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ABSTRALCT

Breediny and safety characteristics of
large fast breeder reactors were evaluated with primary
enphasis on minimizing doubling tiuwe.

| The Super-Phenix, 1200 MWe, reactor
design was taken as reference rs=actor in this study and
several design parameters which affect breeding performance
were changed around this reference design to analyze their
effect on deubling time. The best value for doubling time
achleved with oxide fuel was 19 vears.

Carbide fuel was also considered as
| future potential LMFBR fuel due to its high density and
hign thermal conductivity. Carbide fuel provides a reactor
doubling time arcund 12 vearxs. Since the homogeneous core
configuration cresents & hignh positive sodium void reactivity
& heterogensous core is recommended to ensure high breeding

performance and low positive scodium void reactivity.
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CHAPTER 1

INTRODUCTICHN

The world demand for energy grows as
man-power is replaced more and more by machine power. it is
known that the oil and natural gas are going to decline in
the near future, hence to seclve the energy problem in future
assiducus efforts should be mace to develop a new energy
system, Awmong them the most promissing alternative energy
is nuclear energy and various kind ¢f thermal reactor system
have been developed and are in operation now.

Even considering the vast amount of
energy produced by fission of 235U ,uranium-235 atoms are
used up, being ccﬁvertéd tc other atoms during the protess.

Since there is only a finite reserve of uranium in the earth,

"it is an exautible, nonrenewable fuel source, just like the

fossil fuel,

Nuclear energy strategy calculations
have shown that the uranium consumpticn ¢an he rarkedly
reduced by the large future fast breedsr reactors introdution.
Present fast breeders under development utilize mixed uranium-
plutonium oxide fuel and they present a doubling time ranging

from 20 to 30 vears.
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In the case of urarivm supply fifficulties
or higher energy demands., a reactor with short doubling
time will be reguired. The fast breeder reactors with
carbide fuel have a specially greater potential on this
respect than ope with oxide fuel. Therefiore the carbide fuel
introduction is the future goal of fast breedex reactor
development,

Some reszarchs concerned with carbide fuel
- were evaluated in Germary, France and USA. A Germany study
has evaluated the feasibility of carbide fuel utilization in
SNR/43/ whereas USA reseamhhas investigated the applicability
in FFTF/44/ and CRER/65/ without large modification in the
fuel aszembly design .

The applicability of the carbide fuel
in large commercial reastore has been evaluated by the Argonne
National LAboratory/66/ and Combustion Engineering,Inc.,/6%/.
Thess works have concentrated on analytical study ¢of nuclear
prﬂperties. for hemogenesous core configuratisns. In GI.'dEI: to
evaluate the future potential of carbide fyel for LMFBER, 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 iﬁens:

{ 1} - To perform sewveral comparative studies around

a 1200 MWa reference reactcr LMFBE configuratien.
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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.

Tﬂe first item refers to the anélyse of
the effect of the several basic design parameters which change
breeding performance of reactor. - The pafameté:smconsidered”_
are ax&al and ;adial blénket thicknesses,'claddiﬁg thickneSs,.
fuel density and plutonium isotopic composition. The reference
reactor design was based on that of the'éuper—Pﬁénix,‘the
first large fast breeder under construction now.

This study also-involves 6xide and carbide
fuels as well as'homogeneous and~heterogéneous core configura-

tions.

Outlinz 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 wofld prégraﬁ are mentioned. |

The model and methodology applied for a
reactor performance calculations are described in Chapter 4.
Definitions for breeding ratio, doubliqg time, sodium void

reactivity and Doppler coefficient are done.




Chapter % describes the nucleas, safety

and thermal characteristics calculated for the conventicnal

reactor. A series of oxide designs are studied in which the

blanket thicknesses, cladding thickness, fuel density and

plutonium isctopic composition are varied around the

reference.
Carbide presents some atiractive proper-

ties like high fuel density and high thermal conductivity to

be used az LMFBR fuel. Chapter 6 analyzeg the performance

of carbide fuel in 2 large breeder reactor and the results

are compared with those of the reference oxide reactor.

Chapter 7 describes all study data for

three hetarcgeneous core configurations with rcarbide fuel.

The advantages eof this configuraticon are analyzed.

of carbide fuezl develcpment programe are mentloned specifying

the areas that reguire attention.

Chapter 8 provides .an analysis about
breeding ratio improvement verified due heterogenization. The

fertile material inventoery and neutron spectrum effects on

breeding ratic are analyzed.

Chapter 9 summarizes major conclusions of

this woark.

A summary



CHAPTER 2

PERSPECTIVE ON NUCLEAR POWER

2.1 WORLD ELECTRICAL ENERGY GROWTH

Demand of energy will continue to
grow even with vigornus.pnlicies to conserve energy adepted
by countries. There is general agreement that, with respect
to fossil fuels the il and natural gas reserve are §o
restrictive that hefore 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
ne'?  energy sources he develﬁpe& guickly, The uranivm
was chosen today as scurce of electrical energy to save
the fassii fuels which are needed for transport and as row
material for pharmaceuticals, plastics and other important
commodities.

-Tha prajections of total energy damand
and distribution of demand between different sources for a
long time are surrounded by uncertainty. hccadiné tQ pre-
liminary assessment of electricity demand prepared for the
World Energy Resource Conservation Commission /1/, the
worlé energy demand in the year 2020 is expected to be be-.

tween three and four times present consumption if average

.
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aconomic growth iz betwsen 3.0 and 4.1 per cent year.

The world electrical demand is estimatad to ke 39.ﬂ'EJ{*}
by 1985, rising to 98.5 EJ by 2000 and 237.7 EJ by 2020.

On the other hapd, according to WAES studies /5/, total
primary enerqgy demand in the year 2008 raanges from 244 to
445 BJ. Ancther report,.DECD—Huclear Energy Agency/Inter—
national Atcmic Energy /2/ predicts 285 EJ by 1985, 260 EJ
by 1980, 559 EJ by 2000 and 1,088 EJ by 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 ¢lear that new Socurces of energy must be
developed to suhstitute the fossil fuels. Kuclear energy
continues to be one of the attractive ways to generata
the required electrical power. Another sources as solar

energy and nuclear fusion cannot contribute too much subsg-

tantialy in the next half century.

2,2 GROWTIH OF NUCLEAR POWER

The pfojeéted increasa in world electri-
¢ity 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 /1/ and CECD-NEA/IAEA /3/

woOrks.




WEL forecasts show that the nuclear
share of world electricity output could be almost 45 per
cent by the year 2040 and mighkt ke as higher ag &3 per cent
by 2020. The world total nuclear generation capacity implied
by these percentage would be between 1,300 and 1,900 GWe in
the year 2000 and between 3,200 and 5,500 GWe in the year
2024, provided the mining.and brcduction facilities could
be developed in time. On the sther hand, CECD-NEA/IAEA pre-
diction fqr the year 2000 is 1,200 GWe for the high forecgast
and 833 GWe for low forecast. The future nudlear power
growth estimates adepted by INFCE feor 1800-2000 are shown

in Tab. 2.2.1.

Nuélear power is viable and commercially
compepetive nnﬁ and lts contributicn is most conveniently
gsuprplied in form of electrical power. At present the most
of nuclear power'reactnr is based on ncn breeding g¢ycle
where only U-235 is the principal fissioning isoctope,.

| In Septaember 1583; the warld installed
capacity was 12é GWe, within this total light-water reactors
represent Bi.lﬂ-per cent, gas—-cccled graphite moderated reactors
represent 9.1 per cent and heavy-water reactors 5.1 per cent
/4/. Thea INFCE estimation for the world reacter distribution
up. ta 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. Cther potential area of use includes



districer heating and mancfacturz of syntetic fuel.
To support this continucus growth of
nuclear power a substantial addition to wuranium reserves or

a new technology for efficient usage of fuel will he necessary.

2.3 [TRANIUM RESOURCE AND DEMAND

2.3.1 Uranium Resource
_ If nuclear power is to ﬁlay-a major role
in nation's electric energy economy and thereby important
contribute to the world gverall energy needs, adequate supply
of uranium must be available at acceptable cest,

The mogt recent world resource of urapium
survey has been published by CECD Wuclear Energy Agancy/IAEA.
According to this report /2/ the reasonable assursd uranium
resources at cost up to $130/kgU are measured in 2.60 million
tonnes U. The world wide uranium resources position at lst
January 1979 is summarized in Tab. 2.3.1 for the cos®t ranged up
to $130/kgU.

In addition to these rescurces there are
higher cost, QEﬁerally lower grade rescources. Inm évaluatinq
the uranium rescurces it is important to considered whether
all this material could he available at a rate sufficient
to satisfy demand. In next sections the balance between

uranium demand and supply is analyzed.
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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 1920 based on currently estimated
yranium resources. After the year 2000 uranium production

from known resources will decrease and uranium supply wiil

~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 maximum

rate of production that can be expected from known resources.

2,3.3 Uranium Demand
Nuclear power will grow in differant
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 leng rangs perspective. Hnwever; the.
naturally occurring fissile isotope U-235 is not sufficiently
abundant to support, by itself, a nuclear power progran for more
than a few decade, specifically, 15 to 20 years according to the
OECD report.

To arrive at a plausible overall energy

demand scenaric for the 1980-2025 period, a nunber of fore-
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¢asts and predictions have been examingd. The strategies

discussed in the literatures fl;z,ﬁ,ﬁ,?,af include a
contribution of the several reactor types, namely light-water
reacter (LWR), fast breeder reactor {(FBR), heavy-watex reactor
{HWR)} and adwvanced ccnvertef reactor (ACR).

The WAES/5/ estimates the future
installed nuclear capacity about 2,000 GWe by the year 2000
at an annual growth rate cf about 15 per cent. This nuclear
growth correspend ah estimates cumulati%e uranium reguirements
of about 3.0 million tonnes ¢f uranium. According to
OECD-NEA/IAEA répq:t; on the other haq&. the 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 rnuclear power, the choice of reaﬁtors and
the tréatment af spent fuel.

Tab. 2.3.3 summarize the cumalztive
uranium requirements for four nueclear reactors stratey
considered by INFCE and Fig.2.3.1 and Fig. 2.3.2 show the
annual world uranium supply and demand tD.EQES for low and
hi¢h growth projections, respectively. The huclear reactor
strategy until 2000 will be principally based on the Ligth
Water Reactor. It is expected that commercial introduction
of FBRs will become significant in the mid-199%0.

Analyzing uranium demand and supply data,
one can see that fast breeder introduction is essential if

nuclear ene-gy is tc be susteined 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 0.7l per cent of the natural uraniem. Though the over
twe fissionable isotopes do not exist in nature they can be
manufactured.

In reactors as LWR the fuel used is
enriched urapium with 3.0 to 3.5 per cent uraniuvm-235 and-
less than S per cent of the total weigh of fuel in the core
is Fissicned before the fuels are ramoved. Forthemcre, a
large amount of natural uranium has been used,whereasgs in fast
breeder reactor, by its characteristics, a large fraction of
ﬁatural U or Th nrés can bhe fissioned /12/ multiplyiﬁg,
perhaps more than S50 times, the usability of natural uranium
re50Urces.,

The breeding principle ¢onsizst of trans-

forming the fartile material into new fisaile material,

~conseguently a fast breeder produces more new fissicnable

material then it ccnsumes. It provides a way to use most of
the 99 per cent of natural uranium that is the nonfissicnable

U-2318 or the thorium ore.

In the case of fission reactors,twoc kinds

of reaction lead to breeding. The chain for the groduction

239 238

of plutonium from uranium { Pu/ Ul and wuranium from
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thoriuam | 233Uf 232Th ) are described by fellowing chains:
238 238 8~ 239 8 239
a) U _tmay B ogU T T e3P T g4FU
23._5_min 2.85 4
232 232 8 233 B 233
bl g4Th (n.,y }rgﬂTh———————h g1Fa" " 92V

23.4 min 27.0 4

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

Az shown in Tab.2.4.1 & nuamber cf fast
breeder concepts could.be considered with various types of fuel
and fertile material, ccolants and reactor arrancement. The
main type of fast breeder presently under construction for
power reactor is Liguid Metal Cooled Fast Breeder Reactor {LMFBR}.
type. It is a liquid metal { Na} cooled reactor with { UO,=Pu0,)
fuel in the core and depleted UUZ in the blankets.

The IMFER by its characteristics can
produce enerdgy and simultanecusly produce fuel in the greater
guantities than it is consumed. The pluteoriium produced by
gexisting LWR will be nsed in ITMFBR and thermal reactor and
fast breeder will probably ccexist for a number of years till

FBR~FBR self fuel cyrcle will become possible.



TABLE 2.2.1

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

INSTALLED CAPACITY , GWe
year. 1280 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
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TABLE 2.2.2

’

WORLD REACTOR DISTRIBUTION (1980-2000) /2/ , ;3/

(GWe)
MR HWR AGR HTR ~ FBR
{Lightwater ( Heavy water | ( Advanced (Graphite (High temp. (Fast breeder TOTAL
) reactor) reactor ) gas cool.reacg) gas reac) |lgas reactor) reactor)
\ )
yea;‘\\<irowth L H L H L - H 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 J163.0}] 181.0
1985 228.0 273.1j14.9 15.7‘ 4.9 4.9 6.7 6.7 0.6 G.6 2.0 2.4 257.1} 303.4
1999 387.7 483.7125.9 29.0 8.0 8.0 4.2 l.6 1.6 5.4 6.9 432.81 533.4
1995 544.7 717.6]43.6 55.8 12.4 12.4 0.8 2.6 2.6 12.7 [15.8 616.8| 805.0"
~000 715.8 |1,040 |73.5 |1o1.0 | 16.8 | 23.0 0.0 | 3.6 3.6 |21.8 |38.2 823.51,205.6
L: low growth

H: high arowth

A
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WORLD URANIUM RESOURCES 2/

(1,000 tonnas )

I}
$80 kgt SEQ-%130 kgl |Total at
p _ 5130/kylr -

{ $3ﬂ,lbu303} 1530 EDfth3UB]
Reasonable
dgsured 1,850.0 740.0 2.580.0
regoursoes
Estimated
additional 1,480.0 970.0 2,450.0
resources

{*} defined as "Reserva”

TABLE 2.3.2

PRODUCTION OF MAXTMOM ATTATNARLE

{1080~ 2020}

CARFALCITIES
Yoryr Total
World

1980 50.1
1985 gg.0
1990 113.12
1245 1232.9

UEARNIUM PRODUCTIONT
Ly
{1,000 tonnes T)

Yaay Taotal

World
2000 114.8
2605 24,0
2010 B2.9
2020 57.8
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TRELE 2.4.1

DESIGN VARIABLES FOR FAST BREEDERS

Fissile matefial U-215,Pu mixtures

{TT Fertile material U=-238, depleted U,Th-232
Types of fuel I metal,oxide,carbile
Reactor coolant | . liquié metaliﬂ#,uah}

gas {HE,CDZ}

Peactor arrangement integrated concept [pool)
laop design
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CHAPTER 23
FAST BREEDER REACTOR

3.1 EBISTORICAL FBR DEVELCPMENT AND WORLD PROGRAM

The development of fast breeder reactora
First followed the line of metallic fuel element and their
power was only few hundred megawatts. 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 ccolant. The first power reactor, EBR-I, was
started in 1951 genexating 140 kWe.

Since 1950 & large amount of resesrch
and development has been carried out around the world in the
fast breeder field, mostly in USA, USSR, France, Germany ,

Italy, UR and Japan.

The second line of fast breeder
development is distinctly different in terms of fuel technology,
rzactor physics, safety and as well as power plant characteris-
tics. Mixed plutonium-uraniur dicxide is used asz reactor fuel.
This phase is known a=s " Second Gen2ration Fast Breeder " and

one can mention Joyo, SEFOR, FFTF. The characteristics thess

. S ey
Ll LA h..lr"|r_l.'\-|'l||:RJ
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l reactors are listed Iin Tab. 3.1.1-flﬂ}.

| Dezign and =zostruction of razctor of the
| 300 Mife class began between 1965 and 1970. The reacter size
of 300 MWe ig 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 MiWe LMFERs are alredy in operation

gsuch as the Soviet BH-350 that became critical in 1972: the

£

Franch prototype fast hreeder Phenix has been coperating

since 1974. The British BPFR and Ehe Soviet BN=600 are also
in operation now; the German prototype SHR=-308 is still under
ccnsﬁructinn while U& Clinch Raver Exeeﬂer-ﬂea¢taf and the
Japan Monju construction are expected to start soon. The
Tabk.3.1.2 shows the demonstration reactors characteristics,
while Tab.3.1l.3 shows the future commercial fast breeder
reactors planned, only the French Super-Fhenix with 1240 MWe
iz under censtruetion / 13,14,15 /. Table 3.1.4 gives the

time schedule for FBR development in the world.

—~*—x._

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

-~ scientific feasibility ;
-~ engineering feasibility ;
- comnercial feasibility.
In case of fast breeder development the

technologies for liguid sodium as cocolant and for mixed

oxide ags fuel are essentially in hand. It can ,therefore, he
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considered that the phases of scientific and engineefing =
feasibility have almost passed, the commercial [easibility

however has not yet passed.

The success and the early commerc¢ialization

cf the IMFBR will depend on the success of Super-Phenix
aperation and parformance., Commareial feasibility of LMFBR
alsc includes the remaining part of the fusl 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. Tﬁe next target then will be develop
an advanced FBR fuel with thermal and neutronic properties
superior to those of mixed oxide. Carbide fuel can satizfy
above conditions and will achieve a shorter doukling time

than axide Ffuel.

1.2 CORE DESIGN PARAMETERS SPECIFICATION PROCEDURE

3.2.1 Core Design Procedure
Th varicus parameters that contribute
to core design generally are not indepedent but form an
interraelated matrix in which the degree of influence of one
parameter on another may vary considerably. The desired
raactor core parameters are generated from trade-off envolving
a lot of parameters interdependent.

The primary analytical areas are: nug¢lear
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design, thermal-hydraulic desia, material desian,.zafety design
and economiec 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 leading, flux and

power distribution are obtained from the nuclear design, and
some feedback to both the nuclear data énd thermal-hydraulic
dESigﬁ.

.The coolant temperature,flow and velocity
and geometric arrangement evolve from the thermal-hydraunlie
design. Thermal congditions also contribote some feedback to
the material specifications. The thermal condition iz also
taken as the limiting ecriteris for the core design. This
representaticn emphasizes scme important interdependencies
among the design parameters.

In this study only anuclear design and
thermal design are considered with safety design analysis.
Since fast reactors are important primaly because.of their
potentially high breeding rétice, the design objective is to
abtain a high breeding ratio or specifically a short doubling
time. So, the parameters associated with the production of
new fissile fuel from fertile material are of interest.
However the core breeding ratic tends take a dependent

variabhle rather than a primary design cbjective since the

desion is also related with reactor size and configuration
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from the heat-removal view pcint, coolant charagsteristics and
perhaps various safety requirements.

The seguence of a design approach taken
in this study is showed in Pigs. 3.2.1, 3.2.2 and 3.2.3.
First the homogenecus 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 a2s limiting

criteria.

3.2.2 Nuclear Analysis

The design decision concerred with
selecting fuel element compositicn 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 1imit linear power ratirg on the fusl element.

Fig. 3.Z.1 shows a flow diagram for a
core design approach cnnside;ed where each step is described
bellow:

~ Foel pellet diameter is specified ;

~ Cladding thickness and gap are specified ;

~ With wire diameter defined and space between pins fixed
the pin pitch is determined ;

- Hitﬁ core power and core heigh specified, the total
nuaber of pin fuel in the core ig calculated ;

- Number of subassemly is detarmined as well as the
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subassembly pitch ;

~ After definition of the assembly, the core material
volume fraction is determined. The coolant wvolume fraction'
is a dependente parameter deduced from coolant velocity ;

- Core sizing is @eterminedu H

- Reactor size is defined and geometric parameters are
specified. The axiél ané radial blanket thicknesses are
fixed ;

- Neutronic calculations are evaluated. The fuel enrichment
is determined taking into account the peaking factor and

k at EDEC ;

efi
- Power density distribution is calculzted and linear power

iz determined-:
- Wuclear characteristics calculated are :
- breeding ratio, doubling time, fuel inventory and
power distrihbution : _
- Axial linear power profile is determined for the maximum

power channel and thermal analysis is evaluated .

3.2.2 Thermal Rnalysis

In this.ﬁro¢ess, thermal analysis begins
with primary coclant inlet temperature and mean outlet
temperature specifications (see Fig.3.2.2 } and

- The coolant temperature profile in the maximum power

channel is determined ;

- The axial profile of the ¢ladding temperature is calculated
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using axial power profile and empirical correlatioﬁs for
the surface heat transfer coefficient ;

- {ladding innei surface temparature profile is computed;

- With gap conductance specified the fuel surface temperature
is computed ;

- Using empirical correlation for thermal conductivity the
fuel center temparature is calculated ;

- Coclant mass flow rate necessary tomantaim: the difference
between inlet and outlet temperatures equal to 150 'C i=s
calenlated

- From coolant flow area determined in design specification

the coolant velocity is calculated.

The calculated maximum fuel centecr
temperature and maximum cladding outer surfzce temperature are
compared with allowahle temperatures specified from matarial
properties. The coolant velecity is alse compared with the

permwitted value.

If the temperature at the fuel center or
at cladding surface is superior than that the allowahlé tempe-
rature the new fuel pin diameter is cona;ﬂereﬂ 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



for oxide fual : 2400 *°C

for carkide fuel : 1800 °C

- Maximum permitted temperature at cladding surface: 620 °C

= Coolant velocity recomended : 5~7 m/sec

3.2.4 5Safety Analysies »

In the safety a2nalysis the remote
possibility of a total voiding in the core { total loss of
conlant } is accepted. DbDoppler coefficient and sodium void
reactivity are caleulated ir this cendition (Fig.3.2.3 ).

The severity of the reactivity change
perhaps can be reduced by proving a enhanced Doppler coefficient
or reducing the wvoid coefficient. The second option ran
be obtained in modifying the reactor core configuraton, for

example, to heterogenscus cone.
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TABLE 3.1.3

COMMERCIAL EREACTOR DESIGM PARRMETERS

Reactor ISuper CFR-1 SNER-2 GCTR
Fhenix
France DK FRG FRG
Pawer
Thermal {MWth} 2914 23904 3420 2780
Electrical (MWe)] 1200 1320 1300 1030

Core dimension

Eeight (cm) 100 1G9 oo
Volune (cm3] 15.2 B.E 19.2
Fuel pin diamater
{mm) B.5 6.0 7.5 E.2
Peak linear power
(W/cm) 450 420 450
Ma¥. burnup
{MWD/T) 70,000 A%,.000 [80.,000 180,000
Conlant Ha Na Ha E&

Coplant temperaturie

Inlet {°C) 395 370 380 273

utlet(®C) 545 540 5RO BSS
Specific fissile
inventory

(kg Fu/MWe) 4.6 2.3 3.1 3.1

Breeding Gain o.18 0.16 0.18 O.45
Doubling Time {y] 42 a7 41 .
Status under

constructin: planned planned planrned
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NUCLEAR ANALY3IS
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FIG 3.2.3
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CHAPTER 4

CALCULATIONAL METHODOLOGY

4.1 PHYSICAL MODEL

The homogenecus reactor configuration
analyzed in this study is shown in Fig. 4.1.1. In the plutconiom=-
uraninmm fueled fast breeder homgenenus reactor the core
consists of plutonium-vranivm mixed fuel pins and it is
subdivided into two enrichment zopes t¢ minimize the radial
power peaking factor. Surrounding the core is a hlanket of
depleted uranium which absorbs nautrons leaking from the
reactor ¢ore 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 plutcnium
leoaded in the core is supplied from light water reactor.

For the calculations the Leagior was
modeled in R-Z geometry with two core zones, =& 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 ke described in Chapter 7.
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4.2 NUCLEAR PROPERTIES CALCULATIONS

4.2.1 Cross Sectlion Set

Two computer codes were used to determine
the reactor physics parameters. AFOLLO /16/ a two-dimensional,
multigroup &iffusion theory c¢ode and ANDRCMEDA 17/ a one-

dimensiconal diffusion code.

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

Tab. 4.2.1 .

4.2.2 Methoedology

The iterative scheme represented in
Fig.4.2.1 was used to determine the beginring of life {(BOL )
fuel enrichment and the physical parameters of reactor. The
talculation procedure aimed at minimizing the power peaking
factor while keeping reactor criticality condition at end-of-
equilibrium cycle {(EQEC),

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 effzctive multiplicaticn factor



g

{k_gg )} is checked. If it is not egual to 1.005 t 0.002 the
BOL enrichment is revised. The iterations are repeated till
80L fuel enrichment cbtained results in EQEC reactor composition
that satisfies both criticality and flat power distribution.

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

is cbtained.

4,2.,3 Breeding Ratio and Doubling Time

Breeding ratio and doubling 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 ancther identical reactor.

Breeding Ratio
| The breeding ratio is derived from
reaction rates integrated over the equilibrium cycle. Fox the

regicn k breeding ratic is defined as



kY

™ m,1 =N

bR N S g ¢ (r) a=
m? n Yk K c.k
BR‘J: = m _m,A T _
I(Z T LW @ . ¢(r)ar )
k ®} n *

235ur 239Pu, 241Pu

2331._1'r 240Pu, 242Pu

effective concentration of nuclide m in the region k

7 Wy BB

! enargy group
Jd : microscopic cross section

$ ¢ neutron flux

The total breeding ratic is the summation

over all ragions

BR

n
]

BRy

boubling Time

B wide variation ¢f expressions are

currently used to calculate ithe dcubling time /18,1%,20/.
In this study the doubling time is calsulated according to the

definition presented in reference 19. The reactor doubling

time {RDT )} is defined according to
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fissile BOEC
RDT(year) =

(fissile gain} x [fuel cycle/year}

Where:

Fissile material considered are 235U, zngu, 2‘”‘P!.t.:

Fissile BOEC : all fissile amount in the core and

blankets at beginning of equilibrium

cycle (XKg} :

net increase in quantity of fissile

Fissile gain

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 varicus 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. iIn addition
it includes a term of fuel loss during fuel fabrication and

reprocessing., Then the definition for IDT is

M. + M
in ex

IDT {year} =
{G - LP_ Ld ] % cycles/year
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With
Hin H
Hex :
G H
L :
| %
Ld H
\ The componen

- Externa
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reactor fissile inventory at BOERC

external gycle fissile inventory

fissile gain/ cycle

fuel cycle loss ( fabrication and reprocessing}

24J‘Pu decay loss for the external cycle.

tz of above expression are defined as :

1l cycle fissile inventory

Hex = Hin x FF x Tex/ ".I"::y‘::lE

with
RF : retueling fraction
Tox °© external cycle time
Tcycle : oycle length
- Fuel cycle losse
LP = fissile at MOEC x RF x 0.D02
- 241Pu decay lcas
r; = “*Ypu (MOEC) x RF x 0.0462
with
l 241 . .
241, (MOEC) : 5 { BCEC + EOEC ) Pv inventory
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In the case of & system containing a
large number of breeders it would be convenient to define
fuel~cycle-compound-system—doubling time ( CSDT } related

as

CspT( 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 DOPFIEI coefficient and Sodium void reactivity.

In large plutonium 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 iow as possible.

Sodium Void Reactivity
In accident situnations due to the sodium
voiding the fuel temperature is drastically increases and the

reactivity is increased due tc following affects:

{(a) - Less neutrons are captured in sodium ;

{b} - Meutron leakage from core is increased a2s a

conseguence of less scattering ;

{c) - Spectrum hardening .
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T

Effect (b} diminishes, effect (a) and

(c) normally increase the reactivity.

A set of sgix neutron energy group ¢rosa
section was used in two dimensional configuraticn and sodium
void reactivity was determined from direct eigenwvalue
calculatiocns. The effective multiplication factor (keff}

was calculated with sodium-in and with sodinm-out conditions

at end-gf-equilibrium cycle.
Sodim void reactiviiy = P17~ Pg

where .
Pg ¢ reactivity at nermal condition
Py i reactivity at sodium voided condition .

Doppler Coefficient

In the case of the Doppler cocefficient,

broadening of fission resonance in fissila material increages
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the reactivity whereas broadening of capture rescnance in both

fissile and fertile materials decrease the reactivity. For
large fast reactors, in which the ratio of 23EU to 239Pu
is high, the broadening with fuel temperature increasing
results in 2 significant negative value to the Doppler
coefficient.

For Doppler coefficiernt calculation the

cocre temperature was changed and the variation in the




T
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reactivity was computed.

4.3 FUEL ELEMENT TEMPERATURE PROFILE

The LMFBR has & higher inlet temperature
and higher specific heat generation rate than & LWR. Both
factors tend teo yield higher fuel teﬁperature. The coolant
sodium, however, has a good heat transfer characteristics
which permit to remove the heat produced without producing
local beiling 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 prafile in the maximum
power channel is the prime importance in reactor design due te
the fact that reactor power capacity is limited by iis thermal
*ransport 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 coclant is in the steady-state ;

- The coolant does not suffer changes ih phase.
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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 cccuring
at the mid-height of the fuel pin rod. Howevaer the coolant
flows from botton to upper core, so the coolant temperatures
increase aleng the rod and its meximum occurs at the top of
the channel. The axial variation of the power density is

given by the equation

q = g cos { wz/H }

ria 1r1
where g and d, are the volumetric heat source at any

point and -at center of the fuel element,respectively.

The pumerical soclution for steady-state
heat transfer in rod bundle was evaluated wsing a triangular
lattice model (see Fig.4.3.1) and the lumped parameters

method /23,247 . 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 coglant tempe-

rature in each subchannal is evaluated by sclving equations of

continuity, conservation of energy and the entalphy definition,

ag follow 3

(a)

{b)

(e}

Equation of Continuity

3 _pv) -0
gz

Equation of Conservation of Energy

ah P10
pv x=—- = g

3z
Entalphy

IToe (r_) 4T = h



17

Where
p = density of coclant fkgfma}
v = velocity of coolant {m/sec)
z = axial position { m}
h = entalphy {Kcal /Eg)
q‘: power density {Kcalfm3 sec}
EP= specific heat {(XKcal/¥g °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 fellowing egquations /25/ :

(a) Density

5 e

o (T} = 949.8 - 0.223 T - 1.75 x 10 ° 7

( ®g/m*)
T -— X
{b) Specific Heat

8.2

40 - 11.0542 x 10 37

CP{Tl = 0.3893 - 1.9908 x 1C

{Kcal/Xg °C)

To3e K
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4.3.2 Radial Temperature DPistribution

Radial temperature distribution for a
cy¥lindrical 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 te the coslant .

Im the caleculations, the thermal

conductivity of the fuel (k,) apg 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 Corductivity

- Dxide fuel

= 1.10 x 10 %x

ke

£t [0.4848 - 0.44865 D)

{Kcal/m sec °C)



49

- Carbide fuel /21/

4

kK, = 56.2773 | 5.761 x 10°% (¢ + 273 )

£ + + 273

(Kezl/m sec °C)
- Cladding material

k= 0.1 x (0.03066 + 0.3584 x 1074 ¢ - 0.0042 x 10”%%)

{Kcal/m sec °C)

- Viscosity

Log n = 0.5108 +-22%:85 _ 4 4625 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 & coclant 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 fvel depends both on the temperature gradieat through
the varicus materials and on the bulk temperature of the

coolant at point considered, along the length of the fuel

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

The temperature gradient is represented

by ¥Fourier heat flow eguation

dT
dx

= -

g
-

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

In the steady~state with nec heat generated
in cladding or coolant and with negligible resistance to
heat flow at the fuel-caldding interface, the fuel 2lement
radial temperature distribution can be calculated using

following expressions :

— At cladding outer surface

[ I Rz
S " |
te1™ + Ly

2(R + ¢ + g} h




- At cladding inner surface

tuyr RE ( Recég )
— g o
= ot in + tcl
2 kc R

5 c2

= At fuel pellet center

Where

=

]

- !

1l

power density
fuel pellet radius

cladding thickness

: gap thickness

(1]

(1]

heat transfer coefficient of coolant
thermal conductivity of fuel material

thermal conduetivity of cladding material
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ENZRGY DBOUNMDARIES OF TUE CROSS SECTION SET
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I'lusTlTuID ut FE

1. F. E- M.

IENERGY LIMIT {EV;! 25 GROUP & GROUP 3 GROUP
1.08E 07 1
6.50E U6 2

by 1
4.00E 06 3
2.50F 06 4q
1.40E Qb6 5
8.00FE OB B 2
4.00E 05 7
2.00E 05 a 1
1.00E 05 a
4.65E 04 10
2.15E D4 11 1
1.00E Q4 12
4.65E Q3 13
2.15E 03 14
l.008 03 15 ?
4.65E 02 1s
2.15E 02 17
1.00E 02 18
4,658 QL 1s
2.15E 01 20
1.00E 01 21 P
4.6858 00 22
2.15E 00 23
1.00E OO 24
4.65E-01 a5

T eed u,.ul_-_ A nc-dsheﬂ;w—ua—fr*;;\



TAELE 4.3.1

TUERMOLPHYSICAL PRORERTIEE OF SODIMM  (liguid) [s21/
Melting temperature " 97.52
Boiling temperature o B81.0
Melting heat callfyg 27.08
Boiling heat cal/g 925.6
Density g/ecc -

at 97.9%3 *C 0.9275

at 400 *C 0.8563
*Specific heat cal/g °C a.312
*Heat conductivity kcal/m h *C 6.0
giccogity kg/m sec 3.4E -0d

*  at 300 "¢
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CHAPTER &

LMFER OXIDE ROMOGEMEOUS REACTCR

5.1 INTRODUCTION

In this chapter the performance of the
reference reactor ,scdium liguid cooled ¢gxide reactor, is
calculated and analyzed. The main design parameters for this
reactor were adopted from the 1200 M¥e Super«Phenix f12/, the
first high power commercial fast breader presently under
construciotn.

The target of this study is to achieve
a ¢ore design that producses a short doubling time. A reactsr
doubling time arcund 10 years is éesired, thus aiming this
objective anv design parameters changing were performed. The
?asic design parameters that can affect the reactor breeding
performance are the ratio of the core height to diameter,
thickness of radial and axizl blanket zones, reflector material,
fuel pin diameter, fusl volume fraction, fuel material, fuel
isotopic composition , core volume and o on.

In this chapter the effect of the blanket
thickness,cladding thickness,fuel density and plutonium

isctopic 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 bheen shown that the fue) pin diameters
ranging from 0.75 to 0.80 mm lead tc the minimum doubling

time for oxide fueled reactor.

In the case of reflector material,
Komatsun /26/ has shown that the substitution of stainless
steel by Ni produces a negligible change on reactor doubkling

time.,

5.2 REFERENCE REACTOR

The reference homcgenenus reactor considered
here has 379 fuel assemblies that are divided into two
enrichment zones. The fuel zZone is surrounded by 3 rows of
radial blanket and 2 rows of reflector assemblies. The fuel
assembly structural member is z hexagonal stainless steel duct
containing 271 fuel rods in & triazngular 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. 7The blanket assemblies are the same hexagonal
cross-section, except that they contain enly 91 rods with a
15.80 mm outer diameter. The height of active core zone is
100 ¢m, bounded by 30 om axial blanket cotaining depleled

uranium,
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5.2.1 HRuclear Characteristics

For the reactor physics analysis,one apd
two dimensicnal 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 gecmetiry
as well as the parameters adopted for calculations are
illustyated in Fig.5.2.2 and Table 5.2.1., Tables 5.2.2 and
5.2.3 1list the reactor dimension and material compesition.

For burnup calculation the following

considerations are assumed;

- The lcaded core fuel is plutonium from a light water
rezctor discharged fuel ;

- The fuel supplied for the blankets is depleted
vranium and was assumed for this study to be 93.80 w/0

U-238 and 0.20 w/o U-235 ;

bl

~ The reactor load factor is 0.H2
- The core fue)l is irradiated at fixed locztion. 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 reactcr plutonium is sensitive to the discharge exposure

and is also influenced by the particular reacltoc spectrum.
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For this study the isctopic composition of plutenium is

Follow:

Isotope Weight percent (w/o)
—
239Pu §3.0
240
Pu 22.0
2415, 12.0
242p, 3.0

Anplying the iterative method described
in Ckapter 4 the fuel concentration at the beginning of life
was determined and equilibrium cycle search was carried out.
For this reactor the eguilibrium ¢ycle was achleved after 4

eyles as is shown in Fig. 5.2.3.
For doubling time calculation the

expressions definad 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 isillustrated in Fig. 53.2.4 while the power

density distributions are in Figs. 5.2.5 and 3.2,6.

As can be observed from the results this
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reactor design produces a long doubling time and high scodium
void reactivity. In the next secticns the effect on doubling

time due to design parameters modifications are analyzed.

5.2.2 Bafety Considerations

A major safety concern in the design of
commercial size IMFBR is the addition of positive reactivity-
with coolant vniﬁing-that oceurs in loss of flow accident_case.

Safety related parameters of common interest
are sodium void reactivity and Doppler coefficlent. The
guantity , T { dk/dT } , is the negative Doppler change in
reactivity due to the rise in the average reactor fuel tempera-
ture from its normal coperating temperature at 100 per <¢ent
design power to the maximum permitted .

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

For the reference oxide reactor in this
work the safety studies have heen performed at end-of-equilibrium
cycle and the scdium void reactivity and Doppler coefficients

ocbtained are listed in Tab.5.2.5.



64

For the sodium void reactivity calculation
the total core voiding was assumed and the value of 0.0260
was obtained. This indicates that at EOEC the veoiding 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 LMFER that has a low
sodium void reactivity. Many variations of the conventicnal
homogeneous core design that will limit the sodium void worth
have been identified /29,30,31.,32,33,34/. Thase can be
generally classified as follow
- Pancake core with large axial neutron leakage ;
- Heterogeneous core, axial and radial hetercgenizatlon;
- Modular island heterogenegus core ;
- Modereted core with decfeased spactral compcnent of
sodium void ;

- Annular configuration .

5.2.3 Thermal Charateristics

Tha temperature distribution in the
maximum power channel was calculated considering the specifi-

cations listed in Table 5.2.6 .

The temperature profiles illustrated in
Fig. 5.2.7 were determined in the following positions for fuel

pin with maximum power density ;
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e

} — coolant
} — outer surface of cladding
} = inner surface of cladding

J = fual pin rod surface

M o O o

} - fuel pin rod center

For the calculatione it was assumed that
the coolant inlet temperature is 3%5°C and that the coolant
temperature rise along the core is 130 °C. To satisfy these
conditions the ceoolant mass flow rate necessary is 40.2¢0 Kg/sac.
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-FPhenix

reactor operation are :

- Maximum linear power : 450 W/cm

- Maximum cladding temperature : 620 °C

According to the results listed in
Tahb. 5.2.7 the maximum fuel temperature is arcund 2400 *C ,
therefore, below the oxide fuel melting point { 2700 °C} and
the maximum cladding surface temperature is 561 °C, hence

below the maximum permitted.

IMETI[. . . :
Teooor kDL L ANER
Lkl M.
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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 cyecle is that in which the plutonium lcaded in FBR core
is obtained from LWR discharged fuel ( see Fig. 5.3.1}).

In the case of the FBR - FER fuel cycle, as shown in tha
flowsheet of the Fig. 5.3.2 , the reactor is fueled with
plutonium which is recovered froem FBR discharged fuel. The
plutcnium considered is the total recovered from discharged

fuel from the core and blanket zones. This comparative study
betwaen 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 LMFBERS

is fueled with plutoniom obtained from LWR , a2 second generation
shall be fueled by a LMFBR discharged fuel, &s the number of

fast breeders installed will increase.

Reactor Performance

The reactor design data adopted for
physics parameters calculations are the came as those described
in Section 5.2.1 , except in the case of the plutonium isotopic

composition of the initial fuel lcading .
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The plutenium compeosition is that of LMFBR

discharged plutonium with the following compeosition :

Isotope Weight percent (w/o)
e e
239Pu 67.0
240, 23.6
zil?u 6.0
2825, | 3.4

Such composition was determined in
Sectien 5.2.1 and corresponds fto the end-ocf=-eguilibrium cycle
discharged fuel composition.

The fresh fuel concentration lecaded at

BOL 1is

Core zone Fuel concantration (w/ol

Inney core 16.3

Outer core 20.25
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Fuel concentration is defined here as

the plutonium mass to total fuel wass ratic or

Pu  (kg)

{ Pu + T ] { kgl

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

24]

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

tn reactor pearformance.

{a} - Burnup {Table 5.3.1 )

For the same fue)l residence time the
reactivity change due to burnup is 28 % higher for

241

LWR-FRR system where the Pu  econcentration is higher.

{ b} - Breeding Ratio and Doubling Time ({Takle 5.3.2)

Small difference was verified for breeding
ratio between the two cycles whereas any improvement in

doubling time is verified.

{ ¢} = Sodium Void Reactivity and Doppler Coefficient

{Tabkle 5.3.3)

R “- l:—lca-E.t NL,I':-LEARES
' ) !

T I

L]
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No difference in Doppler caefficient
was werified for the both fuel cycles since the Doppler
effect is semnsitive to the fertile to fissile material
ratio.

tm the other hand, the FBR-FBR system
presents a higher sodium vold reactivity resulting from

241 241

the lower Pu concentration. An addition of Fu

is seen to have influence cn the sodium void effect in

the negative direetion because the substitution of 241?u
for 239Pu has a negative effect on the spectral compo-
nent S35/ .

{ d) - Thermal Characteristies ({Table 5.2.4 )

The caclant mass flow rate was determined
assuming the gutlet temperature is 545 °C. On the basis
of the calculaticons it appeared that both fuel cycles

show the similar thermzl . characteristics.

5.4 BLANKET THICKNESS EFFECT ON EREEDING RATIO { see addendum
at end of this

The effect of blanket thicknéss Eﬁa%ge
on breeding ratio is investigated in this secticn. The
reference reactor design has an axizl blanket thickness of
3¢.0 cm and 3 rows of fertile subassemblies as radia! blanket
zone. The breeding performance analysiz was carried cut for
three differant Elanket thicknasses like az 1.33 , 1.56 and

2,00 times the reference blanketr thickness as is specified in
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Tahle 5.4.1

The calculations were performed using
3 energy group cress section and two dimensional compuater
code. The results are presented in Takle 5.4.2.

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

The total breeding ratio improvement is
due mainly to the contributicn from axiazl breeding gain
{see Fig.5.4.3). 5mall or no change was verified in the.
radial blanket breeding gain. Although the breeding performance
is improved, the voclume of blanket 2ones 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 compromice batween plant cost and

advantage from breeding gain with blanket thickness.

5.5 CLADDING THICENESS EFFECT OK BREEDING RATIOQ

One of the most effective way tc 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 desigrn variable affecting
this guantity is the cladding thickness.

In this section the effect on the doubkling
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 (0.4¢8 mm. The new reactor
dimensions as well as material ¢ompesition 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 1s

Ehewn 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 c¢an be chserved a marked improvement
relatively to doubling time was verified. This result incentives
to develop a new material or alloy that resists a high fast

neuntron flux.

5.6 FUEL DENSITY EFFECT ON RREEDING RATIO

Most cases uséa fuel smear density of
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80 ~ BI% thecretical! densitv. 1In this secticn the effect
of increasing the density to 90 %TD and the a2dvantages from
the breeding point of view were analyzed.

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

In this case increasing fuel density
by 5% reduceﬁ-dcuhling time by 44% in comparison with that

calculated for reference reactor.

5.7 BSUMMARY 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 oenly fuel
density, from B85 to 9¢ %TD, the breeding ratio increased

8% and doubling time reduced near 44%,

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

In conclusion from the resalts of the
present survey, it was observed that among the dasign
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 subasgsemblies a3s radial blanket zone. The
breeding performance analysis was carried out for three
different blanket thicknesses like as 1.33, l1.66 and 2.00
times the reference blanket thickness as iz specified im
Table 5.4.1.

The calculations were performed using 3
energy group ¢ross section and two dimensional cdmputer code.
The results are presented in Table 5.4.2.

Changes in blanket thickness affect the
neutron flux magnitude and spectrum in blanket zones. Eré;ding
characteristic is improved as the blanket thickness is increased
due to softer neutron spectrum and smaller leakage than referen~
ce design. The total hreeding ratioc increase is due to the
balnket zones, mainly to the contribution f£rom axiai 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 egual o 2.00
at ECEC, as can be observed in Fig.b.4.1, the saturation
condition is expected toc be achievaed for thicker blanket.

But the breeding ratio improvement or specificaly doubling time,

is significant only up to blarket thickness ratio equal to

I r o RrETICAS E NUCLEAREE

INETITJU1D Dp FERCY 28 )
1P E- N
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1.66 { Fig.5.4.1 and 5.4.2). Although the breeding perfor-
mance is improwved, the volume of blanket zone= 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 econcomic study must be taken
out analyzing the compromise between plant ¢ost and advantage

from breeding gain-with blanket thickness.



TARLE 5.2.1

REACTOR CHARACTERISTICS

{ refarence reactor}

74

Eeactor thermal power MWth

Reactor electric power e
Cooclant
wore inlet temperature C
core outlet temperature *C

Core Height
Axial blanket [upper/lower)

hxial reflector

Radial blanket thickness

Lo
em
m
Core diameter om
om
Radial reflector thickness cx

Number of assemblies
inner core
outer core
radial blanket
reflector

control rod

Fuel cycle length day
Load factor

tHumber of refusling batches
- (core/radial blanket]

anoo

1200
Ka
125
545

100

39/30
bels
166
49.62
312.88

211
b1
2234
ige

21

300
0.B2

35




TARLE 5.2.1

REACTOR CHARARCTRRTIRTICS

{cont .

75

Fuel assembly design

fuel material

density

pins per assambly

pin length
assembly lehogth
lattice pitch

fuel pin OO

fuel pellet OD
cladding material
cladding thickneas

wire diamoter

1TD

B 8814898

Radial hlankeat assembly design

blanket materizl
pins per assembly
pin length
assemhly length
lattice pitch

pin 0D

pellet OO
cladding thickness
fuel density

wire diamocter

Control rod assembly
absorber element
pins per assembly
rod OO0

9 ;289338368

cm

nomber 4f sontrel assamblicss

enrichment

{Pu,D}0
8BS
271
270
540
17.90
0.85
0.702
55 316
0.07
6.12

tUDz} dep.
a9l
i:1
540
17.99
1.58
1.45
Q.{0&xg
a5

0,095

B.C

14.90

21

goe 1%




- TABLE 5.2.2

76

REACTOR  DIMERSIONS ( reference reactor)
Height (cm}

Inney core 135,95 100.4

Duter core 183.5% 100.90

Radial blarnket 232.17

Radial reflector 2B5. D6

Axlal Blanket - 3¢.0

Axial reflector 20,4

TABLE 5.2.3

REACTOR COMPOSITION
{ rafarance reactor)
Matarial wvolume fraction (%)
ZONE Core fuel £.5teel Blanket fual
{Pu02+U02} sodium type 316 Eﬂﬂz}

— — e
Core 28.06
Radial blanket 25.40 20.30 54.40
Axial blanket 331,53 28.06 38.41
Radial reflector 14.90 B6.0
Axial reflector 23.53 66,27
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TABLE 5.2.4

INPUT DATA FOR

DOUBLIFG TIME CALCULATION

Refueling fraetion
Processing loss fractien
External cycle time

Fuel cycles/ year

Cycle length

Annual load factor

;
24‘Pu half~-life

Fis=ile matarial

14.7 year

2]5ur 2391’11,

2,

7



TABLE 5.2.5

REACTOR CHARACTERISTICS

{ reference reactor}

-~CALCULATION RESULTS

78

Reactor power
Core fual
Blanket fual

Core enrichment
inner care

osuter sore
Power peaking factor

Fissile inwventory
{239Pu + 241 Pu )

Breeding ratio

Compound system doubling time
Doppler coefficient

Wa woid reactivity

Maximum powar density
Maximum linear power

Average discharge burnup
Maximum discharge burnup

Burnup  swing

w/o

ton

year
<T{dk/dt}
vAk/X
w/oe
W/ em
Muwd/t
MWd/t

LY.1.4

12600
{Pu,u]ﬂ2

UDZ

15.80
19-65

1.546

4.393

1.18
a9

=~£.BF=03
2.60
421.0
43%.2
T.3TSE 04
11.1%3E 04

2.86

Dhs. * means fuel congentration

|IHnﬂTu|c}D;PE$Qu.
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TABLE 5.2.86

REACTOR DESIGHN SPECIFICATIONS

Total coclant mass flow rate

Heactor power

Coclant inlet temperature

el pin

cuter dianeter of pin
diameter of pallet
cladding thirkness

fuel density

Pins per assembly
Max. power densilty

Max. linear power

W e

W/ om

1s5750.0

30c0.0

395.0

g.50
7,02

o.7a
85.0

271

431.0

439.3

79
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TABLE 5.3.1

BURNUP AND REACTIVITY CHANGE CDUE BURNLUP

Max.-discharge burnup 11.193E 04
(MWa )
Aver. discharge burnup

FBR -FBER

2.24

11.243E 04

7.433E 04

TABLE 5.3.2

PEAKING FACTOR,BREEDING RATIC AND DOUBLING TIME

LHYR - TER

Peaking factor 1.546
Breeding ratio 1.18%

Compound system Jdouhling
time {CSDT - year) 39

FER ~ FBR
i

1.555

1.191

34

g1



TABLE 5.3.3

DOPPLER COEFFICIENT AND SO0IUM VOID REACTIVITY

{ at ECEC)

Doppler coefficient
(T dk/3t) x lﬂ+a

Ha woid reactiwvity
{ “8k/% )

FBE - FrR

-68.1

2.73

TABLE 5.3.4

MAXTMUM LINEAR POWER AND COOLANT MASS FLOW RATE

IWE - FBR reR -~ FER
| —
Maximum linear powsr
{W/cm) 439.3 443.0
Coolant mass flow rate
{Kg/aec) 43.90 41.23

[LLETER
1. F

- J

82
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TABRLE 5.5.1

- REACTOR DIMENSTONS

{ cladding thickness= 0.40 mm)

Innar Core | 129.400 140.0
Cuter core 172.88 100.¢
Radial blanket £lz.87
Radial reflector £51.02
Axial bianket ; 30.0
axial reflector _ 20.0

TABLE 5.5.2

REACTOR  COMPOSITION
{ cladding thickness = 0.40 pm)

Material wolume fraction (%)
20NE Core fuel B.ateel Blanket fuel
(Pu0,+U0,} Sodiom type 3l6 (uo,)
— ——— o s e

Core 41.3 25.1 23.6

Radial blanket 22,0 17.3 60.7

Axial hlanket 35.1 231.6 1.3
Radial reflector 14.9 86.0
Axjal reflector 35.1 4.9




TABELE 5.5.3

NUCLEAR CHRARACTERISTICS
- RESULTS =
{cladding thickness = 0.40 mm}

H

Reactor powear

thermal ' MWth 3.006

electrical | mwe 1,200

* Core enrichment /o

inner cora 14.65

outer core 18.40
Fower peaking factor ' 1.547
Initial fissile inventory

{23ﬂpu + 24lPu} ton 3.981
Fpel density sTD 1]
Cladding thickness mm Q.40
Driver pin outer diameter r mm 7.90
Blanket fuel pin cuter diametear o 15.230
Breeding ratio || 1.248
Compound system doubling time yaar 249
Average burnup " MWA/ 7.628E 04

ch=. * peans fuel conwcencration




TABLE 5.6.1

NUCLEAR CHARACTERISTICS - RESULTS -

{ cladding thickness= 0.40mm, fvel density=503TD)

i

Reactor power

thermal Math 3.000

alectrical. Mwe 1.200

* tore enrichment : w/o

inner core 13.85

outer core 17.58
Power peaking factor 1.57&
Initial fissile inventory ton

(2395 + #41py) 4.002
Fuel denaity T ag
Cladding thickness mm 0.49
Driver pin outer diameter mm T7.90
Blanket fuel pin ocuter diameter mm 15.30
Breedipg ratic 1.270
Compound system doubling time year 22
Average burnup Mwd t T.281E G4

Chb=. * peans fuel foncentration




TABLE 5.6.2

SUMMARY OF'NUCLEAR CHARACTERISTICS 'OF THE MODIFIED HOMOGENEOUS

OXIDE REACTORS

~ Reactcr power (MWth)
.Cladding thickness (mm)
. Fuel density (% TDi
; Fuel.averége enrichment {w/0)
"Breeding ratio
: Compound system doubling time (y)

Reactor doubling time (y)

BOEC fissile fuel inventory ({(ton)

¥

Reference

reactor

3,000

30

Thin: .
cladding -

3,000 -
0.40
85 |

16.31
1.24
24
20

4,515

Hight
fuel density
IR

3,000
0.40
90
15.56
1.27
22
19

4.581

Blanket thick.

1.33 ST

3,000

0.7¢

Obs. * means fuel concentration

PTORE
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CHAPTER 6

CAREIDE FUELED HOMCGENEOUS REACTOR

E.1 TINTRODUCTION

Present commercial fast breeder reactor
developed or under development utilize the mixed oxide fuel
[Pu,U}n2¢ 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 10C
years / Chap.2/ to supply the reguired future energy demand.
Thus recent events have lead to renowed interest in advanced
fuels.

To advanced fus=ls are generally refertred
those different from oxide uranium or uranjium-plutonium fuel
and promissing better reajization of fast reactor potential
breeding capabilities. They include carbide, nitride,
phosphide and, in principle, metallic fuel. In Fig.6.1.1
four gpectra are plotted to exemplify the reactor core
spetrum dependence with fuel type.

Main advantages of advanced fuels
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compared to oxide cnes are higher depsity, higher thermal
conductivity and smaller content of neutron moderzting 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

frllowing improvements on reactor performance can be expected:

Higher rod power ;

Higher breeding ratio ;

~ Lower doubling time ;

= Initial plutonium inventory is smaller.

In this chapte:dthe design characteristics
and performance of plutonium-uranium carbide fuel are gomparad
with those of plutonium-uranium ¢xide fuel in a large fast
liguid 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 /368,37,38/.

Recently FBR fueled witn carbide became
attractive subject in many countries and most naticnal programs

are in the process ¢f evaluating the merits of these cora

concepts /39,40.41,42/,

Two primary advantages for using

carbide fuel in place of oxide are :
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- The density of carbide is approximately 30% higher
than oxide. This higher density reduces the reguired
concentration of fissicnahle material improving the

breading perfermance ;

- The thermal cenductivity of carbide is substantially
higher than coxide, approximately five times, and
slight variation with temperaturs is cbserved. It
permits larger fuel rod diameter meaning lower fabrication

cost.

A surmmary was made of fuel carbide
properties avaiiable in the literature /26,36,38 / to supply
necessary information to the cazlculations. These data are
listed in Table 8.1.1. The coefficient of thermal conductivity
of GC and UD2 are shown in Fig.6.1.2 as function of fuel
temperature.

Works are carried out in the direction
of improving advanced fyel fabrication technology. At present
experience in advanced fuel Znvestigation is limited tc tests

in experimental reactors /43,44,45,26,47 /.

6.2 FUEL PIN DIAMETER CPTIMIZATION

The performance of plutoniun-uranium
carbide fueled LMFBR was analyzed and compared with the
results previously cbtained from the study in the case of

pluatonium-oranium oxide fueled reactsr {Chsp.5 ).

P~ 4
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The main parameters of comparison are
breeding ratio, specific fissile inventory, doubling time,
sodivm 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 uzing doubling time as the
basias for choice, an optimum pin diameter was determined for
hemogeneous 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 €.2.4 .

For sach pin diameter burnup ¢alculation
was carried out and doubling time at equilibirum 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.B5 to 0.95 cm whereas the optimuwn

range for oxide fuel is about 0.60 to 0.70 cm 2B/,

6.3 NUCLEAR CHARACTERISTICS ANALYSIS
6.3.1 Reactor Core Geomelry

The design data of carbide fueled

homogeneous core considered in this steudy are listed in Tab.6.3.1.
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The reactor core contains 313 hexagonal fuel assemblies
arranged in twe radial core zones of different fual enrichment.
Different radial core enrichment is usually applied in crder
to flatten the radial flux profile,

Hexagonal fuel element contains 16%
fuel pins, 10.5 mm outer diamster, with core fuel (Pu,U}C in
the middle and fertile fuel (UC) at both ends. The radial
blanket assembly ceontaing 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 h=zated from 393 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 tc the high power
density for this fuel. Otherwise, on account of high thermal
conductivity &8 more compact core is pessible generating the

game total thermal power of that of oxide fuel.

6.3.2 HNuclear Performance

The calculated nuclear characteristics
for carbide fueled homogeneous reactor are given in Tak. 6€.3.4.
On the basis of these results the following comparisons are

important:



Higher breeding ratic
oxide fuel 1.18

carbide fuel 1l.42

Shorter compound system doubling time
oxide fuel 35.0

carbide fuel 15.7

Lower fissile inventory {ton)
oxide fuel 4. 607

carbide fuel 3.952

Higher linear power (W/¢m)
cxide fuel 439.3

carhide fuel 548.5

Emaller core volume { litre]
oxide fual 10,521

carbide fuel 8,815

Larger pin diameter (cm)
oxide fuel 0.85
carbide fuel 1.05
o
Smaller bhurnup swing ( % ak)

oxide fuel 2.86
carbide fuel D.1l6

{year}

109
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The Fig. 6.3.1 shows the radial power

density distribuetion at mid-core plane at BOEC.

£.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 guantified

in this section.

The cladding thickness of 0.45 mm was
assumed and new core dimensions as well as the material
compogition were determined and listed in Tah. 6€.3.5 and

Tab., 6.3.6 , raspectively.

An increase in the fuel volume fraction
is verified in conseguence of thin c¢ladding, thus a low fuel
concentration is reguired. The calculated characteristics
are listed in Table 6.3.7 . A significant improvement on
breeding performance was cbserved and a2 reactcr deoubling

time around 10 years was achieved.

6.4 SAFETY CHARACTERISTICS

In thi= section the sodium void and
Doppler effects in carbide fueled homogeneocus resctor are

analyzed and the differences in these two safety parameters

for oxide and carbide reactors are discussed, Table £5.4.1

gives the sodium veid reactivity and Doppler ccefficients
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for the two reactaors.

Sodium Void Reactiwvity

Sodium void reactivities were calculated
by eigenvalua differences assuming total reactor voiding.
Carbide reactor presents higher sodium void reactivity than
of the oxide reactor at all reactor life. The increase in
godium void reactivity with burnup are also greater for

carbide fuel.

The reasons for these differences are:
~ Carbide reactor has a higher heavy-metal concentration;

- Carbide reactor presents a greater sodium volume

fraction.

Sodium void effect increasez with
burnup due to high plutonium isstope production. As can he
observed at beginning of life (BOL) the sodium void reactivity

iz low for both fuels.

Doppler Cocfficient

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

The carpide reactor considered has a

higher fertile-to- fissile ratio and heavy metal ccncentratioﬁ
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but its 5pe¢trum.i$ harder than oxide reactor as illustrated
in Fig. €.4.1. Conseguently the Doppler cosfficient of the

carbide reactor is less negative.

" Another difference betwesn 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 Doppler effect is
important to know the fuel temperature adopted for the deter-
mination.

Dopoler effect is defiped as change in
reactivity due to the rise in average reactor fuel temperature
and it is determined by direct eigenvzlue ¢alculations.

In this study the temperatures considered

are 3

- for oxide fuel 1009 ~——w———ap 2100 K

- for carbide fuel 1000 ———— 1200 K

These temperature ranges wera 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 (X) Doppler coefficient
1000—p 1400 -0.0035
1000 ~——p-1800 ~D.0059
1008 —»2100 -0.0078

-

If the same temperatures were taken

for carbide and oxide reactors the Doppler coaefficient for

twoe 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 hefore the melting point is reached,
limitation of the fuel ¢enter temperature to a maximum of
about 1800 °C is feasible for technical reasons /36/.

Despite a low permitied 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
Takle 6.5.1, The fuel pin taken is that located at point
where the power generation is maximum inte 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 da not

excaed the limiting temperature.

6.6 RESULTS

Comparison of the plutonium-uranium
carbide cores with the plutonium-uranium oxide cores shows
that the breeding performance cf the former is superior .
With the carbide fueled homogeneous reactor a breeding ratio
of 1.4% and a2 doubling time of 11.8 years result, while
the bast 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 carbhide fuel.

Tc make good use of the carbide fuel
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uT

§is

breeding performance and o ensure a low positive sod

.

void reactivity a carbide fuelied haterogenecus sonfiguration’

is recommendzd.
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TABLE 6.1.1

PROPERTIES OF CARBIDE AND OXIDE

FUELS * 736/

Fuel
. pe
CharacterlstlcS» OXIDE CARBIDE
vo, PO, ' (Pu,U)0, 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/0) 11.8 4.80
Thexrmal conductivity (W/cm)
at 3500 °C 0.047 0.16
1500 °C 0.025 0.17
1000 °C 0.027 0.177

9Tt
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TARLE 6.2.1
FIXED DBESIGN FARAMETERS

Total reactor power (MWth) 3000
Core helght (cm) 100.0
Thickness of sach axial blanket

{em) 0.0
Thickness of each amxial raflector

{cm) 20.0
Radial blanket thickness (row) 3
Fual pellet dengity (3TD}) 85,/%58

Maximum Dburnup (MWd/T) 1.0 % lﬂs




118

J oo _
e |
be
1l 3
v i B
n. _q
P
¥ £ £ ) £ 2equmiu T2 N
szt 0gE 762 LEZ £62 ( Aep) 3Iubuat @12hD w
r|
150 ZE"D YE*O 9E° G gt 0 . SYRIPOR -
vZo 9z 0 Lo 6Z°0 00 __ SIR3oNI3s e
Sp°D zp'0 6E°0 - SE°0 ZE"D Tong 2
&
OT}EI BUmMToN w
_—_ b .H L
09" 591 09 TLT 0€ 65T T AL 23 OL*6ET (wam) yo37d Kcuassy o
=
691 691 69T 69T €91 ATquerse o
rad suyd [eng Jo IIQUOH %
TT°T Z1'1 P11 ST 91* 1 FazomeTp
o3 yoatd urd 1eng
e e ==
STIT 5 0T 6 58 08 {uw) go utd TIng

SHOISHT ATIWISSY MV HId 4nd 23400 2'2"9  g1avy

*a
i



11%

9z'0 920 Lz°Q 62°0 BZ 0 BINIONAE
a1'0 610 0Z'0 zz0 £E2*0 WA TPOS
95°0 €50 ES"0 g5 o &b 0 an3
« OTIRX punoh
09-$B1 05" ZLT OC "esT 0Z" 9% T DL*6ET __ {es) go31d  Arquaswy
19 19 9 [4) 19 ATquasse
Zad purd Tang Jo Zacumny
§0°1 01T ag 1 L0 Lo 1 OTIRI IDIOWV TP
o3 yoztd wid [eng
0°0z S BT 691 A bepl {ud) a; utd TaNd
SHOISAQ X1EWASSY aMY  KId  18d L3NNG £*Z°9 314Vl




129

0°5LZ 0°952 0" 9z 0" 112 203337399 TeTPWY
B TbZ 0'p2T 0°LOZ 0°06T JasueTs TETRPY
0 06T 0 9L 0*E9T 0 6¥1 3103 I=3300
aszvl 0°ZET RT3} 0° 211 2103 JOuUT
e ———t —n |.-.|.I.Hﬂ
saThEL
§ 1T N 56 $°B AuSTRATAR
{anar}
do utd
SHOLSNAWIA  GOLOVAY prz'9  E16VI

+



_TABLE 6.3.1
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BEACTUR CHARBCTERISTICS
{ carbide fuel )

Feactor thermal power Muth 3.000
Reactor electrical power M= 1.200
Coolant Ha -

core inlet temperature °c 395

czre octlet temperature ot 545
{ore height cm 149a.0
pxial blanket {upper/lower) o 30.0/730.0
Axial reflector cm 20.0
Core diameter cm 321.9
Fadial hlanket o 3
Radial reflector row 2
Nurber of assemblies

inner core 160

outer oore 144

radial blanket 216

reflactar 1?§
Funel cycle lenght day 255
Load factox I 0.7

Humber of refueling kakches

icore/radial blanket} k¥




TABLE 6.3.1

REACTOR CHARACTERISTICE

{cont.]

12

Fuel assemily desiqn
fuel materiz]
dansity
pins per assembly
lattice pitch
fuel pin OD
fuel paliet 0D
cladding material
cladding thickness

wire diametar

Fadial hlanket aszembly design
blanket material
pls per assembly
pin 0D
pellat od
cladding thickness
fuel density

wire diameter

g B

B

cIn

“ 8838

2

(Pu, U
g5
169
17.83
1.05
0.802
58 116
0.a7
0.12

{UC) dep.

81
185
1,72
0. 085
95
0.0%95




"TABLE 6,3.2
- REACTOR

" carbide fuel)

DIMENSIONS

123

Inner zora

Outer core
Fadial blanket
Radial reflector

Axial blanekt
Axial reflector

| Equivalent outer

0.0
20.0

Kaight (om)

TABLE 6.3.1
' REACTOR MATERIAL COMPOSITION
{ carbide fuel )
kKaterial wolure fraction
ZONE Core fual Sodivm S.steal Blanket fuel
_ {Fu,UlC type 315 tuc}dep
e T e e e |
Core 0.39 0.37 0.24
Radial klanket 0.31 0,18 0.51
Axial blanket 0.37 .24 0.39
Radial reflector 0.14 0.848
Axial reflector 0.37 0.63
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.TABLE 6£.,3.4

REACTOR NUCLEAR CHARACTERISTICS -RESULTS-

{ carbide fueled homogeneous reactor)

% Core fuel enriciment w/o

inner core 11,75

cuter core i4.75
Blanket fuel epnrichment

233u wio G9.8

235u 0.3
Fual density ® D 85
Cladding thickness mm - D.TO
Driver pin outer diametar - wm 1G.50
Blanket fuel pin cuter diameoter o 18.50
Power peaking factor 1.566
Initial fissile plutonium inventory : tan 3.705
EBreeding ratio 1.42
Compound system denbling time year 15.7
Reacter doubling time year 14.3
Average burnuop MWd/t 5.812E 04

* maans fuel concentration
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TARBLE 6.3.5 : :
) REACTCOR DIMENSICHNS

{ carbide fuel, ecladding thicknase= 0. 45mm}

Equivalent outer
radius (cm)

. Height (cm)

Inner core 11?.? 100.0

Ogter core : 160.2 100.0

Badial blanket 208.3

Radial reflector 240.5

Axial blanket _ 30.0

Axial reflector ) 20.0 .

TABLE 6.3.6

REACTOR MATERIAL CCOMPOSITION

{ carbide fual, cladding thickness=D.4Smm)

Material wvolume fractison . 1

ZO0ONE

Core fuel Sodium 5.5teel Planket fuel
(P, NC type 316 EUC}ﬂEP
Core Q.42 0.38 g.20
Radial blanket 0.29 0. 17 Q. 54
hxial blanket Q.38 0.20 Q.42
‘Radial reflector 0.14 0.86
_ Awial reflactor 0.38 0.62
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- TABLE €.3.7

- REACTOR NUCLEAR CHARACTERISTICS

- RESULTS-
{ carbide fuel, c¢ladding thickness= {.45mn)

* Fuel enrichment w/0

inner core 11.0

cuter cora 13.55
Fuel density 1 1D 85
Cladding thickness n . 2.45
Criver pin outer diameter e 10.00
Blanket fuel pin outer diareter i 18.Q¢
Power peaking factor “ 1.634
Initial plutcontun inventory

>3+ #pu ton 3.441

Breeding ratio d 1.49
Compound system doubling time h year 12.80
Keactor doubling time 1 vear 11.80
Average burnup MWd 5E.7T97E O4

Cbs. * meang fuel concentration



TABLE 6.4.1

SODIUM VOID REACTIVITIES AND DOPPLER COEFFICIENTS

FOR OXIDE AND CAFBIDE FUELED REACTORS

127

OXIDE FUEL
r_ BOL slED EIEC
Sodiym void reactivity,
total core . Ak 0.0199 0.0228 0.0261
boppler coefficient )
total core ,T g‘i x 104 - 92.0 -H54.0 - 68.0
dt
CARBITDE FUEL
ECL BOEZ EQEC
Sodium wold reactivity
total core A X 0.0224 0.0260 0.0306
Doppler coefficient
total core, T ék ;f,.‘:.EII‘4 - 54.0 -59.0 - 42.0
dt

Obs: Iscthermzl Doopler for sodium in core:

1000 —p 2100 K for oxide

én& 00— 1300 K for carbide

I = F

IMETITUIS DE PES Uy SR E ol D7 F " I7 2% &epye

- —— 3

< sred |

e
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CHRPTER 7

HETERQDGEHEDUS REACTORS

7.1 INTRODUCTION

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

Tt is known that there is not a just
one heterogeneous reactor but a great variety of heterogeneous
cores depending on the arrangement of the interral blankets
assemblies into the core zone. We can mention the heterogeneons
core with the axial internal blankets { the axial hatarogeneous
core) /29,30/; the heterogenecus cores with the radizl internal
blankets { the radial heterogeneocus core) /48,49,50,51/ and
the modular island core /31,5867 .

A systematic methods for designing

heterogeneous configuration having a Ilow value ¢l sodium
void reactivity is presented in the ref. /48/ and itz conclusion
is that among several core configurations the hetercgeneous

that consist of sucessive ragias]l core and hlanket zohes
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{(radial heterpgensous core} are very promissing .

The arrangement of the internal blanket
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 neuwtronic coupling
between different core zones. As the thickness of the internal
blanket zones increases the nevtronic e¢eupliing among the
core zones decreases and this increases the sensitivity of
the power distribution.

The comparative studies /51,53,56,57/
between heterogeneous and homogenecus conficurations have
shown the higher breeding perfeormance and lower positive
sodium void reactiwvity for the former core. Severai experi-
ments for sodium voi¢ and physics properties measurements
have been made in experimental reactors such as ZPPR and
Masurca f54,55f.

Many studies were divulged in the
international c¢onferences as those held in Chicaga /38/,
London /60/ ,Prance /59/ and IDAHD /61/ where the safety
and economic aspects of heterogenecus configurations were
discussed,

Biley /22/ suggests that the relative
tightly coupled { no more than two—-row blanket width) radial
heterogenecus cores with optimom fuel pin design provide a
better balance between the nonensrgetics core disruption

safety feature and the ecoromic performante.
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_ The heterogeneous core concept is

being widely investigated since last vears and the applicability
of this concept for large commercial reactors is being
evaluated currently by varicus laboratories. In spite of the
advantages presented by heterogenecus configuration it has
not a defined plane to date its introducticon into the planned
reactore. The breeder proeram in the world has_been congen=
trated on the mixed vranium-plutoniuvm oxide fuel,

In this chapter , in order to evaluate
the carbide fueled radial hetercgeneous core performance, the
characteristics of three configurations were investigated,

and the results compared with those of oxida fuel.

7.2 CARRBIDE FUEL
7.2.1 Reactor Configurations

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

The optimum pin diameter determined
far homogeneous reactor was utilized in all heterogeneous
calceulations. In addition the intermal and radial blanket
assemblies are identical in desian. The core height and the
fuel assemblies design were fixed for all the configurations

considered but for the case (2-2) two pin desigrs were
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selected, one conventional with 0.70 mm cladding thickness

and other with 0.40mm .

fases (2-1) and {(3-1) have same internzal
blanket wolume ratioc of 18% while case (2-2) has higher
volume ratic, approximately 28%. In all the configurations
the refueling ﬁf the core zones and internal blanket
assenlies is performed gach year with 1/3 ¢f the assemblies
eplaced. The radial blanket has a fuel cycle length of &

years.

7.2.2 Huclear Characteristics

The calrulaticonal method and the cross

section data employed for the nuclear characteristics calculations

were the same those utilized in homogeneous core.

. The ¢eneration of the Equilihrium_cycle
was performed by the two dimensicnal R-2 geometry three group
burnup calculations., The plutonium loaded is that from LWR.

The R-% configurations of the hetero-
geneéus cores for the paraﬁet:ic study are shown in figs. T.2.2,
7.2.3 and 7.2.4 and the performance characteristizs at FOEC
analyzed for three cores are given in Table 7.2.1. {omparisons
are made with those of the oxide heterogenasus 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 obtainad

resulted in the following concluslong:
- Breeding Ratic

Small or no difference was seen in
breeding ratio for the three heterogeneous configurations
considered but when cnﬁpared with homcgeneous 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 asﬁemhlieg ant its effect ﬁn the
neutron impertance. The neutron spectrum in the hetercgeneous
design has higher average energy that tends to improve
breeding pérformance‘

On the other hand when compared with
oxide heterogenecus reactor a substantially increase in
breeding ratic 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 heterogensous core
because high fissile jinventory reguired to makes reactor

critical.

But 16§ years of the carbide compared
with 32.7 years to the oxide represent a significant reducticn,

near 50% in doubling time.
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- Burnup Swing

Generally the reactivity change with
burnup is smaller in hetErnéeneuus than homogeneous core for
tha same fuel pin diameter. The degree of nevtronic coupling
in a radial heterogenecus 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
7.2.1. For the same core coenfiguration using oxide fual
results a higher burnup reactivity due smaller fuel pin

diamentex.

Changing fuel c¢ladding thickness the.
breeding ratio will increase due to fuel volume fracticon
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.
hs illustrated in Tab. 7.7.2 a brreding ratioc of 1.5Z and
reactor doubling time cf 13.0 years were achieved for this

cake.

The powar distribution in heterogenecus
design is very sensitive to enrichment distribution apd to the
thickness of the internal blanket. The flux distribution for
the three c¢ases are illustrated in Figs. 7.2.5 , 7.2.6 and

7.2.7 ,
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7.2.1 Safety Characteristics

Sodium void reactivity and Doppler
coefficient were calculated at ECEC as inherent reactor
gafety related parameters and listed in Table 7.2.3.

The sodium void reactivity is smaller
in the heterogenecus core than in a homgeneous core by
rougly a factor of twe. All the sodium void reactivities
have been calculated determined from direct keff calculations
for the veoided and unvoided reactor. Both fuel and blanket
{axizl and internal ) zones were considered voided.

The sodium void decrease for the radial
heterocgeneous core is mainly caused by the increment of the
leazkage neutron from the c¢ore inte 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
homogenecus and lheterogenecus configurations are given in
Table 7.2.3. The Doppler coefficient at core 2one is
smaller for hetercgenecus core due its high fissile errichment.
For heterogenecus reactor an additional Doppler feedback is
verified from internal blanket zones, thus considering total
core small difference is observed between heterogenecus and

homogenacgus configuraticns,
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7.2.4 Results

Three heterogenecus core confiqurations
have been analyzed. The nuclear characteristics are guite
equal fér all the cases but the sodium void reactivity is
lower in the lcosely coupled case.

The breeding ratio increased near 3.5%
and doubling time reduced approximately 12% relatively to

the homeogeneous core.

The fissile inventory of heterogeneous
core is 30 to 50 % higher than of the homogenecus design and
for the same residence time average and pezk hurﬁup gre lower
in hetercgeneous design. Comparing the burnup swing for
same fuel pin diameter, it found that the burnup swing is
smaller for hetercgeneous case and this reductiosn depends on
the neutronic coupling., For the tightly coupled configuraticn
the burnup swing is smaller than that for loosely core.

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

For heterngeneous configuration the
degree of neutronic coupling affects the socdium veoild reactivity
and it is lower for loosely coupled core. The reduction in
sodium vpid reactivity relatively to the homogenecus is 30

to 60 %.
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Although the thick internal blanket
zong induces a low sodium wveoid reactivity, great decoupling
reduces core performance. Consequently, to design heteroge-
necus core the compromise between sogdium veid effect and core
performance must be analyzed.

From the results of the present study
we conclude that the configuratien {(2-2) with thin cladding,
6.40 mm thickness , can offer a short doubling time of 13.0

vears and low positive scdium void reactivity.

7.3 EUDMMARY OF CARBIDE FUEL DEVELOFMENT 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 additen, the good tharmal
conductivity permite a hig linear power, in conseguence &

shorted soubling time is achieved.

However , in order to use carbide fuel
to improve on the oxide fuel econcemics a number of difficulties

muist be overcome.

The main areas of regquired development

are:

1l - Davelopment of fabrication techniques

For fahrication of mixed carbide fuel,

various procedures exist /36,43,45/ but & real fabrication
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rogte on an industrial scale is not yet developed. The
fabrication process of carbide requires & special
facilities for handling the fuel in low oxigen and low
moisture atmosphere.

Therefore a comparison of fabrication
between mixed oxide and mixed ca¥bide is not possible
today, taking inte acecount the fact that the state of
technology rezchcd in mixed oxide fabricaticn is

much more advanced.

2 - Cladding material development

As oposite to the oxide fﬁel, the
compatibility of carbide fuel with cladding material
like as stainless steel constitutes a sericus prablem
in the design of a fuel element. A& new material like

vanadium alloy is econsidered /38/ .

3 - Demonstraticn of high exposure -high temperature

irradiation.

Demonstration of the satisfactory
behaviour of (Pu,U)C fuel is required for exposure of
approximately lUﬂIUDU MWD/t. The fuel swelling and

creep must be investigated.
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4 - Fuel reprocescsing technology

Reprecessgzing for (Pu,UlC fuel still

has tg be developed.

The irradiaticn experiments performed
for the carbide fuel in experimental reacters as Rapscodie and.
DFR and EBR-IT, 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 experiments;
post-irradiation examination and evaluation data. Introduction
of carbide fuel into SWNR 743/ are aliso being considered.

The cbjective of French irradiation
program /40/ is to determine the satisfactory behaviour of
carhbide fuel under high exposura. 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 ,f40,42,43/. For a number of carbide fuel burnup
up to 70,008 MWD/t have already be obtained withouwt faijure

/42/. The experimental results showed alsc that the carbide
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fuel swell meore than oxide and that the degree of swelling
depend very moch on the fuel center temperature /40/.

Irradiation testing of mixed carkbide

fuel however lags considerably behind that of oxide. The

urgent need for an acceleratsd carbide fuel testing program

is clear.
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TARLE 7-2.2

REACTOR NUCLEAR CHARACTERISTICS
CASE { 2-2) - BESULTS =

{ eladding thickness=0.45mm)}

"Fuel enrichment v/ 15.1/17.66/17.01
Fuel density a 1D es
Cladding thickness mmn 0.45
Eriver pin outer diameter Nl 9.0
Blanket pin outer diamenter . | ig.0
Internal blanket wolume ratio .28
Fissile plutonium initial inventory ton 5.017
Eresding ratio 1.53
Reactor doubling time yEar 13.0
CEDT Yeay 1l4.5
Peaking factor 1.68
Maximun burnup . Mwd/ton 2.102E 04
Core outer radius om 152.0
Fuel wolume fraction .42
Ma woid reactivity {1ﬂ-21 1.09
boppler coefficient (T 4k )X lD4 -71.0

dt

dbs. * means fuel oconcentration



TABLE 7.2.3

DOPPLER COEFFICIENTS AND NA'VOID’REACTIVITIES,AT LOEC

CARBIDE

OXIDE
HETEROGENEOUS HOMOGENEOUS HETEROG. HOMOG.
(2 - 1) (3 - 1) {2 - 2) (2 - 2)

Doppler coefficient . .
" Core -0.0058 ~0.0062  -0.0061 ~0.0073 -0.0087 -0.0026
Core + AB+IB -0.0070 " -0,0074' -0.0073 -0.0078 -0.0112 -0.0103

Na void reactivity , _

Core + IB. 0.0181 0.0167 0.0098 | 0.0093

Core + AR + IB 0.0236 0.0224 0.0144 .0.0306 6.0260

6v1
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HETEROGENEOUS CONFIG,URAT'ION ~ CASE 3-1
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CHAPTER 8

ANALYEIS OF IMPROVEMENT IN BREEDING PERFORMANCE OF

RETEROQGENEQUS CONFIGURATICN CORE

8.1 INTRCDUCTION

For the same power, core height and fuel
pin design, the heterogenecus configquration presents a
higher fertile inventory, a larger breeding performance an
smaller sodium void reactivity than the homogeneous one.
This improvement in breeding ratio c¢an be attributed to the
increased fertile material inventory and the spectral variation

due to the internal blanket 2che .

The purpose this study is to analyze
the changes in breeding ratio that result from introduction

of the blankest assembhlies into the core zone.

8.2 NEUTRON SPECTRUM AND FERTILE MATERIAL INVENTORY EFFECT ON

BREEDING RATIC

B.2.1 Methodology

The convehtional breeding ratioc may be

written, in terms of neutron halance as :
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fv-1)=-a -7 ~-L+ {u'~ 1)4§

BR =
l+a
Where
a = capture to fisgion rate ratio for the fisgile matexial
v = average number os neutron per fissile fissien
v' = average number of nesutrons per fertile fission
& = fertile to fissile fisszion rate
n = nautron production to zbscorption rate
P = parasitic capture to fisgsile fission rate ratio
L. = leazkage toc fissile fiszion rate ratic

If only Pu-239 and U-238 are considered

we have the following new expression for B.R,

y 238
B.R. = ﬁjgrl-biﬁasi 1 - 235 ] 2239 ~ laosses
v
a

Where losses include neuntron leakage and parasitic caplure.

The breeding ratio depends on n . v , ¥y

PR and these data vary with spactrum and fuel compo-

sition. Pig.8.2.1 shows the variatien ef n with energy for
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-233 ,U-235 and Puo-23%. 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 eguivalent homogenecus and
hetercgenesus cores were analyzed. 2Rlso breeding ratio
for several neutron spectrﬁ were calculated to verify the
effecf of the gpectrum on B.R. The analysis were magde
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

Uswally in the heterogensous reactors
the internal and radial hlanket assemblies are identical in
design, and the fuel volume fraction is higher than of the

core rone.

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

hlanket zones as are shown inTable B.2.1.

g e BUCF ~RES®

Lo £

gTITUT0 DE PESCY

K
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Where
DV means that internal blanket zones have 3 larger

fFuel volume fraction than core zones.

SV means that core and internal blanket zones have

the same fuel volume fraction.

Rreeding ratio, breeding ratic changes,
fissilie 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 inventeory and
neuntron 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 1s smaller for the former case.

8.2.3 WMNeutron Spectrum

The effect of neutror spectrum on breeding
ratic for heterogeneous confiquratian was varified through
‘a mederator introduction in the core zone .

The hetercgeneous core has a harder
nedtron spectrum in the core region than the homogenecus 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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heteraogeneous core spectrum and the breeding ratioc was deter-
mined for each spectrum. Hydrogen was choeosen 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 parasitiec effect , only the elastic and inelastic scattering
were considered.

As a measure of spectrum softness with
moderater fraction , the fraction of the neutron flux for
energies D 140 keV is listed in Tab. 8.2.5 for case DV
and pin OD= 10.5 mm. Tab. B.Z.4 shows the fast neutron fraction
for the different core configqurations.

From the Tab. 8.2.5 it appeared that when
the moderatcr fraction is egual to 0.0025 the hetercgeaneous
core fast neutron flux is near +that of the homogensous core.
The reaction rate changes for Pu-23¢ , Pu-240, Pu-241,Pu-242
and U -238 with moderator are illustrated in Figs. 8.2.2,

B.2.3 and B.2.4., Spectral hardening in core region improves

total bredding ratioco due to:

= Reduction in the rate of the parasitic absorption in

isotopes of plutonium ([ Fig,B.2.4);

- Increase in the fission rate of U-338 in the internal
blanket zone { Figs.§.2.1 angd 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 hetercgenization does not improve
siénificantly the breeding ratic when the core and internal
blanket zones have the same fuel volume fraction. For cases 5V and
DV and pin OD=10.50 the effect of each compecnent,i.e ,fertile.
inventeory and neutron spcetrum, was verified and the results

are:
Breeding change (%)

Effec 5V DoV
fertile jnventary 2.40 3.50
spectral 0.50 G.60
tetal 2.90 4.10

One pay see that the fertile inventory
effect contributes more to the breeding ratio improvement for

heterogeneous configuration,



A

TREIE 8.2.1

INTERNAL, BLANKET MATERIAL VOLUME FRACTION

1g3

Material

Pinn Outer Diameter

{ e}

8.

0

10.50

Fuel g.3% 0.50 0.39 0.51
Struecture 0,29 U.22 0.24 f.18
TABLE 8.2.2
BEEEDING RATIO CHANGES WITH TERTILE MATERIAL
INVENTORY
Fuel Pin Outer Diameter (mm)
Confi ti
enfiguration 8.50 10.50
BR BR BR ERr
— |
Homogeneous 1.185 —_— 1.222 -
Heterogeneous
oty 1,172 o.061 1.272 0.041
BV 1.139 0.03]1 1.257 0.329

Ohs: DV- Internal Llanket zones have a larger fuel volume Eraction
than the core zone.

SV- Core and interna)] blanket zones have the same fuel volume
fraction.

[METITUTO CE PESQU F v 5F
. = k. M

e
vLE BT

HZF ti1T1 TARESR |




TABLE 8.2.3

SPECIFIC FUEL INVENTORY AND BR FOR DIFFERENT PIN DIAMEfERs

Fuel Pin Outer Diameter 8.50 mm Fuel Pin Outer Diameter 10.50 mm
Homogeneous DV sV -Homogeneous
e
Enrichment (av),% 15.09 17.02 16.62 13.20 15.20 14.80
Specific fissile .
inventory,kg/MwW 1.029 1.241 1.210 - 1.242 1.72¢6 1.693
Specific fertile :
inventory, kg/MW 7.943 10.797 10.084 11.110 17.383 16.439
Core breeding . v
ratio 0.952 0.800 0.823 1.072 0.889 0.911
Internal blanket . | |
breedifly ratic - 0.243 0.190 ° -~ 0.233 0.2 v
.233 ©0.207

Total breeding .
ratio 1.105 1.172 1.139 1.222 1.272 1.257

Obs: DV- Internal blanket zones have a larqger fuel volume fraction than the core zoné-
’

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

poT
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- TABLF B.2.4

NEUTEOM FLUX FRACTION (%) FOR EWERGIES } 100 keV

Pin OD= B.50 mm Fin OB= 10.5% &m
Configuration- core Internal core Internal
hlanket, Blanket
Hotogenesus 68.5 — 66.5 —
Heterogeneous
DV 69.3 &5.0 69.7 63.0
sV 68.1 e4.7 . 894 2.6

Obs. DV: Internmal blanket zones have a larger fuel volume fraction
: than tha core zone ;
5¥: Core and intermdl blankst zones have the same fuel
volmme fraction.

TRELE #.2.5
NEUTRON FLOUX FRACTION (%) FOR ENERGIES 100 kaV
AND BEREEDING RATIO

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

Maderator Internal
Eraction - Core . blanket B.R.
i —— T —— T ——————

0.000 69.7 63.0 1.272
0.0025 68.5 62.3 1.265
0.005 67.3 6l.5 1.258
2.010 &4.9 60.0 1.24%
0.015 62.5 58.5 1.222

J.020 60.3 56.9 1.202
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CHAPTER 3

CONCLUSIONS

In the preceding chapters a variety of
gspecific cnnclusiaﬁs have been reached goncerning the breeding
performance of the several fast breeder core configurations.

A major conclusions of this work are
..summarized below:

1l - Oxide Fueled Homogeneous Reactor
Calculations were performed ta-verify the.ﬁffect cf the
several basic parameters on breeding ratio. The reactor
doubling time and breeding ratic of the medified cores
ware compared with those of the reference reactor (

based on Super Phenix design } and we can conclude:

- The blanket thickness affect on breeding ratic was
identified until an increase of 2 rows of fertile .
assemblies in the reference radial blanket. Purther

increase in thickness causes negligible changes.

- Cladding thickness change from 0.70 to 0.40 mm
resulted in a considerzble improvement in doubling
time, achleving a value of 20 years that corresponds

2 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 yeara.

From these results it is concluded that,
among design parameters considered, the cladding thickness
change induces the most impacts on doubling time in

consegquence of the fuel volume fraction inecrease.

2 - Carbide Fueled Homogeneous Reactor

Comparisons between oxide and carhide
fuels show that the breeding performance is iﬁprnved
significantly for carbide fuel. With this fuel & 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, carhide
fueled homogenecus 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 hetercgenecus configurztions are

favorably recommended.

3 - Carbide Fueled Heterogeneous Reactor

Among the heterogeneous configurations

analyzed the loossly coupled core presants a iower sodium
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void reactivity { case (2-2) )} without penalizing the
breeding performance. For this case the douwhling time
achieved was 13.0 years and maximurm sodium veid reactivity

is approximately $2.50 .

Finally collecting the rasults from the
core design studies performed to improve the reactor donbling
time, we shall find a relation between reactor doubling time

{RDT} and core configuration as listed in Tahle 9.1 .

The carbide fuel in fast breeder reactor
cffers the promise of significant improveﬁent in the reactor
performance. Put in order to evaluate the future potential
of carbide, the characterigtics of this fue]l mest be investi-
gated in depth and the several prolilems listed in Chapter 7
ﬁﬁst be overcome. Recause of the lack of experience with

carbide fuel an accelerated testing program is regquired.
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