breeding Ratio and Doubling Time (Table 5.3.2) 

Small difference was verified for breeding 

ratio between the two cycles whereas any improvement in 

doubling time is verified. 

( C ) - Sodium Void Reactivity and Doppler Coefficient 

(Table 5.3.3) 

R . . E T ; ^ ' S E N U C L E A R " 
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No difference in Doppler coefficient 
was verified for the both fuel cycles since the Doppler 
effect is sensitive to the fertile to fissile material 
ratio. 

On the other hand, the FBR-FBR system 
presents a higher sodium void reactivity resulting from 

241 241 the lower Pu concentration. An addition of Pu 
is seen to have influence on the sodi\im void effect in 

241 
the negative direction because the substitution of Pu 

239 
for Pu has a negative effect on the spectral compo
nent /35/ . 
( d ) - Thermal Characteristics (Table 5.3.4 ) 

The coolant mass flow rate was determined 
assiaming the outlet temperature is 545 "C. On the basis 
of the calculations it appeared that both fuel cycles 
show the similar thermal , characteristics. 

5.4 BLANKET THICKNESS EFFECT ON BREEDING RATIO ( see addendum 
at end of this 

The effect of blanket thickness^c^aAge 
on breeding ratio is investigated in this section. The 
reference reactor design has an axial blanket thickness of 
30.0 cm and 3 rows of fertile subassemblies as radial blanket 
zone. The breeding performance analysis was carried out for 
three different blanket thicknesses like as 1.33 , 1.66 and 
2.00 times the reference blanket thickness as is specified in 
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Table 5.4.1 
The calculations were performed using 

3 energy group cross section and two dimensional computer 
code. The results are presented in Table 5.4.2. 

Changing the blanket thickness the 
total breeding ratio increases ( Fig.5.4.1 ) and doubling 
time decreases ( Pig-5.4.2.) but these improvement are only 
significant up to blanket thickness ratio equal to 1.66. 

The total breeding ratio improvement is 
due mainly to the contribution from axial breeding gain 
(see Fig.5.4.3). Small or no change was verified in the 
radial blanket breeding gain. Although the breeding performance 
is improved, the volume of blanket zones increase too much 
(Fig.5.4.4) causing an increase in total reactor plant cost. 

From Tab.5.4.2 it is possible to see 
that increasing blanket thickness the depleted uraniiim 
inventory required is high compared with the advantage from 
plutonium recovered. 

A more detailed economic study must be 
taken out analyzing the compromise between plant cost and 
advantage from breeding gain with blanket thickness. 

5.5 CLADDING THICKNESS EFFECT ON BREEDING RATIO 

One of the most effective way to decrease 
the doubling time of a breeder is to improve breeding gain 
through design changes that increases the fuel volumetric 
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fraction in the core. The primary design variable affecting 
this quantity is the cladding thickness. 

In this section the effect on the doubling 
time due to the change in cladding thickness was evaluated. 
The conventional reactor presents a thick cladding, near 0.70 
mm, and here it was reduced to 0.40 mm. The new reactor 
dimensions as well as material composition adopting a thinner 
cladding are listed in Tab.5.5.1 and Tab.5.5.2 respectively. 

The fuel assembly number was assumed same 
as reference reactor keeping the total reactor power. The 
performance of the reactor with altered design parameters is 
Shown in Tab. 5.5.3. 

By comparison with reference reactor the 
following improvements were verified : 

- reduction of doubling time by 38% ; 
- increase in breeding gain by 33% ; 

- reduction of initial fissile inventory by 7% ; 
- increase in fuel fraction by 7.5 % . 

As can be observed a marked improvement 
relatively to doubling time was verified. This result incentives 
to develop a new material or alloy that resists a high fast 
neutron flux. 

5.6 FUEL DENSITY EFFECT ON BREEDING RATIO 

Most cases usea fuel smear density of 
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80 - 85% theoretical density. In this section the effect 

of increasing the density to 90 %TD and the advantages from 
the breeding point of view were analyzed. 

Overall reactor design data considered in 
Section 5.4 were adopted and the results are shown in Table 
5.6.1. 

In this case increasing fuel density 
by 5% reduces doubling time by 44% in comparison with that 
calculated for reference reactor. 

5.7 SUMMARY OF THE RESULTS 

The nuclear characteristics of the 
various modified homogeneous oxide reactor were calculated 
as was described in the previous sections. These results 
collected and summarized in Table 5.7.1 are analyzed in this 
section. 

These data compared with those for the 

reference core lead the following conclusions: 

- Reducing cladding thickness near 43% an improvement 
of 5% on breeding ratio and 33% on doubling time were 
verified ; 

- Keeping the same core design and changing only fuel 
density, from 85 to 90 %TD, the breeding ratio increased 
8% and doubling time reduced near 44%, 

- The blanket thickness effect on breeding ratio was 
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observed until an increasing of 66% in reference blanket 
thickness. 

In conclusion from the results of the 
present survey, it was observed that among the design 
parameters considered the cladding thickness change induced 
the largest effect on doubling time. 



ADDENDUM 

5.4 BLANKET THICKNESS EFFECT ON BREEDING RATIO 

The effect of blanket thickness change on 

breeding ratio is investigated in this section. The reference 

reactor design has an axial blanket thickness of 30.0 cm and 

3 rows of fertile subassemblies as radial blanket zone. The 

breeding performance analysis was carried out for three 

different blanket thicknesses like as 1.33, 1.66 and 2.00 

times the reference blanket thickness as is specified in 

Table 5.4.1. 

The calculations were performed using 3 

energy group cross section and two dimensional computer code. 

The results are presented in Table 5.4.2. 

Changes in blanket thickness affect the 
r 

neutron flux magnitude and spectrxim in blanket zones. Breeding 

characteristic is improved as the blanket thickness is increased 

due to softer neutron spectrum and smaller leakage than referen

ce design. The total breeding ratio increase is due to the 

balnket zones, mainly to the contribution from axial blanket 

zone (see Fig.5.4.3). Small changes -are verified in the 

radial blanket breeding gain. 

Although the total breeding ratio present 

a small decline at blanket thickness ratio equal to 2,00 

at EOEC, as can be observed in Fig.5.4.1, the saturation 

condition is expected to be achieved for thicker blanket. 

But the breeding ratio improvement or specificaly doubling time, 

is significant only up to blanket thickness ratio equal to 

fZITiT^ J c ' P E S Q U S A S C . R G E T I C A S E N U C L E A R E 8 

I. P . E . N . 



1.66 ( Fig.5.4.1 and 5.4.2). Although the breeding perfor

mance is improved, the volume of blanket zones increase too 
much ( Fig.5.4.4) causing an increase in total reactor plant 
cost. 

From Tab.5.4.2 it is possible to see that 
increasing blanket thickness the depleted uranium inventory 
required is high compared with the advantage from plutonium 
recovered. 

A more detailed economic study must be taken 
out analyzing the compromise between plant cost and advantage 
from breeding gain"with blanket thicJmess. 



TABLE 5.2.1 

REACTOR CHARACTERISTICS 
( reference reactor) 
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Reactor thermal power MWth 3000 
Reactor electric power MWe 1200 
Coolant Na 

core inlet temperature »C 395 
core outlet temperature »C 545 

Core Height CHI 100 
Axial blanket (upper/lower) cm 30/30 
Axial reflector cm 20 
Core diameter cm 366 
Radial blanket thickness cm 49.62 
Radial reflector thickness ca 32.89 

Number of assemblies 
inner core 211 
outer core 168 
radial blanket 234 

reflector 186 
control rod - 21 

Fuel cycle length day 300 
Load factor 0.82 

Number of refueling batches 
(core/radial blanket) 3/5 



TABLE 5.2.1 
REACTOR CHARACTFRT STIOS (cont.) 
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Fuel assembly design 
fuel material (Pu,U)02 
density %TD 85 
pins per assembly 271 
pin length cm 270 
assembly length cm 540 
lattice pitch cm 17.90 
fuel pin OD cm 0.85 
fuel, pellet OD cm 0.702 
cladding material SS 316 
cladding thickness cm 0.07 
wire diameter cm 0.12 

Radial blanket assembly design 
blanket material (UOj) dep. 
pins per assembly 91 
pin length cm 195 
assembly length cm 540 
lattice pitch cm 17.90 
pin OD cm 1.58 
pellet OD cm 1.45 
cladding thickness cm 0.065 
fuel density % TD 95 
wire diameter cm 0.095 

Control rod assembly 
absorber element B4C 

pins per assembly 31 
rod OD cm 14.90 
number of control assemblies 21 
enrichment 90% 



TABLE 5.2.2 
REACTOR DIMENSIONS ( reference reactor) 
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ZONE 
Equivalent outer 
radius (cm) 

Height (an) 

Inner core 135.96 100.0 

Outer core 182.55 100.0 

Radial blemket 232.17 

Radial reflector 265.06 

Axial blanket 30.0 

Axial reflector | 20.0 

TABLE 5.2.3 
REACTOR COMPOSITION 

( reference reactor) 

ZONE 
Material volume fraction (%) 

ZONE Core fuel 
(PuO^+UO^) Sodium 

S.Steel 
type 316 

Blanket fuel 
(UO^) 

Core 38.41 33.53 28.06 
Radial blanket 25.40 20.30 54.40 
Axial blanket 33.53 28.06 38.41 

Radial reflector 14.0 86.0 

Axial reflector 33.53 66.47 
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TABLE 5.2.4 

INPUT DATA FOR DOUBLING TIME CALCULATION 

* Refueling fraction 0.33 

Processing loss fraction 0.02 

External cycle time 1.0 year 

Fuel cycles/ year 1.0 

Cycle length 300 day 

Annual load factor 0.82 

241 
Pu half-life 14.7 year 

Fissile material "^U, 2^^Pu, 

-
2^^Pu 
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TABLE 5.2.5 

REACTOR CHARACTERISTICS -CALCULATION RESULTS 

( reference reactor) 

Reactor power Hwe 1200 

Core fuel (Pu,u)02 

Blanket fuel 

* Core enrichment w/o 

inner core 15.80 

outer core 19.65 

Power peaking factor 1.546 

Fissile inventory 
,239„ ^ 241 „ , 
( Pu + Pu ) ton 4.393 

Breeding ratio 1.18 

Compound system doubling time year 39 

Doppler coefficient >;T(dk/dt) -6.8E-03 

Na void reactivity % ^ k A 2.60 

Maximum power density W/cc 431.0 

Maximum linear power W/cm 439.3 

Average discharge burnup MWd/t 7.375E 04 

Maximxim discharge burnup MWd/t 11.1S3E 04 

Burnup swing %&k 2.86 

Obs. * means fuel concentration 

I N S T I T U T O D £ P E S Q U L K . É T I C ' S E N U C L E A R E S . 

I. P . E . N . 



TABLE 5.2.6 

REACTOR DESIGN SPECIFICATIONS 
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Total coolant mass flow rate kg/sec 15750.0 

Reactor power tWth 3000.0 

Coolant inlet temperature »C 395.0 

Fuel pin 
outer diameter of pin mm 8.50 
diameter of pellet mm 7.02 

• cladding thickness mm 0.70 
fuel density % TD 85.0 

• Pins per assembly 271 

Max. power density W/cc 431.0 

K Max. linear power W/cra 439.3 
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TABLE 5.3.1 

81 

LWR - FBR FBR -FBR 

Burnup swing , %A k 2.86 2.24 

Max. discharge bumup 11.193E 04 11.243E 04 
(MWd/t) 

Aver, discharge burnup 
(MWd/t) 7.375E 04 7.433E 04 

TABLE 5.3.2 

PEAKING FACTOR,BREEDING RATIO AND DOUBLING TIME 

j LWR - FBR FBR - FBR 

Peaking factor 1.546 1.555 

Breeding ratio 1.189 1.191 

Compound system doubling 
time (CSDT - year) 39 34 

BURNUP AND R E A C T I V I T Y CHANGE DUE BURNUP 
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TABLE 5.3.3 

LWR - FBR FBR - FBR 

Doppler coefficient 
(T dk/dt) X 10*^ -68.0 -68.0 

Na void reactivity 
( % AkA ) 2.60 2.73 

TABLE 5.3.4 
MAXIMUM LINEAR POT^R AND COOLANT MASS FLOW RATE 

r LWR - FBR FBR - FBR 

Maximum linear power 
(W/cm) 439.3 443.0 

Coolant mass flow rate 
(Kg/sec) 40.90 41.23 

I. r. c. ,1. 

DOPPLER COEFFICIENT AND SODIUM VOID REACTIVITY 
( at EOEC) 
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TABLE 5.5.1 
- REACTOR DIÍ1ENSI0NS 
( cladding thickness= 0.40 nan) 

ZONE 
Equivalent outer 
radius (cm) 

Height (cm) 

Inner core 129.00 100.0 

Outer core 172.88 100.0 

Radial blanket 219.87 

Radial reflector 251.02 

Axial blanket 30.0 

Axial reflector 20.0 

TABLE 5.5.2 
. REACTOR COMPOSITION 
( cladding thickness = 0.40 mm) 

ZONE 

Material volime fraction (%) 

ZONE Core fuel 
(PuO^+UO^) Sodium 

S.steel 
type 316 

Blanket fuel 
(ÜO2) 

Core 41.3 35.1 23,6 

Radial blanket 22.0 17.3 60.7 

Axial blanket 35.1 23.6 41.3 

Radial reflector 14.0 86.0 

Axial reflector 35.1 64.9 
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TABLE 5.5.3 

NUCLEAR CHARACTERISTICS 

- RESULTS 

(cladding thickness = 0.40 mm) 

Reactor power 

thermal MWth 3,000 

electrical MWe 1.200 

* Core enrichment w/o 
inner core 14.65 

outer core 18.40 

Power peciking factor 1.547 

Initial fissile inventory 
ton 3.963 

Fuel density %TD 85 

Cladding thickness mm 0.40 

Driver pin outer diameter mm 7.90 

Blanket fuel pin outer diameter mm 15.30 

Breeding ratio 1.248 

Compound system doubling time year 24 

Average burnup MWd/t 7.628E 04 

Obs. * means fuel concentration 



TABLE 5.6.1 

NUCLEAR CHARACTERISTICS - RESULTS -

( cladding thickness= 0 .40nim, fuel density=90%TD) 

88 

Reactor power 
thermal MWth 3.000 
electrical Mwe 1.200 

* Core enrichment; w/o 
inner core 13.95 
outer core 17.58 

Power peaking factor 1.578 

Initial fissile inventory ton 

4.002 

Fuel density % TD 90 

Cladding thickness mm 0.40 

Driver pin outer diameter mm 7.90 

Blcinket fuel pin outer dianeter mm 15.30 

Breeding ratio 1.270 

Compound system doubling time year 22 

Average burnup MWd/t 7.281E 04 

Obs. * means fuel concentration 



TABLE 5.6.2 
SUMMARY OF NUCLEAR CHARACTERISTICS 'OF THE MODIFIED HOMOGENEOUS 
OXIDE REACTORS 

Reference 
reactor 

Thin. . 
cladding 

Hight 
fuel density 

Blanket thick. 
1.33 ST 

Reactor power (MWth) 3,000 3,000 3,000 3,000 

Cladding thickness (mm) 0.70 0.40 0.40 
• 

0.70 | 

. Fuel density (% TD) 85 85 90 85 j ! 
* Fuel average enrichment (w/o) 17.51 16.31 15.56 ! 

17.58 I 
• • Breeding ratio 1.18 1.24 1.27 

• Compound system doubling time (y) 39 24 22 31 '!' 
1 

Reactor doubling time (y) 30 20 19 , I 

BOEC fissile fuel inventory (ton) 4.869 4.515 4.581 4.901 j 
i 

1 
j 

Obs. * means fuel concentration 
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GONFIGURATION OF REFERE2CE HOMOGENEXXJS REACTOR 
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FUEL PELLET CLAD. COOL. 

FIG 5.2.8 
RADIAL TEMPERATURE PROFILE FOR FUEL PIN AT THE 

. POSITION OF MAXIMUM VOLUMETRIC POWER GENERATING 
(EOEC) 
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CHAPTER 6 

CARBIDE FUELED HOMOGENEOUS REACTOR 

6.1 INTRODUCTION 

Present conunercial fast breeder reactor-
developed or under development utilize the mixed oxide fuel 
(Pu,U)02. However such reactors present a long-doubling 
time, ranging from 20 to 30 years, even with some design 
parameters changes introduction. 

However the modern nuclear power strategy 
requires fast breeder with a short doubling time, around 10 
years / Chap.2/ to supply the required future energy demand. 
Thus recent events have lead to renewed interest in advanced 
fuels. 

To advanced fuels are generally referred 
those different from oxide uranium or uranium-plutonium fuel 
and promissing better realization of fast reactor potential 
breeding capabilities. They include carbide, nitride, 
phosphide and, in principle, metallic fuel. In Fig.6.1.1 
four spectra are plotted to exemplify the reactor core 
spctrum dependence v/ith fuel type. 

Main advantages of advanced fuels 
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compared to oxide ones are higher density, higher thermal 
conductivity and smaller content of neutron moderating and 
absorving material. An important feature of advanced fuel is 
a possibility to increase the breeding in the core. 

Using carbide in commercial fast breeders 
following improvements on reactor perfomance can be expected; 

- Higher rod power ; 
- Higher breeding ratio ; 
- Lower doubling time ; 
- Initial plutoniiMn inventory is smaller. 

In this chapter the design characteristics 
and performance of plutonium-uranium carbide fuel are compared 
with those of plutonivtm-uranium oxide fuel in a large fast 
liquid metal cooled reactor through analytical studies of 
nuclear and thermal performance. 

In spite cf early study of carbide 
utilization in fast reactor, its development and use has 
fallen for behind development of oxide fuel utilized in 
water moderated reactors /36,37,38/. 

Recently FBR fueled with carbide became 
attractive subject in many countries and most national programs 
are in the process of evaluating the merits of these core 
concepts /39,40,41,42/. 

Two primary advantages for using 
carbide fuel in place of oxide are : 
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C, 

- The density of carbide is approximately 30% higher 
than oxide. This higher density reduces the required 
concentration of fissionable material improving the 
breeding performance ; 

- The thermal conductivity of carbide is substantially 
higher than oxide, approximately five times, and 
slight variation with temperature is observed. It 
permits larger fuel rod diameter meaning lower fabrication 
cost. 

A summary was made of fuel carbide 
properties available in the literature /26,36,38 / to supply 
necessary information to the calculations. These data are 
listed in Table 6.1.1. The coefficient of thermal conductivity 
of UC and UOj are shown in Fig.6.1.2 as function of fuel 
temperature. 

Works are carried out in the direction 
of improving advanced fuel fabrication technology. At present 
experience in advanced fuel investigation is limited to tests 
in experimental reactors /43,44,45,46,47 /. 

6.2 FUEL PIN DIAMETER OPTIMIZATION 

The performance of plutonium-uranivim 
carbide fueled LMFBR was analyzed and compared with the 
results previously obtained from the study in the case of 
plutonium-uranium oxide fueled reactor (Chap.5 ). 
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The main parameters of comparison are 
breeding ratio, specific fissile inventory, doubling time, 
sodium void reactivity and Doppler coefficient. 

For the calculations the same cross 
section data library used in the oxide fuel was adopted and 
the methodology employed is that described in Chapter 4. 

Initially using doubling time as the 
basis for choice, an optimum pin diameter was determined for 
homogeneous core. The Table 6.2.1 lists the fixed design 
parameters for the cores analyzed. The details of design for 
fuel assemblies as well as reactor dimensions are shown in 
Tabs. 6.2.2, 6.2.3 and 6.2.4 . 

For feach pi" diameter burnup calculation 
was carried out and doubling time at equilibirxom cycle was 
calculated. The doubling time, breeding ratio ,core volume 
and material composition variation with fuel pellet diameter 
.-.re illustrated in Fig. 6.2.1. From this figure one may 
observe that the minimum doubling time occurs at fuel pellet 
diameter ranging from 0.85 to 0.95 cm whereas the optimum 
range for oxide fuel is about 0.60 to 0.70 cm /28/. 

6.3 NUCLEAR CHARACTERISTICS ANALYSIS 

6.3.1 Reactor Core Geometry 

The design data of carbide fueled 
Ijomogeneous core considered in this study are listed in Tab.6.3.1. 
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The reactor core contains 313 hexagonal fuel assen±>lies 
arranged in two radial core zones of different fuel enrichment. 
Different radial core enrichment is usually applied in order 
to flatten the radial flux profile. 

Hexagonal fuel element contains 169 
fuel pins, 10.5 mm outer diameter, with core fuel (Pu,U)C in 
the middle and fertile fuel (DC) at both ends. The radial 
blanket assembly contains 61 pins and the design for fuel 
rods is basically the same as that for the oxide. 

The primary sodium is pumped upwards 
through the fuel element and heated from 395 to 545 "*C. 
Tables 6.3.2 and 6.3.3 give the dimensions and material 
composition for the reactor studied. 

In a carbide reactor the coolant fraction 
must be high. This is necessary owing to the high power 
density for this fuel. Otherwise, on account of high thermal 
conductivity a more compact core is possible generating the 
same total thermal power of that of oxide fuel. 

6.3.2 Nuclear Performance 

The calculated nuclear characteristics 
for carbide fueled homogeneous reactor are given in Tab. 6.3.4. 
On the basis of these results the following comparisons are 
important: 



109 

Higher breeding ratio 
oxide fuel 1.18 
carbide fuel 1.42 

Shorter compound system doubling time (year) 
oxide fuel 39.0 
carbide fuel 15.7 

Lower fissile inventory (ton) 
oxide fuel 4.607 
carbide fuel 3.952 

Higher linear power (W/cm) 
oxide fuel 439.3 
carbide fuel 948.5 

Smaller core volume ( litre) 
oxide fuel 10,521 
carbide fuel 8,615 

Larger pin dicuneter (cm) 
oxide fuel 0.85 
carbide fuel 1.05 

O 

Smaller burnup swing ( % Ak) 
oxide fuel 2.86 
carbide fuel 0.16 
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The Fig. 6.3.1 shows the radial power 
density distribution at mid-core plane at BOEC. 

6.3.3 Cladding Thickness Effect on Breeding Ratio 

It is recognized that there is a 
potential advantage in breeding from decreasing the cladding 
thickness and the benefits of using thin can are quantified 
in this section. 

The cladding thickness of 0.45 mm was 
assumed and new core dimensions as well as the material 
composition were determined and listed in Tab. 6.3.5 and 
Tab. 6.3.6 , respectively. 

An increase in the fuel volume fraction 
is verified in consequence of thin cladding, thus a low fuel 
concentration is required. The calculated characteristics 
are listed in Table 6.3.7 . A significant improvement on 

v.. breeding performance was observed and a reactor doubling 

time around 10 years was achieved. 

6.4 SAFETY CHARACTERISTICS 

In this section the sodium void and 
Doppler effects in carbide fueled homogeneous reactor are 
analyzed and the differences in these two safety parameters 
for oxide and carbide reactors are discussed. Table 6.4.1 
gives the sodium void reactivity and Doppler coefficients 
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for the two reactors. 

Sodiiam Void Reactivity 

Sodiiim void reactivities were calculated 
by eigenvalue differences assuming total reactor voiding. 
Carbide reactor presents higher sodium void reactivity than 
of the oxide reactor at all reactor life. The increase in 

tf'--

sodium void reactivity with burnup are also greater for 
carbide fuel. 

The reasons for these differences are: 

- Carbide reactor has a higher heavy-m.etal concentration; 

- Carbide reactor presents a greater sodium volume 

fraction. 

Sodium void effect increases with 
burnup due to high plutonium isotope production. As can be 

J observed at beginning of life (BOL) the sodium void reactivity 
is low for both fuels. 

Doppler Coefficient 

The primary negative feedback needed 
for reactor stability is derived from the Doppler effect. 
This effect is influenced by neutron spectrxim, fertile-to-
fissile ratio and heavy metal concentration. 

The carbide reactor considered has a 
higher fertile-to- fissile ratio and heavy metal concentration^ 
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but its spectrum is harder than oxide reactor as illustrated 
in Fig. 6.4.1. Consequently the Doppler coefficient of the 
carbide reactor is less negative. 

Another difference between these two 
fuels is the Doppler coefficient behaviour with burnup. While 
the Doppler coefficient of the oxide reactor remains unchanged 
with burnup that of the carbide reactor is greatly reduced. 
This effect shows how the fertile-to-fissile ratio in the 
carbide reactor changes with burnup. 

To evaluate the Doppleir effect is 
important to know the fuel temperature adopted for the deter
mination . 

Doppler effect is defined as change in 
reactivity due to the rise in average reactor fuel temperature 
and it is determined by direct eigenvalue calculations. 

In this study the temperatures considered 

are : 

- for oxide fuel 1000 >2100 K 
- for carbide fuel 1000- • 1800 K 

These temperature ranges were assumed 
based on the normal operating temperature and the maximum 
permitted for either fuels. 

The Doppler effect is sensitive to the 
temperature changes and to verify this dependence Doppler 
coefficients were calculated for three different temperatures. 
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at BOEC, for carbide fuel and the results are described 
below: 

Temperature range (K) Doppler coefficient 

1000—•1400 
1000 •1800 
iOOO KZlOO 

-0.0035 
-0.0059 
-0.0078 

If the same temperatures were taken 
for carbide and oxide reactors the Doppler coefficient for 
two reactor are comparable at the beginning of reactor life. 

6.5 THERMAL CHARACTERISTICS 

If fuel melting point is a temperature 
limit in reactor design, carbide will have a lower peak 
temperature than oxide. Melting point of the mixed carbide 
is approximately 2400 "C. However since PuC,in particular, 
enters to the vapor phase before the melting point is reached, 
limitation of the fuel center temperature to a maximum of 
about 1800 "C is feasible for technical reasons /36/. 

Despite a low permitted temperature for 
carbide fuel, the high thermal conductivity allows one to 
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design large diameter fuel pin. To keep the fuel integrity, 
temperature distributions in a fuel pin were calculated using 
the expressions described in Chapter 4. The sodium, outlet 
temperature was set 545 "C and with power density obtained 
from nuclear calculations the maximum teperatures achieved 
at each point of fuel pin were determined and listed in 
Table 6.5.1. The fuel pin taken is that located at point 
where the power generation is maximum into the reactor core. 
Fig.6.51 shows the radial teperature profile for this 
fuel pin. 

From the results it was found that the 
temperature at center of fuel and cladding surface do not 
exceed the limiting temperature. 

6.6 RESULTS 

Comparison of the plutonium-uranium 
carbide cores with the plutonium-uranium oxide cores shows 
that the breeding performance of the former is superior . 
With the carbide fueled homogeneous reactor a breeding ratio 
of 1.49 and a doubling time of 11.8 years result, while 
the best oxide values are 1.27 amd 19 years ,respectively. 

Otherwise, the sodium void reactivity 
is larger and Doppler coefficient has a less negative value 
for carbide fuel. 

To make aood use of the carbide fuel 



breeding performancf and 
void reactivity a carbide 
is recommer.r'-i. 



TABLE 6.1.1 PROPERTIES OF CARBIDE AND OXIDE FUELS /36/ 

-»«^_ Fuel 

Characteristics OXIDE CARBIDE 

uo 2 PU0 2 (Pu,U)0 2 UC PuC (Pu,U)C 

Melting point ( °C) 2730 2300 2700 2400 1850 2270 

100% theoretical density 
(g/cc) 10.96 11.46 10.87 13.63 13.62 ' 13.60 

. Percentage of elements as 
(0,N,C,..) ( w/o) 11. 8 4.80 

Thermal conductivity (W/cm) 

at 500 °C 0.047 0.16 

1500 C C 0.025 0.17 

1000 °C 0.027 0.177 



TJ^LE 6.2.1 
FIXED DESIGN PARAMETERS 
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Total reactor power (MWth) 3000 

Core height (an) 100.0 

Thickness of each axial blanket 
(cm) 30.0 

Thickness of each axial reflector 
(cm) 20.0 

Radial blanket thickness (row) 3 
Fuel pellet density (%TD) 35/95 
Maximum burnup (MWd/T) 1.0 X 10^ 
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.TABLE 6.3.1 

REACTOR CHARACTERISTICS 
( carbide fuel ) 

121 

Beactor thermal power MWth 3.000 

Reactor electrical power MWe 1.200 

Coolant Na -
core inlet temperature »C 395 

core outlet temperature •c 545 

Core height cm 100.0 

Axial blanket (upper/lower) cm 30.0/30.0 

Axial reflector cm 20.0 

Core diameter cm 331.0 

Radial blanket row 3 

Radial reflector row 2 

Number of assemblies 
inner core 169 

outer core 144 

radial blanket 216 

reflector 176 

Fuel cycle lenght day 255 

Load factor 0.70 

Number of refueling batches 
(core/radial blanket) 3/5 
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TABLE 6.3.1 
REACTOR CHARACTERISTICS (cont.) 

Fuel assembly design 
fuel material (?u,U)C 
density % TD 85 
pins per assembly 169 
lattice pitch czm 17.83 
fuel pin OD cm 1.05 
fuel pellet OD cm 0.902 
cladding material SS 316 
cladding thickness cm 0.07 
wire diameter czn 0.12 

Kadial blanket assembly design 
blanket material (UC) dep. 
pis per assembly 61 
pin OD cm 1.85 
pellet od d& 1.72 
cladding thickness cxn 0.065 
fuel density % TD 95 
wire diameter cm 0.095 



TABLE 6.3.2 
REACTOR DI^íENSIONS 
(• carbide fuel) 
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ZONE 
j Equivalent outer 
radius (cm) Height (cm) 

Inner core 121.7 100.0 

Outer core 165.6 100.0 

Radial blanket 215.3 

Radial reflector 248.5 

Axial blanekt 30.0 
Axial reflector 20.0 

TABLE 6.3.3 
REACTOR MATERIAL COMPOSITION 

( carbide fuel ) 

ZONE 
Material volume fraction 

ZONE Core fuel 
(Pu,U)C Sodium S.steel 

type 316 
Blanket fuel 
(^^>dep 

Core 0.39 0.37 0.24 
Radial blanket 0.31 0.18 0,51 
Axial blanket 0.37 0.24 0.39 
Radial reflector 0.14 0.86 
Axial reflector 0.37 0.63 



,TABLE 6.3.4 

REACTOR NUCLEAR CHARACTERISTICS -RESULTS-
( carbide fueled homogeneous reactor) 
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* Core fuel enrichment w/o 

inner core 11.75 

outer core 14.75 , 

Blanket fuel enrichment 
238^ w/o 99.8 

0.2 

Fuel density % TD 85 

Cladding thickness mm 0.70 

Driver pin outer diameter mm 10.50 

Blanket fuel pin outer diameter mm 18.50 

Power peaking factor 1.566 

Initial fissile plutonium inventory ton 3.705 

Breeding ratio 1.42 

Compound system doubling time year 15.7 

Reactor doubling time year 14.3 
Average burnup j MWd/t 5.812E 04 

* means fuel concentration 
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TABLE 6.3.5 
REACTOR DIMENSIONS 

( carbide fuel. cladding thickness= 0.45mm) 

ZONE Equivalent outer 
radius (cm) ; Height (cm) 

Inner core 117.7 100.0 

Outer core 160.2 100.0 

Radial blanket 208.3 

Radial reflector 
Axial blanket 
Axial reflector 

240.5 
30.0 
20.0 

TABLE 6.3.6 
REACTOR MATERIAL COMPOSITION 

( carbide fuel, cladding thickness=0.45mm) 

Z 0 N E 
MAterial volume fraction 

Z 0 N E Core fuel 
(P,ü)C Sodium S.Steel 

type 316 
Blanket fuel 

^^^^dep 

Core 0.42 0-38 0.20 
Radial blanket 0.29 0.17 0.54 
Axial blanket 0.38 0.20 0.42 

Radial reflector 0.14 0.86 
Axial reflector 0.38 0.62 

• „ - , . . . „ 



. TABLE 6.3.7 
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* Fuel enrichment 
inner core 

w / o 

11.0 

outer core . 13.55 

Fuel density % TD 85 

Cladding thickness mm 0.45 

Driver pin outer diameter mm 10.00 

Blanket fuel pin outer diameter mm 18.00 

Power peaking factor 1.634 

Initial plutonium inventory 
.239 ^ 241„ . ( Pu + Pu) ton 3.441 

Breeding ratio 1.49 

Compound system doubling time year 12.80 

Reactor doubling time year 11.80 

Average burnup MWd/t 5.797E 04 

Obs. * means fuel concentration 

REACTOR NUCLEAR CHARACTERISTICS 
- RESULTS-

{ carbide fuel, cladding thickness= 0.45itim) 
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TABLE 6.4.1 

O X I D E F U E L 

BOL BOEC EOEC 

Sodium void reactivity. 
total core , 0.0199 0.0238 0.0261 

Doppler coefficient 
4 

total core ,T dk x 10 
dt 

- 92.0 -68.0 - 68.0 

C A R B I D E F U E L 

BOL BOEC EOEC 

Sodium void reactivity 
total core k 0.0224 0.0260 0.0306 

Doppler coefficient 
4 

total core, T dk xlO 
dt 

_ 64.0 -59.0 - 42.0 

Obs: Isothermal Doppler for sodivmi in core: 
1000 ^2100 K for oxide and 1000 M300 K for carbide 

I N 8 T I T U T O D E P E S Q U ' P A S E ^.f P ' E ' l C F , v i , - r ARBS 
I. P F . 

SODIUM VOID REACTIVITIES AND DOPPLER COEFFICIENTS 
FOR OXIDE AND CARBIDE FUELED REACTORS 



TA
BL

E 
6.
5.
1 MA

XI
MU
M 

TE
MP

ER
AT

UR
E 

- 
RA

DI
AL

 
DI

ST
RI

BU
TI

ON
 

("
C)
 

^s
^e

gi
on

 

cy
cl

e 
Co

ol
an

t 
Cl

ad
 i

nn
er

 
su

rf
ac

e 
Cl

ad
 o

ut
er

 
su

rf
ac

e 
Fu

el
 

su
rf

ac
e 

Ce
nt

er
 o

f 
fu
el
 

BO
EC

 
*(

47
.2

2)
 

54
5.

0 
54

5.
0 

57
4.

8 
84

0.
2 

12
50
.9
 

EO
EC

 
*(

52
.2

1)
 

54
5.

0 
54

5.
0 

57
8.

6 
86

8.
6 

13
09
.4
 

Ob
s:

 
(*
 )

 -
 C

oo
la

nt
 m

as
s 

fl
ow
 r

at
e 

( 
Kg

/s
ec

) 
ne

ce
ss

ar
y.

 

to
 

00
 



FIG 6.1.1 
NEUTRON FLUX SPECTRA OF FAST REACTORS /10/ 
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CHAPTER 7 

HETER^OGENEOUS REACTORS 

7.1 INTRODUCTION 

One of the primary motivations of 
developing the heterogenoeus core configuration of a LMFBR 
is its increased breeding ratio, reduced sodium void 
reactivity worth and reduced hypothetical disruptive accident 
energies. 

It is known that there is not a just 
one heterogeneous reactor but a great variety of heterogeneous 
cores depending on the arrangement of the internal blankets 
assemblies into the core zone. We can mention the heterogeneous 
core with the axial internal blankets ( the axial heterogeneous 
core) /29,30/; the heterogeneous cores with the radial internal 
blankets ( the radial heterogeneous core) /48,49,50,51/ and 
the modular island core /31,56/ . 

A systematic methods for designing 

heterogeneous configuration having a low value of sodium 
void reactivity is presented in the ref. /4S/ and its conclusion 
is that among several core configurations the heterogeneous 
that consist of sucessive radial core and blanket zones 
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(radial heterogeneous core) are very promissing . 
The arrangement of the internal blanJcet 

assemblies in the core is of great significance to the 
performance of the reactor, A basic characteristics of 
heterogeneous cores is then the degree of neutronic coupling 
between different core zones. As the thickness of the internal 
blanket zones increases the neutronic coupling among the 
core zones decreases and this increases the sensitivity of 
the power distribution. 

The comparative studies /51,53,56,57/ 
between heterogeneous and homogeneous configurations have 
shown the higher breeding performance and lower positive 
sodium void reactivity for the fonner core. Several experi
ments for sodium void and physics properties measurements 
have been made in experimental reactors such as ZPPR and 
Masurca /54,55/. 

Many studies were divulged in the 
international conferences as those held in Chicago /58/, 
London /60/ ,France /59/ and IDAHO /61/ where the safety 
and economic aspects of heterogeneous configurations were 
discussed. 

Biley /22/ suggests that the relative 
tightly coupled ( no more than two-row blanket width) radial 
heterogeneous cores with optimum fuel pin design provide a 
better balance between the nonenergetics core disruption 
safety feature and the econom.ic performance. 
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The heterogeneous core concept is 
being widely investigated since last years and the applicability 
of this concept for large coircnercial reactors is being 
evaluated currently by various laboratories- In spite of the 
advantages presented by heterogeneous configuration it has 
not a defined plane to date its introduction into the planned 
reactors. The breeder program in the world has been concen
trated on the mixed uranium-plutonium oxide fuel. 

In this chapter , in order to evaluate 
the carbide fueled radial heterogeneous core performance, the 
characteristics of three configurations were investigated, 
and the results compared with those of oxide fuel-

7.2 CARBIDE FUEL 

7.2.1 Reactor Configurations 

The reactor configurations analyzed in 
this chapter are shown in Fig. 7.2.1, where the case (2-1) 
and case (3-1) are tightly coupled configurations while 
case (2-2) is loosely coupled. 

The optimum pin diameter determined 
for homogeneous reactor was utilized in all heterogeneous 
calculations. In addition the internal and, radial blanket 
assemblies are identical in design. The core height and the 
fuel assemblies design were fixed for all the configurations 
considered but for the case (2-2) two pin designs were 

, - ' J f NUCLEARE8 I 

MN8TIT- _J 
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selected, one conventional with 0.70 ran cladding thickness 
and other with 0.4Omm . 

Cases (2-1) and (3-1) have same internal 
blanket voliame ratio of 18% while case (2-2) has higher 
volume ratio, approximately 28%. In all the configurations 
the refueling of the core zones and internal blanket 
assemlies is performed each year with 1/3 of the assemblies 
eplaced. The radial blanket has a fuel cycle length of 5 
years. 

7.2.2 Nuclear Characteristics 

The calculational method and the cross 
section data employed for the nuclear characteristics calculations 
were the same those utilized in homogeneous core. 

The generation of the equilibrium, cycle 
was performed by the two dimensional R-Z geometry three group 
burnup calculations. The plutonium loaded is that from LWR. 

The R-Z configurations of the hetero
geneous cores for the parametric study are shown in Figs. 7.2.2, 
7.2.3 and 7.2.4 and the performance characteristics at EOEC 
analyzed for three cores are given in Table 7.2.1. Comparisons 
are made with those of the oxide heterogeneous reactor. The 
data of oxide fuel heterogeneous reactor used for the 
comparative study were taken from the work developed by 
Konomura /22/. 
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An analysis of the results obtained 

resulted in the following conclusions: 

- Breeding Ratio 

Small or no difference was seen in 
breeding ratio for the three heterogeneous configurations 
considered but when compared with homogeneous configuration 
an increase of 3.5% was verified. This gain in breeding is 
primarily the result of the introduction of the greater 
fertile mass of the blanket assemblies ant its effect on the 
neutron importance. The neutron spectrum in the heterogeneous 
design has higher average energy that tends to improve 
breeding performance. 

On the other hand when compared with 
oxide heterogeineous reactor a substantially increase in 
breeding ratio is observed emphasizing the good nuclear 
properties of the carbide fuel. 

- Reactor Doubling Time 

In spite of the high breeding ratio, 
the reactor doubling time is larger in heterogeneous core 
because high fissile inventory required to makes reactor 
critical. 

But 16 years of the carbide compared 

with 32.7 years to the oxide represent a significant reduction, 

near 50% in doubling time. 
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- Burnup Swing 

Generally the reactivity change with 
! burnup is smaller in heterogeneous than homogeneous core for 

tha same fuel pin diameter. The degree of neutronic coupling 
in a radial heterogeneous configuration affects the burnup 
swing. For the same pin diameter the burnup swing is 
smaller in tightly coupled core as can be observed in Table 

' f • -

^ 7.2.1. For the same core configuration using oxide fuel 
results a higher burnup reactivity due smaller fuel pin 
diamenter. 

Changing fuel cladding thickness the 
[ 

breeding ratio will increase due to fuel volume fraction 
increasing. The configuration (2-2) was choosen considering 

' its low positive sodium void reactivity value, and assuming 
a cladding thickness of 0.40 mm the calculations were performed. 
As illustrated in Tab. 7.7.2 a brireding ratio of 1.52 and 

\̂  reactor doubling time of 13.0 years were achieved for this 
case. 

The power distribution in heterogeneous 
design Is very sensitive to enrichment distribution and to the 
thickness of the internal blanket. The flux distribution for 
the three cases are illustrated in Figs. 7.2.5 , 7.2.6 and 
7.2.7 . 
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7.2.3 Safety Characteristics 

Sodiiun void reactivity and Doppler 
coefficient were calculated at EOEC as inherent reactor 
safety related parameters and listed in Table 7.2.3. 

The sodium void reactivity is smaller 
in the heterogeneous core than in a homgeneous core by 
rougly a factor of two. All the sodium void reactivities 
have been calculated determined from direct k - j . calculations 

erf 
for the voided and unvoided reactor. Both fuel and blanket 
(axial and internal ) zones were considered voided. 

The sodi\jm void decrease for the radial 
heterogeneous core is mainly caused by the increment of the 
leakage neutron from the core into the internal blanket. 
Thus sodium void reactivity depends on the size of the core 
zones and the thickness of the internal blankets. For 
thicker internal blanket the sodium void is reduced as was 
observed for the case (2-2). 

Doppler coefficient value for the 
homogeneous and heterogeneous configurations are given in 
Table 7.2.3. The Doppler coefficient at core zone is 
smaller for heterogeneous core due its high fissile enrichment. 
For heterogeneous reactor an additional Doppler feedback is 
verified from internal blanket zones, thus considering total 
core small difference is observed between heterogeneous and 
homogeneous configurations. 
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7.2.4 Results 

Three heterogeneous core configtirations 
have been analyzed. The nuclear characteristics are qUite 
equal f6r all the cases but the sodium void reactivity is 
lower in the loosely coupled case. 

The breeding ratio increased near 3.5% 
and doubling time reduced approximately 12% relatively to 
the homogeneous core. 

The fissile inventory of heterogeneous 
core is 30 to 50 % higher than of the homogeneous design and 
for the same residence time average and peak burnup are lower 
in heterogeneous design. Comparing the burnup swing for 
same fuel pin diameter, it foimd that the burnup swing is 
smaller for heterogeneous case and this reduction depends on 
the neutronic coupling. For the tightly coupled configuration 
the burnup swing is smaller than that for loosely core. 

When compared with oxide fuel heterogeneous 
configuration a significant improvement on breeding performance 
was verified. For the same configuration an increase of 
16% is attained for breeding ratio and reactor doubling time 
is near 16 years shorter. 

For heterogeneous configuration the 
degree of neutronic coupling affects the sodium void reactivity 
and it is lower for loosely coupled core. The reduction in 
sodium void reactivity relatively to the homogeneous is 30 
to 60 %. 
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Although the thick internal blanket 

zone induces a low sodium void reactivity, great decoupling 

reduces core performance. Consequently, to design heteroge

neous core the compromise between sodium void effect and core 

performance must be analyzed. 

From the results of the present study 

we conclude that the configuration (2-2) with thin cladding, 

0.40 mm thickness , can offer a short doubling time of 13.0 

years and low positive sodium void reactivity. 

7.3 SUMMARY OF CARBIDE FUEL DEVELOPMENT PROGRAMS 

In chapters 6 and 7 of this work the 

good performance of carbide fuel was demonstrated. The high 

heavy metal density of carbide allows a better breeding 

ratio than with oxide fuel, and in additon, the good thermal 

conductivity permits a hig linear power, in consequence a 

shorted soubling tim.e is achieved. 

However , in order to use carbide fuel 

to improve on the oxide fuel economics a number of difficulties 

must be overcome. 

The main areas of required development 

are: 

1 - Development of fabrication techniques 

For fabrication of mixed carbide fuel, 

various procedures exist /36,43,45/ but a real fabrication 
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r 

route on an industrial scale is not yet developed. The 
fabrication process of carbide requires a special 
facilities for handling the fuel in low oxigen and low 
moisture atmosphere. 

Therefore a comparison of fabrication 
between mixed oxide and mixed catbide is not possible 
today, taking into account the fact that the state of 
technology reached in mixed oxide fabrication is 
much more advanced. 

2 - Cladding material development 

As oposite to the oxide fuel, the 
compatibility of carbide fuel with cladding material 
like as stainless steel constitutes a serious problem 
in the design of a fuel element. A new material like 
vanadium alloy is considered /38/ . 

3 - Demonstration of high exposure -high temperature 

irradiation. 

Demonstration of the satisfactory 
behaviour of (Pu,U)C fuel is required for exposure of 
approximately 100^000 MWD/t. The fuel swelling and 
creep must be investigated. 
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4 - Fuel reprocessing technology 

Reprocessing for (Pu,U)C fuel still 
has to be developed. 

The irradiation experiments performed 
for the carbide fuel in experimental reactors as Rapsodie and. 
DFR and EBR-II, were planned to investigate the behaviour of 
fuel pin, the fuel swelling, fission-gas release, fuel/cladding 
compatibility. Several programs for the carbide fuel development 
are in evolution. 

Since 1968 a research program has been 
performed in Germany /45/. The main objectives, of this 
program are : development of a suitable fuel fabrication 
process; basic research to obtain specific material data for 
irradiation creep and swelling of {Pu,U)C ; planning,design, 
construction and performance of irradiation experim.ents; 
post-irradiation examination and evaluation data. Introduction 
of carbide fuel into SNR /43/ are also being considered. 

The objective of French irradiation 
program /40/ is to determine the satisfactory behaviour of 
carbide fuel under high exposure. They hope to substitute 
mixed carbide for mixed oxide as Rapsodie driver fuel. 

Up to now He bonded and Na bonded 
fuel and fuel rod concepts are actively tested in experimenal 
programs /40,42,43/. For a number of carbide fuel burnup 
up to 70,000 JfliJD/t have already be obtained without failure 
/42/. The experimental results showed also that the carbide 
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fuel swell more than oxide and that the degree of swelling 
depend very much on the fuel center temperature /40/. 

Irradiation testing of mixed carbide 
fuel however lags considerably behind that of oxide. The 
urgent need for an accelerated carbide fuel testing program 
is clear. 
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TABLE 7.2.2 

*Fuel enrichment w/o 15.1/17.66/17.01 

Fuel density % TD 85 

Cladding thickness mm 0.45 

Driver pin outer diameter mm 10.0 

Blanket pin outer diamenter mm 18.0 

Internal blanket volume ratio 0.28 

Fissile plutoniiBn initial inventory ton 5.017 

Breeding ratio 1.53 

Reactor doubling time year 13.0 

CSDT year 14.5 

Peaking factor 1.68 

Maximm burnup MWd/ton 9.103E 04 

Core outer radius cm 192.0 

Fuel volume fraction 0,42 
-2 

Na void reactivity (10 ) 1.09 

Doppler coefficient (T dk )X 10** 
dt 

-71.0 

Obs. * means fuel concentration 

REACTOR NUCLEAR CHARACTERISTICS 
CASE (2-2) - RESULTS -
( cladding thickness=0.45nnn) 



TABLE 7 . 2 . 3 

DOPPLER COEFFICIENTS AND NA VOID REACTIVITIES AT EOEC 

CARBIDE OXIDE 

HETEROGENEOUS HOMOGENEOUS HETEROG. H0M0G. 

(2 - 1) (3 - .1) (2 - 2) (2 - 2 ) 

Doppler coefficient 
Core 
Core + AB+IB 

- 0 . 0 0 5 8 

- 0 . 0 0 7 0 

- 0 . 0 0 6 2 

- 0 . 0 0 7 4 

- 0 . 0 0 6 1 

- 0 . 0 0 7 3 

- 0 . 0 0 7 3 

- 0 . 0 0 7 8 

- 0 . 0 0 8 7 

-0 .01 .12 

- 0 . 0 0 9 6 

- 0 . 0 1 0 3 

Na void reactivity 
Core + IB 
Core + AB + IB 

0 . 0 1 8 1 

0 . 0 2 3 6 

0 . 0 1 6 7 

0 . 0 2 2 4 

0 . 0 0 9 8 

0 . 0 1 4 4 0 . 0 3 0 6 

0 . 0 0 9 3 

0 . 0 2 6 0 
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Heterogeneous 

Case (3-1) 
'ion?.oaeneous 

Case (2-1) 

Heterogeneous 

Ó-
p.. 

Blanket fuel assembly 
Reflector assembly 
Core fuel assembly 

Core fuel assembly 

Case (2-2) 

Heterogeneous 

FIG 7.2.1 

CARBIDE FUELED LÍIF3R CORE LAYOUT CONSIDERED 
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7 8 T . T U T O D E P E S O U ' S « S E P G É T . C • S f N U C . E A R E 3 
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FIG 7.2.4 

HETEROGENEOUS CONFIGURATION - CASE 3-1 
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CHAPTER 8 

ANALYSIS OF IMPROVEMENT IN BREEDING PERFORMANCE OF 

HETEROGENEOUS CONFIGURATION CORE 

8.1 INTRODUCTION 

For the same power, core height and fuel 
pin design, the heterogeneous configuration presents a 
higher fertile inventory, a larger breeding performance and 
smaller sodium void reactivity than the homogeneous one. 
This improvement in breeding ratio can be attributed to the 
increased fertile material inventory and the spectral variation 
due to the internal blanket zone . 

The purpose this study is to analyze 
the changes in breeding ratio that result from introduction 
of the blanket assemblies into the core zone. 

8.2 NEUTRON SPECTRUM AND FERTILE MATERIAL INVENTORk* EFFECT ON 

BREEDING RATIO 

8.2.1 Methodology 

The conventional breeding ratio may be 

written, in terms of neutron balance as : 
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( v - l ) - o - P - L + (V- 1)6 
BR = • — , 

1 + a 

Where 

a = capture to fission rate ratio for the fissile material 
V = average number os neutron per fissile fission 
v* = average number of neutrons per fertile fission 
6 = fertile to fissile fission rate 
n = neutron production to absorption rate 
P = parasitic capture to fissile fission rate ratio 
L = leakage to fissile fission rate ratio 

If only Pu-239 and U-238 are considered 
we have the following new expression for B.R. 

J.238 
B.R. = T?̂ r̂-1 + T?^^ ( 1 - -i^g- ) §35- - losses 

cl 

Where losses include neutron leakage and parasitic capture. 

The breeding ratio depends on n , v , v", 

a , a. and these data vary with spectrum and fuel corapo-

sition. Fig.8.2.1 shows the variation of n with energy for 
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U-233 ,U-235 and Pu-239. One may be note that a low 
energies n is approximately constant for U-233 and U-235 
and beyond 10 keV n increases and particularly for the 
case of Pu-239, raises to comparatively large values. 

In this study the change in breeding 
ratio with respect to the differences in fertile inventory 
and neutron spectrum between équivalent homogeneous and 
heterogeneous cores were analyzed. Also breeding ratio 
for several neutron spectra were calculated to verify the 
effect of the spectrum on B.R. The analysis were made 
through the reaction rate calculation. 

The calculations were performed using 
a one dimension diffusion theory code and the buckling values 
used to account for leakage were obtained from two dimension 
calculation. 

8.2.2 Fertile Material Inventory 

Usually in the heterogeneous reactors 
the internal and radial blanket assemblies are identical in 
design, and the fuel volume fraction is higher than of the 
core zone. 

On purpose of analyze the effect of the 
fertile material inventory on the breeding ratio two fuel 
pin diameters were taken and for each pin size ,two sets of 
material volume fraction have been considered in the internal 
blanket zones as are shown inTable 8.2.1. 

• — r . p r . f r i C - S E l ^ U C L 
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Where 
DV means that internal blanket zones have a larger 

fuel volume fraction than core zones. 

SV means that core and internal blanket zones have 
the same fuel volume fraction. 

Breeding ratio, breeding ratio changes, 
fissile and fertile specific inventories calculates are shown 
in Tabs. 8.2.2 and 8.2.3 . The results show that the hetero-
genizations effect is larger for the small fuel pin diameter 
than for large one and the effects of fertile inventory and 
neutron spectrum are included in the breeding ratio changes 
verified. Also these effects are smaller for case SV than for 
case DV once the fetile inventory diminishes and spectrum 
change is smaller for the former case. 

8.2.3 Neutron Spectrum 

The effect of neutron spectrum on breeding 
ratio for heterogeneous configuration was verified through 
• a moderator introduction in the core zone . 

The heterogeneous core has a harder 
neutron spectrum in the core region than the homogeneous con
figuration and this difference induces changes in the ratio 
of the reaction rate of the isotopes. 

A moderator was introduced to soft the 
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heterogeneous core spectrvun and the breeding ratio was deter
mined for each spectrum. Hydrogen was choosen as moderator 
due to its high moderation capacity , but this element has also 
high absorption cross section that can affect the results. 
Then the Hydrogen cross section data was altered to avoid 
the parasitic effect , only the elastic and inelastic scattering 
were considered. 

As a measure of spectrxim softness with 
moderator fraction , the fraction of the neutron flux for 
energies > 100 keV is listed in Tab. 8.2.5 for case DV 
and pin 0D== 10.5 mm. Tab. 8.2.4 shows the fast neutron fraction 
for the different core configurations. 

From the Tab. 8.2.5 it appeared that when 
the moderator fraction is equal to 0.0025 the heterogeneous 
core fast neutron flux is near that of the homogeneous core. 
The reaction rate changes for Pu-239 , Pu-240j. Pu-241,Pu-242 
and U -238 with moderator are illustrated in Figs. 8.2.2, 
8.2.3 and 8.2.4. Spectral hardening in core region improves 
total breeding ratio due to: 

- Reduction in the rate of the parasitic absorption in 
isotopes of plutonium ( Fig.8.2.4); 

- Increase in the fission rate of U-238 in the internal 
blanket zone ( Figs.8.2.1 and 8.2.3). Fig 8.2.1 shows 
fertile material fission cross section dependence with 
neutron energy. 
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8.3 RESULTS 

The heterogenization does not improve 
significantly the breeding ratio when the core and internal 
blanket zones have the same fuel volume fraction. For cases SV and 
DV and pin OD=10.50 the effect of each component,i.e ,fertile., 
inventory and neutron spcetr\un, was verified and the results 
are: 

Breeding change (%) 

Effec SV DV 

fertile inventory 2.40 3.50 

spectral 0.50 0.60 

total 2.90 4.10 

One may see that the fertile inventory 
effect contributes more to the breeding ratio improvement for 
heterogeneous configuration. 
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I 

Material 

Pin Outer Diameter ( mm) 

Material 8.50 10.50 Material 

SV DV SV DV 

Fuel 0.35 0.50 0.39 0.51 

Stmcture 0.29 0.22 0.24 0.18 

Coolant ( Na) 0.36 0.28 0.37 0.31 

c. 

TABLE 8.2.2 
BREEDING RATIO CHANGES WITH FERTILE MATERIAL 
INVENTORY 

Configuration 

Fuel Pin Outer Diameter (mm) 

Configuration 8.50 10.50 Configuration 

BR BR BR BR 

Homogeneous 1.105 1.222 

He terogeneous 
DV 1.172 0.061 1.272 0.041 
SV 1.139 0.031 1.257 0.029 

Obs: DV- Internal bleuiket zones have a larger fuel volume fraction 
than the core zone. 

SV- Core and internal blanket zones have the same fuel volume 
fraction. 

I N 8 T I T U T 0 D E PtSQVf • P E ^ " - ^ " " ' C • S F N l . l . C L f t A R E S 

- 1. P . E . N . 

INTERNAL BLANKET MATERIAL VOLUME FRACTION 



TABLE 8.2.3 SPECIFIC FUEL INVENTORY AND BR FOR DIFFERENT PIN DIAMETERS 

Fuel Pin Outer Diameter 8.50 mm Fuel Pin Outer Diameter 10.50 mm 

Homogeneous DV sv Homogeneous DV SV 

Enrichment (av),% 15.09 17.02 16.62 13.20 15.20 14.80 

Specific fissile 
inventory,kg/MW 1.029 1.241 1.210 1.242 1.726 1.693 

Specific fertile 
inventory, kg/MW 7.943 10.797 10.084 11.110 17.383 16.439 

Core breeding 
ratio 0.952 0.000 0.823 1.072 0.889 0.911 

Internal blanket 
breeding ratio 0.243 0.190 ' 0.233 0.207 

Total breeding 
ratio 1.105 1.172 1.139 1.222 1.272 •1.25.7 

Obs: DV- Internal blanket zones have a larger fuel volume fraction than the core zone; 
SV- Core and internal blanket zones have the same fuel volume fraction. 
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TABLE 8.2.4 

Configuration 
Pin 0D= 8 .50 mm Pin 0 D = 10.5 mm 

Configuration 
Core Internal Core Internal Core blanket. Core blanket 

Homogeneous 68.5 68.5 • • 

Heterogeneous 
DV 69.3 65.0 69.7 63.0 
SV 68.1 64.7 69.4 62.6 

Obs. DV: Internal blanket zones have a larger fuel volume fraction 
than the core zone ; 

SV: Core and internal blanket zones have the same fuel 
volume fraction. 

TABLE 8.2.5 
NEUTRON FLUX FRACTION (%) FOR ENERGIES >100 keV 

AND BREEDING RATIO 

( Pin OD=10.50mm, heterogeneous,case DV) 

Moderator 
fraction Core 

Internal 
blanket B.R. 

0.000 69.7 63.0 1.272 

0.0025 68.5 62.3 1.265 

0.005 67.3 61.5 1.258 

0.010 64.9 60.0 1.241 

0.015 62.5 58.5 1.222 

0.020 60.3 56.9 1.202 

NEUTRON FLUX FRACTION (%) FOR ENERGIES 100 keV 
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10-2 

Fig. 8.1.1 /64/ 
Neutron Enagy, eV 

- . Variation of n with energy for U^^^, u"«, and Pu^a*. The U^^s curve has been 
smoothed in the eV region. [From BNL.323, Second Edition (1958 plus supplements).! 
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CHAPTER 9 

CONCLUSIONS 

In the preceding chapters a variety of 
specific conclusions have been reached concerning the breeding 
performance of the several fast breeder core configurations. 

A major conclusions of this work are 
summarized below: 

1 - Oxide Fueled Homogeneous Reactor 
Calculations were performed to verify the effect of the 
several basic parameters on breeding ratio. The reactor 
doubling time and breeding ratio of the modified cores 
were compared with those of the reference reactor { 
based on Super Phenix design ) and we can conclude: 

- The blanket thickness effect on breeding ratio was 
identified until an increase of 2 rows of fertile 
assemblies in the reference radial blanket. Fxarther 
increase in thickness causes negligible changes. 

- Cladding thickness change from 0.70 to 0.40 mm 
resulted in a considerable improvement in doubling 
time, achieving a value of 20 years that corresponds 
a reduction of 33% . 
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- Increasing fuel density from 85 to 90 %TD for the 
thin cladding case , the doubling time reduced from. 
20 to 19 years. 

From these results it is concluded that, 
among design parameters considered, the cladding thickness 
change induces the most impacts on doubling time in 
consequence of the fuel volume fraction increase. 

2 - Carbide Fueled Homogeneous Reactor 

Comparisons between oxide and carbide 
fuels show that the breeding performance is improved 
significantly for carbide fuel. With this fuel a breeding 
ratio of 1.49 and reactor doubling time of 11.8 years are 
achieved while the best oxide values are 1.27 and 19 years 
respectively . 

In regard to safety parameters, carbide 
fueled homogeneous reactor presents a high pisitive sodium 
void reactivity ( $8.0). Thus to make good use of the 
carbide fuel breeding performance ensuring a low positive 
sodium void reactivity a heterogeneous configurations are 
favorably recommended. 

3 - Carbide Fueled Heterogeneous Reactor 

Among the heterogeneous configurations 
analyzed the loosely coupled core presents a lower sodium 
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void reactivity { case (2-2) ) without penalizing the 
breeding performance. For this case the doubling time 
achieved was 13.0 years and maximum sodium void reactivity 
is approximately $2.90 . 

Finally collecting the results from the 
core design studies performed to improve the reactor doubling 
time, we shall find a relation between reactor doubling time 
(RDT) and core configuration as listed in Table 9.1 . 

The carbide fuel in fast breeder reactor 
offers the promise of significant improvement in the reactor 
performance. But in order to evaluate the future potential 
of carbide, the characteristics of this fuel must be investi
gated in depth and the several problems listed in Chapter 7 
must be overcome. Because of the lack of experience with 
carbide fuel an accelerated testing program is required. 
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