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ABSTRACT

An evaluation of the neutronic, thermal-hydraulic, mechanical
and economic characteristics of fast breeder reactor configurations
containing an internal blanket has been performed. This design,
called the parfait blanket concept, employs a layer of axial blanket
fuel pellets at the core midplane in the fuel pins of the inner enrich-
ment zone; otherwise, the design is the same as that of the conven-
tional LMFBR's to which the parfait configuration was compared.

Two significant advantages were identified for the parfait blanket
concept relative to the conventional design. First, the parfait con-
figuration has a 25% smaller peak fast flux which reduces wrapper
tube dilation by 37% and fuel element elongation by 29%; and second,
axial and radial flux flattening contribute to a 7.6% reduction in the
peak fuel burnup. Both characteristics significantly diminish the
problems of fuel and metal swelling.

Other advantages identified for a typical parfait design include:
a 25% reduction in the burnup reactivity swing, which reduces control
rod requirements; a 7% greater overpower operating margin; an
increased breeding ratio, which offsets the disadvantage of a higher
critical mass; and more favorable sodium voiding characteristics
which counteract the disadvantage of an 8% smaller power Doppler
coefficient. All other characteristics investigated were found to
differ insignificantly or slightly favor the parfait design.
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Chapter 1

INTRODUCTION

1.1 FOREWORD

The goal of the fast breeder reactor program, in this country and
abroad, is to develop a source of low cost electric power for the
future. By-products of a successful program and therefore further
incentives for the development of this reactor type, include a means of
protecting the investment in light water reactors against rising
uranium ore costs, and a means of making efficient use of all uranium
resources (E1).

The work reported here was carried out within the MIT Blanket
Research Project, which is part of the AEC's Liquid Metal Cooled
Fast Breeder Reactor (LMFBR) development program. The general
scope of this project involves experimental and theoretical investi-
gations of the characteristics of the blanket and reflector regions of
large LMFBR's, This report describes the results of an evaluation of
an advanced configuration called the parfait blanket concept. This
concept retains the external axial and radial blankets of a conventional
fast reactor, but also employs a disc-shaped internal blanket region
inserted at the core midplane.

The consideration of internal blanket regions in fast reactor
design is not a new concept, but earlier studies appear to have opti-
mized a design for only one performance characteristic, and were

carried out at a time when many of the difficult fast reactor design
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problems, such as swelling, were, as yet, not fully appreciated.
Some of the previous major design efforts involving internal blankets
are discussed in the following section, The remainder of this chapter
is devoted to describing the scope of the present work and to outlining
the guidelines for the evaluation performed, The chapter concludes

with an outline of the remainder of the report.

1.2 PREVIOUS INTERNAL BLANKET STUDIES

The distribution of fissile and fertile material in a fast reactor
core is used by reactor designers to achieve specific core character-
istics. The core configurations of the IOOO—MWe LMFBR Follow-On
Studies (A1) conducted during the mid-1960's, reflect an overriding
effort to minimize the positive sodium void coefficient. The reactor
cores under consideration at that time, two of which include internal
blanket regions, are sketched in Fig. 1.1, Each makes use of a
"spoiled" geometry to increase leakage from the core. In its study,
Westinghouse evaluated each of the different core configui*ations, and
summarized its results as shown in Table 1.1 (H1), Westinghouse
selected a modular core design consisting of seven modules., In later
evaluations, however, the number of modules was progressively
reduced to four, then to three (S1), and finally the concept was
abandoned along with all of the other configurations, except for the
short cylindrical core employing zones of different plutonium enrich-
ment to achieve radial power flattening.

The annular and modular core designs both made use of axially-
oriented, full-length internal blanket assemblies. Neutronically

similar internal blankets were also considered in the study of the
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TABLE 1.1

Qualitative Comparison of Core Configurations (H1)

Core Type ngdi.um Bree@ing Core CQntrol Core Hot Peak/Average
oid Ratio Inventory Requirements Channel Factors Burnup
Cylinder, 1:1 Bad Good Excellent Excellent Good Bad
Pancake Good Good Good Good Good Good
Annular Good Excellent Bad Excellent Excellent Good
Modular Island Good Excellent Good Excellent Excellent Good

1¢
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Ordered Bed Fast Reactor Concept (E2), and by the Japanese (E3).
Larsen reported (L1) that a variation of the modular concept which
included an axially-oriented internal blanket region at the center of
each module exhibited substantially reduced reactivity requirements
and an improved maximum to average core radial power ratio.
Each of these concepts, however, has the disadvantage that the full-
length internal blanket assemblies experience large power swings
during irradiation, and, if orificed for their end-of-life power
generation rate, contribute a large penalty to the mixed mean coolant
outlet temperature over much of the core life. In addition, the
replacement of a fissile-loaded portion of the core by an absorbing
blanket region requires an increase in the initial critical mass.

Other internal blanket configurations have also been considered.
In addition to annular cores, the Russians have evaluated "infinite
lattices of heterogeneously-arranged large fuel cassettes distributed
in breeding zone material'' for which a reduced reactivity requirement
has been reported (L2).

Work’was also done at both Argonne National Laboratory (L3) and
Westinghouse (H1) to evaluate multiple layers of horizontally-oriented
core and blanket material regions for the purpose of minimizing the
positive sodium void coefficient. And finally, a central blanket was
included in Assembly 3 of the ZPR-III Facility experiments (1L4).

In spite of the large number of internal blanket concepts which
have been investigated in the past, none is currently the reference

design for large fast power reactors.
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1.3 OBJECTIVES AND SCOPE OF THIS STUDY

1.3.1 Problem Statement

The purpose of this study was to evaluate the neutronic, thermal-
hydraulic, mechanical and economic characteristics of the advanced
fast breeder reactor core and blanket configuration shown in Fig. 1.2,
The configuration, called the parfait blanket concept, consists of a
conventional short cylindrical core with a thin, horizontal layer of
blanket material inserted at the core midplane and limited in radial
extent to the inner core zone. The internal blanket region is an integral
part of the core fuel assemblies, as are the upper and lower axial

blanket regions, and is made up of standard axial blanket pellets.

1.3.2 Anticipated Design Advantages and Disadvantages

The reasons for pursuing the study of this concept were numerous.
By inserting a region of blanket material in a position of relatively high
flux, an increase in the breeding ratio of the system was anticipated.
In addition, the preferential breeding of fissile material in the high-
worth central zone of the core was expected to reduce the burnup
reactivity requirement of the configuration. This characteristic had
been demonstrated in a previous study (G2) for a small, parfait-type
configuration. Such an advantage would mean that fewer and/or lower-
worth control rods would be required in the core, and the parasitic
losses of neutrons to control poisons would be reduced., It was also
realized that in addition to the conventional functions served by blankets
in fast reactors (as regions of fertile-to-fissile conversion and modest

power production), the internal blanket region could be used to flatten
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the flux and power distribution in the plutonium-loaded zones of the core—
particularly in the axial direction, and to some degree, also in the radial
direction. The flux and fluence, and therefore the swelling effects,

would be reduced in the central region of the core, which is generally the
most limiting location in terms of material damage. This characteristic
would allow the parfait configuration to have a more compact core with a
higher fuel volume fraction — an advantage which can significantly enhance
core neutronic performance. The internal blanket region was also
expected to help minimize the positive sodium void coefficient, as
reported in the Westinghouse and ANL studies mentioned earlier.

Two primary disadvantages of the parfait concept were recognized
from the outset, First, since the inner zone fuel assemblies include the
internal blanket pellets and would be more complicated than a conventional
fuel assembly, a fabrication penalty would be incurred. Second, since
fissile material was initially removed from the high-worth central part
of the core, the parfait concept would experience an initial fissile
inventory penalty and an associated carrying charge penalty.

These and other characteristics of the parfait blanket concept were

evaluated quantitatively and are discussed in this report.

1.3.3 Method of Evaluation

The product of this study is not, and was not intended to be a '"'stand-
alone'' fast reactor design effort. Instead, it is a comparative evaluation
of the merits and demerits of the parfait blanket concept performed for
the purpose of assessing the potential of this concept for application to

large, fast breeder power reactors. In order to assess that potential,
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the focus of this study has been the equilibrium cycle performance of
this concept relative to the performance of a conventional fast reactor
configuration. The conventional core, or reference core as it is called,
is described in Section 1.4. Every effort has been made to identify the
major differences between the parfait and reference systems and to
focus on a quantitative evaluation of those items of concern. Some
design considerations are discussed qualitatively and others, common
to both reactor configurations and unaffected by the insertion of an
internal blanket region into the core, have not been addressed.

The comparative evaluation technique was adopted for this study
because of the large uncertainties which surround many fast reactor
calculations, Table 1.2 (G1l), which was extracted from an article
describing the incentives for additional integral experiments, lists
several important nuclear design parameters and the estimated pre-
cision in current predictions of these parameters. The magnitude of
the uncertainties involved made it clear that the relative attractiveness
of the parfait concept could only be evaluated by performing a series of
internally consistent calculations employing the same methods and the
same data (e.g., cross sections) for both reactor configurations.
These parallel calculations could then be expected to yield results
which would at least be correct in é relative sense, It is for this reason
that the results discussed in the following chapters have often be pre-
sented as ratios or with particular emphasis orllc/?r?agnitude of the differ-
ences between the two results. In addition, however, an effort was
made whenever possible, to demonstrate that the results of the calcu-

lations were also reasonable in an absolute sense.



Uncertainties in Nuclear Design Parameters(a) (G1)

TABLE 1.2
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(c)

Parameter Estirn(e;)t)e Goals
1972 Demo Target

Pu enrichment +5% +2% 119,
Peak/avg. power density +12% +3% 129
Control rod worth +15% +3% 2%
Doppler coefficient +15% +10% 7%
Sodium void reactivity £1.5$ 0. 5% +0. 3%
Flux at reactor vessel(d) >E 5 >E 2 >_<_ 1.3
Flux above reactor head(d) >§ 15 X 5 X 2

(a)

Estimated one-sigma confidence levels.

(b)Without any additional mockup experiments or related nuclear

development,

(c)

Precision goals for the Demonstration Plant are those required at

time of design freeze for the relevant component. For the target

plant, the precision goals are required for the early-to-mid-1980

period.

(d)

factors,

is estimated to be the square of the ''one-sigma'' value.

Uncertainties expressed as multiplicative rather than additive
For these cases the ''two-sigma'' confidence level value
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1.3.4 Assumptions and Constraints

The assumptions and constraints imposed upon the parfait blanket
concept to permit a meaningful comparison with the reference reactor
are listed in Table 1.3. The comparative evaluation was performed
so as to make use of the accumulated breeder reactor design experience
to date, and to require no extrapolation of current technology. As such,
the parfait concept may incorporate the results of on-going research to
reduce design margins and improve basic nuclear data, to the same
extent as the reference configuration. In addition, the imposed con-
straints contribute directly to the technical feasibility of the parfait
concept.

The constraints and assumptiéns listed in Table 1.3 carry the con-
sideration of practicality that has been a key concern throughout this
work. By requiring that both cores have the same geometry, the
same fuel assembly characteristics and the same total thermal power,
the basic similarity between the two systems is guaranteed,which allows
a meaningful comparison of the concepts. Furthermore, by requiring
that the core volume inside the external blankets and the dimensions of
the external blankets be the same, this evaluation isolates the effects
caused by the internal blanket, and leaves open the possibility that the
parfait concept may be considered as a reload core in a conventional
reactor configuration. The maximum local power density of the con-
figuration was required to be no greater than that of the reference
design because of the important influence of this parameter on the fuel
centerline temperature. It was also required that the arrangement of

fuel assemblies in the parfait core be equally as simple as in the



TABLE 1.3

Assumptions and Constraints Imposed Upon the
Parfait Blanket Concept for Comparison

to the Reference Core

. Identical core volume inside external blankets

. Identical external blanket dimensions

. Same total thermal power from each configuration

. Same maximum local power density limits

The use of only conventional core materials (i.e., mixed-oxide fuel,

316 SS structural material)

. Core and blanket fuel assemblies having similar characteristics

(i.e., hexagonal can dimensions, fuel pins per assembly;

fuel pin radius, fuel-clad gap, clad thickness)

. Fissile and fertile material distribution not significantly more

difficult to fabricate than the reference core

. An arrangement of core fuel assemblies no more complicated than

the reference core
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reference core. Because the reference core has only two types of fuel
assemblies in the core (i.e., the inner and outer enrichment zones),
the same constraint was imposed upon the parfait designs. In doing so,
the internal blanket zone was limited in radial extent to the inner
fissile-loaded zone., The parfait configuration then contains only two
types of fuel assemblies — an inner core zone of one enrichment with an
internal blanket, and outer fissile-loaded fuel assemblies similar to
those of the reference core,

The above constraints were formulated to aid in the initial design
of the parfait concept. Certain of these constraints were relaxed in the
course of the evaluation for the purpose of improving a specific per-
formance characteristic. In these cases, the relaxed constraints are

clearly noted.

1.4 REFERENCE CORE CONFIGURATION

Since there are currently no firm designs for large fast breeder
reactors, the reference configuration was selected from among the
designs of the final IOOO-MWe LMFBR Follow-On Studies (A1). The
overall core characteristics of those designs are presented in
Table 1.4. The first three designs, which employ cylindrical cores
with oxide fuel, are characteristic of the designs being most seriously
considered today. These designs, however, were initiated before the
phenomenon of material swelling was fully appreciated,which accounts
for the high fuel volume fractions in these cores. The current
demonstration plant designs call for approximately 32 volume percent

of fuel in the core. Therefore, the reference core configuration
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TABLE 1.4

IOOO—MWe LMFBR Core Characteristics

Design 1 Design 2 Design 3 Design 4 Design 5
Thermal power
(th) 2400 2450 2416 2465 2600
MW, 1040 1034 1038 -- 1074
Fuel material Oxide Oxide Oxide Carbide Carbide
Geometry Cylindrical Cylindrical Cylindrical Cylindrical Modular
Length (in.) 43.0 34,7 30.0 24.0 39.3
L/D 0.42 0.29 0.308 0.225 . 842
Axial Blanket
Thickness (in.) 12/15 14 15 18 15
Core material fractions
Fuel 0.439 0.442 0.467 0. 386 0.276
Coolant 0.326 0.381 0.351 0.400 0.590
Structure 0.235 0.177 0.182 0.214 0.134
Breeding ratio 1.30 1.36 1.42 1.44 1.32
Average burnup MWD/T 67,000 100,000 100, 000 100, 000 100, 000
Fissile inventory (kg) 2191 2814 1624 1880 --

1€
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adopted for this study, while similar to the first design in Table 1.4, has

material volume fractions in the core more in line with current estimates.
The reference and parfait core configurations used in this study are

sketched in Fig. 1.3. The dimensional and material characteristics of

these cores are given in Table 1.5. The only difference between the two

configurations is that a portion of the fissile-loaded inner enrichment

zone of the reference core has been replaced by an internal blanket zone

in the parfait configuration.

1.5 ORGANIZATION OF THE REPORT

As noted above, the reactors which have been compared are identical
in external appearance. They are, however, quite different neutronically
because of the altered fissile and fertile material distribution.

Neutronic considerations are, therefore, discussed in Chapter 2. The
burnup characteristics of the cores are compared as a function of the
internal blanket dimensions,and flux and power profiles are presented.
Reactivity control requirements are also determined.

Core engineering problems are addressed in Chapter 3. Thermal-
hydraulics, including core orificing and a calculation of the mixed-mean
coolant outlet temperature are considered. The material temperature
distributions and an analysis of the manner in which design limits are
exceeded in overpower conditions are presented for both cores.

Materials questions and the effects of axial and radial temperature and
flux gradients on both designs are compared on a relative basis.

Chapter 4 is devoted to a calculation of the major safety parameters
including the isothermal Doppler coefficient, the power coefficient and the

sodium void coefficient.
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TABLE 1.5 Dimensional and Material Characteristics
of the Reference and Parfait Systems

Reference Parfait
Thermal power (MWjy) 2500 2500
Core volume* (liters) 5780 5780
Core height (cm) 108.8 108.8
Core radius (cm) 130.0 130.0
Axial blanket thickness (cm) 38.1 38.1
Radial blanket thickness (cm) 28.4 28.4
Reflector thickness (cm) 14.2 14,2

Region Compositions
Core AxialBlanket InternalBlanket Radial Blanket

Fuel
Volume fraction 0,30 0.30 0. 30 0.50
Material Mixed Mixed oxide Mixed oxide Mixed oxide
oxide (initially (initially (initially
depleted UOz) depleted UOZ) depleted UOZ)
Fraction of T.D. 0.85 0.95 0.95 0.95
Coolant
Volume fraction 0,50 0.50 0.50 0.30
Material Na Na Na Na
Structure
Volume fraction 0,20 0.20 0.20 0.20
Material 316 SS 316 SS 316 SS 316 SS
Isotopic Compositions
Plutonium * Depleted Uranium
Pu-239 0.63 U-238 0.9975
Pu-240 0.22 U-239 0.0025
Pu-241 0.12
Pu-242 0.03

%
The core volume of the parfait design includes the internal blanket region.

**LWR discharge at ~30,000 MWd/T (B1).
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The feasibility of the parfait concept is further discussed in
Chapter 5, focusing on questions of fabrication and reprocessing.

The equilibrium fuel cycle costs for both cores are also compared,

Chapter 6 provides a brief summary of the work presented in this
report and includes the overall conclusions and recommendations.

The main body of this report centers on the comparative evalu-
ation of the two 1000-MW, liquid metal cooled reactors defined in the
previous section. The appendices include a brief consideration of a
gas-cooled parfait concept and a smaller, demonstration size LMFBR.
Material supporting the methods used in the calculations presented in

this report is also included in the appendices.
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Chapter 2

NEUTRONICS

2.1 INTRODUCTION

It is the purpose of this chapter to describe the neutronic character-
istics, excluding safety considerations, of the parfait blanket concept in
comparison to the reference reactor. The primary tool used in this
comparison was the two-dimensional, multigroup, fast reactor, diffusion
theory burnup code 2DB (L5). It was used to determine flux and power
profiles and to perform criticality calculations and burnup analyses. The
original cross section set used in this study was a twenty-six energy group
set obtained by Brewer (B2) in 1970 from the Battelle Northwest
Laboratory. It is essentially the Bondarenko set (B3) modified to
conform to the American constant-lethargy-width group structure and
corrected for resonance and spatial self-shielding by the 1DX code. To
reduce computational costs, this twenty-six group cross section set was
collapsed to four energy groups using the one-dimensional transport code,
ANISN (E4). The group collapse structure employed in this study is
shown in Table 2,1, and is similar to others which have appeared in the
literature (F1, H2). The cross section collapsing procedure and the
spectra over which the material cross sections were collapsed are given
in Appendix A.1.1.

In order to gain assurance that the cross sections and the calcu-
lational methods would be adequate for the proposed calculations, a

series of test calculations were performed which are more fully
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TABLE 2,1. Cross-Section Group Collapse
Group Enegg}?irimit ng( Group Eneggp}?e;imit X

1 10 MeV 0.0350 1 10 MeV 0.5894
2 6.06 0.1214

3 3.68 0.2105

4 2.23 0.2220

5 1.35 0.1721 2 1.35 0.3948
6 0.821 0.1102

7 0.498 0.0625

8 0.302 0. 0330

9 0.183 0.0167

10 0.111 0.00823 3 0.111 0.0141
11 0.0674 0.00398

12 0. 0409 0.00191

13 0.0248 9.16x10™ % 4 0.0248 0.0017
14 0.0150 4.31x107%

15 9.12 keV  2.06X10° %

16 5.53 9.70X10°

17 3.35 4.60X107°

18 2.03 2.20X107°

19 1.23 1.00X107°

20 0. 749 5.00X10 °

21 0.454 2.00x10” 8
22 0.275 1.00x10"8

23 0.167 1.00X10° 8

24 0.101 0

25 0.0614 0

26 0.03173 0

0.0226

%
Xg

= fraction of fission neutrons born into group g.
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described in Appendix A.2. Briefly, the results of those calculations

were as follows:

1)

2)

3)

4)

Transport theory (ANISN) and diffusion theory (2DB) predictions
of the group fluxes were found to be comparable to within about
2% throughout similar reactor systems.

2DB and the four group cross section set described above were
used to simulate a plutonium-fueled critical experiment. The
calculational tools were found to be adequate for predicting keff
and the fissile inventory requirements.

The burnup characteristics of calculations using one, two and
four group cross sections were found to be very similar, but
the different calculations led to widely varying keff and breeding
ratio predictions for identical reactor systems. Based on the
results of the present investigations and the evaluations of
others (H3), no fewer than four groups were used in all further
neutronic calculations.

A comparison between the results of burnup calculations
employing 26 energy groups and four energy groups for both

the reference and parfait reactors demonstrated very similar
power profiles, burnup reactivity losses and breeding ratio

predictions,

2.2 DESIGN VARIABLE CONSIDERATIONS

The choice of the reference reactor and the imposition of the

assumptions and constraints listed in Table 1.3 precisely describe the

parfait blanket configuration except for the characteristics of the
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internal blanket region. The design variables needed to define this
region include the axial and radial extent of the internal blanket and its
initial composition.

The axial extent or thickness of the internal blanket Was treated as
a continuously variable parameter because oxide pellets may be fabri-
cated and assembled into any specified length. The radial extent,
however, is a parameter which is only discontinuously variable,
Because all of the fuel pins in any fuel assembly are required to be
identical, the radial extent of the internal blanket may only correspond
to the outer radius of a fuel assembly ring.

The primary limiting criterion used in defining the dimensions of
the internal blanket was the local peak power density achieved in the
remainder of the core. This parameter was used because of its strong
influence on the temperature profile in the fuel, and, in particular, the
maximum fuel centerline temperature.

It was discovered that extending the internal blanket region across
the full radial extent of the active core caused the maximum power
density in the parfait configuration to exceed that of the reference core
for a wide range of internal blanket thicknesses; this result was a direct
consequence of replacing too lérge a fraction of the high power density
volume of the reference core with relatively low power density blanket
material. A reduction in the volume of the internal blanket region was
required to satisfy the limiting power density criterion. Therefore, in
accord with the constraint that the parfait configuration be as simple as
that of the reference core (i.e., each core comprised of only two types

of fuel assemblies), the radial extent of the internal blanket was required
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to be the same as that of the inner enrichment zone.

2.2.1 Internal Blanket Thickness

The effects of varying the axial extent of the internal blanket were
evaluated by comparing the cores shown in Fig. 2.1. Each core in the
comparison was loaded with the required fissile material to achieve 300
full power days of operation, and the blanket regions of each core were
loaded with a fissile content representative of that which would exist at
the beginning of a cycle of equilibrium operation. The fissile enrich-
ments in the inner and outer fuel zones were adjusted to obtain the
minimum peak power density throughout the burnup cycle.

Parfait blanket configurations for internal blankets having thick-
nesses of up to 50 cm were compared to the reference core with respect
to the key performance and design parameters shown in Table 2. 2,
These same parameters are compared to those of the reference core in
Table 2.3, where the tabulated results are the ratio of the parameter
for the parfait to that of the reference core; for example, the breeding
ratio of the parfait concept relative to (divided by) the breeding ratio for
the reference reactor. These relative results are also plotted in
Fig. 2.2.

These results, which are illustrated in Fig. 2.2 confirm many of
the anticipated effects of the internal blanket concept (Section 1. 3, 2)
and quantify these effects with respect to the internal blanket thick-

ness. Very briefly, these results are as follows:
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TABLE 2.2. Parfait System Performance as a Function of Internal Blanket Thickness

Peak Peak -16 Peak Peak -16
Internal Core Power Flux (X10 ) Power Flux (X10 ")
Blanket Fissile Ak BR  Density (BOC) Density (150 days) 62/61
Thickness Inventory 300 days (BOC) (BOC) 9 (150 days) 9
(cm) (kg) (MW/2) (n/cm® sec) (MW/ 2) (n/cm® sec)
0 2065.02 0.052 1.2291 0.600 0.929 0.573 0.946 1.327
20 * 0.040 1.2500 0.560 0,740 0.544 0.766 1.216
30 2146.12 0. 040 1.2500 0.570 0.676 0.536 0.696 1,150
40 Aok 0.040 1.2500 0.573 0.626 0.537 0.648 1.074
50 2187.30 0.044 1.2430 0.593 0.599 0.551 0.608 1.000

“ (Outer zone enrichment)/(Inner zone enrichment).

she 8!

v



TABLE 2.3, Parfait System Performance Relative to Reference
Core as a Function of Internal Blanket Thickness

Peak Peak ~16 Peak Peak -16
Internal Core Power Flux (X10 *°) Power Flux (X10 ") "
Blanket Fissile Ak/At BR Density Density €5/ €
Thickness Inventory (BOC) (BOC) (150 days) (150 days)
0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
20 Aok 0.755 1.02 0.933 0.796 0.95 0.810 0.917
30 1.039 0.755 1.02 0.950 0.727 0.936 0.736 0.868
40 Aok 0.755 1.02 0.955 0.675 0.931 0.685 0.812
50 1.059 0.830 1.012 0.996 0.645 0.962 0.642 0.755

“ (Outer zone enrichment)/(Inner zone enrichment).

e

““Detailed calculations not performed.,

1557
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1) The initial fissile inventory was found to be a monotonically
increasing function of the internal blanket thickness, a result of
replacing the fissile material removed from the high-worth central
portion of the core by a necessarily greater amount placed in the outer
regions of the core.

2) The breeding ratio of the parfait design exhibits a small
improvement over that of the reference core (2%). This slight advan-
tage appears to diminish somewhat for ibnternal blanket thicknesses
greater than forty centimeters. The reason for this behavior is in part
explained by Fig. 2.3. This figure compares the fissile material yield
in a given period of time per unit mass of fertile material loaded in the
internal blanket for several internal blanket thicknesses. This parame-
ter decreases because the material toward the center of the internal
blanket becomes increasingly less efficient at breeding as the blanket
is made thicker and the flux depression in the region becomes greater.
In addition, the overall flux level throughout the reactor decreases with
the increasing internal blanket thickness because of the greater
beginning-of-cycle fissile loadings discussed in 1) above. Another
consequence of the increased initial fissile inventory is that fertile-to-
fissile conversion in the active fuel volume of the core is reduced. All
of these factors contribute to the reduced breeding ratio advantage noted
for the thickest internal blanket regions.

3) A reduced peak power density was observed for the parfait con-
figurations throughout the burnup cycle. This is a result of the axial
and radial flux (and power) flattening produced in the fissile-loaded

regions of the core by the internal blanket. In the 50-cm internal blanket
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case, this power flattening is so dramatic that even though 27% of the
fissile loaded volume of the core is replaced by blanket material, the
parfait configuration is able to generate as much power as the reference
core while operating within the same power density limit. The flux and
power profiles for certain parfait configurations are plotted in

Section 2. 2,4.

4) A 25% reduction in the burnup reactivity loss was achieved for
the best parfait configuration. This characteristic is a consequence of
the preferential breeding of fissile material in the center of the core
- and results in the advantages of reduced control rod requirements and
reduced losses of neutrons to control materials (Section 2.4). As with
the effect on the breeding ratio, this advantage is also diminished for
the thickest internal blankets,

5) The ratio of the fissile enrichment in the outer core zone to that
of the inner core zone was found to decrease with increasing internal
blanket thicknesses. As noted in Table 2, 2, this ratio was 1. 33 for the
reference core and decreased to 1.0 for the parfait configuration having
a 50-cm internal blanket., Thus, even though the advantages of an
increased breeding ratio and a reduced burnup reactivity loss are
slightly diminished by increasing the internal blanket thickness to 50 cm,
this case offers the possible economic advantage of having to fabricate
fuel pellets of only one enrichment for the core. The economics of this
and other configurations are discussed in Chapter 5.

6) The peak total flux in the core was found to decrease substan-
tially with an increase in the internal blanket thickness. For a 30-cm

internal blanket, the peak flux was reduced by 27%.
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Figure 2. 2 also demonstrates that the attractive performance
characteristics of the parfait configuration are not particularly sensitive
to the internal blanket thickness, The advantage of an increased breed-
ing ratio, a reduced peak power density and a reduced reactivity swing
all exhibit broad maxima or minima. The core designer is thus afforded
considerable flexibility to vary the internal blanket thickness to achieve
a specific core characteristic without sacrificing overall system perfor-

mance,

2.2.2. Radial Extent of the Internal Blanket

In the introduction to this section, the constraint was imposed that
the internal blanket extend radially only as far as the inner core enrich-
ment zone, Varying the radial extent of the internal blanket was,
therefore, accompanied by moving the boundary between the innér and
outer enrichment zones and altering the fissile enrichments in these
zones — a procedure which has a substantial effect on the flux and power
distribution in the core. The most favorable radially flattened power
profiles for the parfait configuration were obtained when the inner core
zone had roughly the same radial dimension as that in the reference core.
A small advantage in radial flux flattening and in the breeding ratio were
realized by extending the inner zone of the parfait configuration to
100 cm (as compared to 90 cm for the reference core), and this is the
case which was presented in the previous discussion of the axial extent
of the internal blanket,

Because the radial extent of the inner core zone is a characteristic

of the reactor geometry which is determined by radial power flattening
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considerations and by the dimensions of the individual fuel assemblies,

it is useful to note the design flexibility inherent in the parfait configu-
ration. As a demonstration of this design flexibility, the following
example shows how the two dimensional characteristics of the internal
blanket — the axial extent and the radial — may be used together to
achieve a specific design requirement. As noted in Section 2, 2,1, the
parfait configuration having an internal blanket thickness of 50 cm and

a radial extent of 100 cm had the design characteristic of having just one
fissile enfichment in both the inner and outer core zones. This configu-
ration also displayed a very flat radial power profile, These same
design characteristics were also achieved in a parfait configuration
having an internal blanket thickness of 40 cm and a radial extent of

90 cm. The radial power profiles for these cores in a plane 37 cm above

the core midplane are plotted in Fig. 2.4,

2.2.3. Internal Blanket Enrichment

The rate at which fissile plutonium builds up in a "clean'' internal
blanket is illustrated in Fig. 2.5. In this case, a parfait configuration
with a 30-cm internal blanket made up of depleted uranium oxide was
batch-loaded and burned up for 600 days. It is clear from the figure
that plutonium builds up at a continually decreasing rate as the internal
blanket is irradiated. This behavior is characteristic of a simple
parent-daughter nuclear transmutation in which the daughter atom is
also being consumed at a rate in proportion to its concentration. Thus,
if the goal is to maximize the net yield of fissile material from the
blanket, it is clear that the optimum internal blanket material is one

which is initially depleted of fissile isotopes.
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Another practical consideration relating to the initial enrichment of
the internal blanket concerns fabrication. Any internal blanket pellet
composition other than that loaded in the axial blankets makes the core
more complicated, thereby causing the internal blanket to suffer an
additional fabrication penalty. Thus, this practical fabrication
consideration and the desire to maximize the fissile-material-yield
from the internal blanket both contribute to the decision to use pellets
in the internal blanket which are identical to the depleted uranium
pellets of the axial blanket.

In addition to the overall rate of plutonium buildup in the internal
blanket, the spatial variation of the plutonium production was evaluated
and the results are presented in Table 2.4, For this evaluation, a
parfait configuration with a 40-cm internal blanket having a uniform
initial composition and the detailed zoning shown in Fig, 2.6 was
burned up in 50-day time steps to a total exposure of 200 days. As
noted in the table, the spatial distribution of the plutonium production
is remarkably uniform at the end of the burnup cycle. In zones one
through five, for example, the local plutonium concentration was found
to vary from the collective average by an average of less than 0, 75%
in spite of the fact that the total flux at the center of the internal blanket
is reduced by 14% from the flux that exists at the blanket's upper edge.
Two factors contribute to this spatial uniformity of plutonium production,
First, as shown in Fig, 2,7, the uranium capture cross section
increases monotonically with decreasing energy in the range of interest,
thereby enhancing the (n, y) conversion reaction toward the center of the

internal blanket where the low energy neutron flux is a maximum.



TABLE 2.4. Spatial Distribution of Pu-239 Production in a 40-cm Internal Blanket (200 days)
Pu-239 Average Pu-239
Zone Content Content Percent Total Flux Average flux in zone
(X 10+3) (X 10+3) V?Ix“;i?ce (X 1015) Average flux at IB edge
(atoms/cmB) (atoms[cm?’) Average (neutr'ons[c:m2 sec)
1 0.1568 +0. 37 4,0 0.86
2 0.1571 +0. 56 4,076 0.88
3 0.1572 0.1562 +0. 56 4,21 0.90
4 0.1565 +0. 18 4,40 0.95
5 0.1535 -1.75 4,63 1.0
6 0.1578 +1.5 4,30 0.92
7 0.1575 +1.3 4. 36 0.93
8 0.1568 0.1555 +0. 84 4,44 0.95
9 0.1548 -0.44 4,55 0.97
10 0.1505 -3.20 4,67 1.0

€6
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(The spatially dependent group fluxes are plotted in the next section.)
Second, the concentration—dependent consumption rate of fissile
plutonium tends to drive the internal blanket toward a uniform fissile
distribution.

The significant buildup of plutonium in the internal blanket as
shown in Fig. 2.5 tends to harden the neutron energy spectrum in
this region during irradiation. This characteristic of the neutron
fluxes is also demonstrated in the next section. For the analyses
presented in this report, however, blanket material cross sections
(material cross sections collapsed over the neutron spectrum of a
blanket region as discussed in Section A.1.1) were used throughout
the burnup cycle because, in spite of the shift, the energy spectrum
is still most characteristic of a blanket region. In order to evaluate
qualitatively the effect of the spectrum shift in the internal blanket,

a comparison was made between two calculations of a parfait configu-
ration, one of which used blanket material cross sections for the
internal blanket and the other using core material cross sections.
The results demonstrated that the hardened spectrum in the internal
blanket would contribute a small positive reactivity effect. The
parfait configuration calculations of burnup reactivity loss presented
in this report are, therefore, conservative with respect to this
spectrum shift effect.

As its plutonium content increases, the internal blanket contributes
an increasing fraction of the total power generated by the reactor
system. The percentage of the total system power generated in the

internal blanket is plotted in Fig. 2.8, and the fraction of that power



Percent of total system power generated in internal blanket

12,

0

10.0

8.

6.

0.

0

.0

.0

0

L)

150 300 450
Time (days)

FIG. 2.8. Percent of Total System Power Generated
in a 30-cm Internal Blanket

600

LS



58

attributable to the fertile isotopes (U-238 and Pu-240), the bred fissile
isotopes (Pu-239 and Pu-241), and the residual fissile isotope (U-235)
is plotted in Fig. 2.9. These curves were derived from the 600-day
batch burnup of a parfait configuration having an initially clean 30-cm
internal blanket, and power generation was here assumed to arise only
from the fission of heavy metal isotopes in the internal blanket. In an
equilibrium cycle, for which one half of the core fuel assemblies are
replaced every year, the internal blanket starts each cycle with an
average plutonium concentration roughly equivalent to that which is
built up in the batch burned internal blanket in 150 days. Therefore,
the power contribution from the internal blanket of a parfait configu-
ration operating over a 300-day equilibrium cycle is represented by the
values plotted in Fig, 2.8 in the period from 150 to 450 days., Table 2.5
compares the fraction of the total reactor power generated in each
major region of both the reference and parfait configurations at the

middle of the equilibrium cycle,

TABLE 2.5

Mid-Equilibrium Cycle Power Fraction in Each Core Region

Reference Parfait
% Total Power % Total Power
Internal blanket - 5.98
88.62
Core zones 90. 55 82.64
Axial blanket 3.76 4.68

Radial blanket 5.69 6.70
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2.2.4. Flux and Power Profiles

The series of figures at the end of this section show the flux and
power profiles in the reference core and in a parfait configuration
having a 30-cm internal blanket. The core geometries are the same as
previously shown in Fig. 2.1. The axial plots were generated for two
radial positions in the core: r =0 (the reactor centerline) and r =
107.5 cm (a point roughly halfway through the outer core zone). The
radial plots were generated at two planes in the reactor: at the core
midplane and at an axial position 32.24 cm above the core midplane,
roughly 17 cm above the top edge of the internal blanket. Those quanti-
ties which are plotted included the total flux, each of the group fluxes
and the local power density. Each graph presents the data for the
parfait and reference cores at both the beginning (BOC) and end (EOC)
of a 300-day equilibrium burnup cycle. The general characteristics of
these plots are as follows:

1) The internal blanket has a substantial influence on the flux
shape in the core and this influence extends about 15 cm from the
internal blanket's outer surface. Beyond this zone of influence,
which corresponds to several neutron mean free paths, the flux
profiles in the parfait configuration take on essentially the same
shape as in the reference core. The neutron spectrum in the
fissile-loaded zones of the parfait configuration is slightly harder
than that of the reference core, and in the internal blanket the
spectrum is quite similar to thaf of the external blanket regions.

2) As the parfait configuration burns up (and builds up a sub-

stantial inventory of fissile plutonium in the internal blanket), the



61

flux shapes become progressively more similar to those of the
reference core,

3) The peak total flux of the parfait configuration is substan-
tially reduced at the center of the core — a location at which the

peak flux of the reference core occurs.

2.3. CORE FUEL VOLUME FRACTION

The volume fraction of fuel in the core is a design parameter which
was identified as having a significant impact upon the absolute perfor-
mance and the relative performance of the reference and parfait designs.
Figure 2. 24 illustrates this effect for two major performance character-
istics, the breeding ratio and the burnup reactivity loss; and Fig. 2.25
illustrates the influence of the fuel volume fraction on the equilibrium
core fissile inventory. This comparison was made for cores having
equal volumes and equal reactivity-limited lifetimes. The other perfor-
mance and design characteristics listed in Table 2.2 were relatively
unaffected by the fuel volume fraction. In this comparison, the fuel
volume fraction in the core was increased at the expense of the coolant
volume fraction and vice versa., The structural component of the core
was held constant at the base case level of 20 volume percent.

The effect of the fuel volume fraction variation is quite dramatic.
The reference core, for example, displayed a 50% drop in the burnup
reactivity loss and an increase of greater than 100% in the breeding
gain (breeding ratio -1) for an increase in fuel volume from 27 percent
to 33 percent. Throughout this range, the parfait configuration main-

tained an advantage over the reference core for both of these performance
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parameters, but that advantage was slightly diminished at the higher
fuel volume fractions. The increase in the equilibrium cycle fissile
inventory for both the reference and parfait configurations is the result
of adding additional neutron-absorbing fertile material to the cores.
This increase in fissile inventory causes a reduction in the peak total
fluxes in each configuration, but increases the carrying charges
associated with fissile material purchases. The net effect of the
enhanced performance characteristics and the increased inventory
charges on the fuel cycle economics will be evaluated as a function of

core fuel volume fraction in Chapter 5.

2.4 REACTIVITY CONTROL REQUIREMENTS

The 25% reduction in the burnup reactivity loss (Table 2. 3) exhibited
by the parfait configuration having a 30-cm internal blanket represents a
significant advantage for this concept. This advantage translates directly
into a requirement for fewer and/or lower worth control rods in the core.

In addition, the parasitic loss of neutrons to control poison is reduced.

2.4.1 Burnup Reactivity Loss

The primary reason for the reduced reactivity swing of the parfait
configuration is preferential breeding of fissile material in the internal
blanket. A previous figure, Fig, 2.5, illustrated the rate at which
plutonium builds up in the internal blanket, but the net reactivity effect
of the added plutonium is more involved than the simple addition of
fissile material to the core. As plutonium builds up in the internal
blanket, the flux and adjoint flux depression in and around the internal

blanket is gradually reduced. The net effect is that the continuing
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buildup of plutonium in the region contributes additional worth to the
fissile material already bred into the internal blanket and to the local
core material. Another factor, though less significant than the above,
is that during irradiation, uranium-238, a neutron-absorbing material,
is effectively removed from the internal blanket as a result of fast
fissions and conversion to fissile isotopes. The net effect of all of
these factors is illustrated in Fig. 2.26 where the effective reactivity
addition per unit of fissile material bred in a 30-cm internal blanket is
plotted as a function of exposure. This curve was developed by making
a series of snapshot keff calculations in which the composition of the
internal blanket was changed to simulate progressive stages in its
burnup, while the material composition throughout the rest of the reactor
remained unchanged. This sharply rising function illustrates that the
effective worth of one kilogram of fissile material bred in the internal
blanket at the end of a one-year equilibrium cycle is 24% greater than

that of an equal fissile material gain at the beginning of the cycle.

2.4.2. Control Material Worth

Two types of calculations were performed using the 2DB code to
evaluate the worth of control material in the reference and parfait cores.
In the first calculation, the reactivity worth of a homogeneous smear of
boron-10 in the core and axial blanket regions of the two configurations
was evaluated., In the second calculation, discrete control rods were
simulated as shown in Fig. 2,27, and the reactivity worths of equivalent
localized boron concentrations were evaluated for both cores. The
absolute and relative results of these calculations are tabulated in

Table 2.6.
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TABLE 2.6

Comparative Worth of Identical Control Material
Additions in the Reference and Parfait Cores

Control % Ak Relative Results
Material .
Addition Reference 30-cm IB Parfait % Ak Parfait

% Ak Reference

Homogeneous boron-10

concentration in core
and axial blanket 4.33 4.23 0.977
= 1.0x1074

atoms/barn-cm
Centerline control rod 0. 354 0.240 0.680
Quter control annulus 4.71 4,84 1.025

The results obtained from the homogeneous poison calculation
demonstrate that, on the average, control material has very nearly
equal worth in both cores. The discrete rod calculations indicate that
in the parfait configuration, the central control rod is worth substan-
tially less (32% less) than in the reference core, while the rods at the
interface between the inner and outer core zones simulated by the
outer control annulus had a slightly greater worth. Since the majority
of the control rods of a large fast reactor are likely to be located, as
illustrated in Fig, 2,28, near the interface between the two core
enrichment zones to reduce radial power peaking, the control systems
for the reference and parfait configurations would appear substantially

the
the same except that/barfait concept would require fewer burnup control
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rods. To demonstrate the direct and indirect gains that result from this
type of advantage, consider the core shown in Fig. 2.28. Of the 19
control rods in this core, 12 are required to compensate for burnup
losses. Since the parfait concept requires 25% less burnup compen-
sation, three of those control rods could be removed and replaced with
fuel assemblies. This addition of three extra fuel assemblies to the core
would boost the core fuel volume fraction by 0, 555%, thus allowing the
parfait concept a further reduction in the burnup swing as demonstrated
by Fig. 2.24. This added fuel volume fraction would contribute to a
further 5% reduction in the reactivity swing experienced by the parfait
core, Although the absolute numbers presented in this brief example
are highly dependent upon the exact core characteristics and a detailed
analysis of the shim and safety control rod requirements, the principle
is clearly demonstrated that the advantage of a reduced burnup reactivity
swing realized as a requirement for fewer control rods in the core, may
contribute to even further reductions in the reactivity control require-
ments,

The reduced reactivity swing gives the parfait core a substantial
advantage over the reference design which far exceeds the direct capital
cost savings realized by merely reducing the number of expensive control
rods, each of which may have total costs associated with it as high as
$500,000 (P2). A reduced number of control rods would tend to ease the
difficult mechanical design problems in the region above the core and also
diminish the net coolant by-pass flow through the control rods which tends
to degrade the mixed-mean coolant outlet temperature. Another advantage

of the parfait's reduced reactivity swing is that the time-averaged
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inventory of control poison in the core is reduced with the result that
fewer neutrons are parasitically absarbed in control material. This
effect was evaluated quantitatively by calculating the breeding ratio loss
resulting from the addition of a homogeneous concentration of boron-10
(1.0 X 10_4£ atoms/barn-cm) in the core and axial blanket regions of both
reactors. This result was combined with the time-averaged concen-
tration of control poison in each of the systems during the equilibrium
cycle to arrive at a net control poison breeding ratio penalty. These
results are given in Table 2.7, This table shows that the breeding ratio
penalty for the parfait configuration is only 68% of that of the reference
core. Because the control poison breeding ratio penalty is relatively
small, the net advantage of this effect is also small, but, nevertheless,

in favor of the parfait configuration.

TABLE 2.7. Control Poison Effect on Breeding Ratio

30-cm IB Ratio
Quantity Reference Parfait Parfait )
Reference

A (breeding ratio) from the
addition of a homoge.neogs ~0.0192 -0.0181 0.943
boron-10 concentration =
1.0 X10™* atoms/barn-cm
Time-averaged boron-10 -4 _4
concentration during burnup 0.583 X 10 0.424 X 10 0.726
cycle (atoms/barn-cm)
Net control poison -0.0112 -0. 0076 0.685

breeding ratio loss
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2.4.3. Differential and Integral Control Rod Worths

The total worths of control rods at the core centerline and at the
interface between the inner and outer core enrichment zones were
evaluated and the results were presented earlier in Table 2, 6.
Calculations were also performed to determine the differential worth of
the centerline control rod by progressively adding control poison to the
simulated central rod location in the finite intervals indicated along the
Z-axis of Fig. 2.27, Figures 2.29 and 2, 30 give the results of those
calculations. In these figures, the fraction of the total control rod
worth per centimeter of insertion is plotted for both the reference and
parfait concepts. Superimposed on this plot of the differential rod
worths is a normalized plot of the product of the total flux, ¢, and the
total adjoint flux, ¢*, along the core centerline. The differential rod
worth profile may be seen to correlate quite well with perturbation
theory predictions that the position dependent worth of a small absorber
volume in the core adopts the same shape as the ¢¢* function (L.6). The
method of using the product of the flux and adjoint flux to represent the
shape of the differential rod worth curves was assumed to apply
throughout the core and plots of this product function for the reference
and parfait systems at two radial locations in the core at the beginning
and end of an equilibrium burnup cycle are presented in Figs, 2, 31 and
2.32, Integral curves (BOC) of the worth of the central control rods for

both cores are given in Figs. 2.33 and 2. 34.
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2.4.4 Effect of Control Rods on the Power Profile

The effects of the axial location of the control rods on the power
profile in each of the cores was evaluated by simulating the simultane-
ous withdrawal of the two control curtain annuli shown in Fig. 2. 35,
The combined worth of the two control annuli was adjusted to be equal
to the equilibrium cycle burnup reactivity loss for each reactor. The
flux profiles in the cores were evaluated for the control rod banks in
three different positions: fully inserted, withdrawn to a position corre-
sponding to the bottom of the internal blanket (two-thirds inserted), and
withdrawn to a position corresponding to the top of the internal blanket
(one-third inserted). The negligible effect of the control rod bank
location on the flux shape in the reference core is demonstrated in
Figs. 2,36 and 2. 37, where the flux plot has been normalized to the flux
along the core centerline 33 cm above the midplane. The effect of the
control rod bank location in the parfait core is illustrated in Figs. 2,38
and 2. 39. These two flux profiles demonstrate that the control curtains
and the internal blanket cause the flux to tilt axially, taking on a greater
value toward the bottom of the core. According to these calculations,
the magnitude of this flux tilt is such that the peak local power density
in the lower core volume could, at times during the burnup cycle, be
as much as 4. 5% higher than that which would have been calculated had
the effect of the control curtains been neglected. The magnitude of this
calculated power shift could, however, be made significantly less in an
operating reactor by employing appropriate control rod withdrawal
patterns. In addition, simulating discrete control rods as a uniform

control curtain accentuates the calculated power tilt., In fact, the
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effects of an isolated control rod on the flux shape extend only about

5 or 10 centimeters, as illustrated in Fig. 2.40. (These results were
derived from a one-dimensional, four-group transport theory calcu-
lation for a control rod immersed in a homogeneous fuel sea, and
compare favorably with similar calculations which have been reported
(J1).) Therefore, since control rods are generally separated by a
distance several times this radius of influence, it is likely that simu-
lating the control rods as control annuli tends to spatially screen the
inner core zone more effectively than would individual rods. A more
accurate estimate of the actual power tilts caused by the interaction of
the control rods and the internal blanket could best be simulated by
employing more elaborate calculational techniques including a three-
dimensional code in which each core assembly could be individually
represented (H4). It should also be noted that the calculated power tilt
is well within the current estimated precision of power distribution

calculations.

2.5 ALTERNATE CORE CONFIGURATIONS

The results presented in the preceeding sections have focused on
the neutronic characteristics of the 1000-MW, LMFBR reference and
parfait designs described in Section 1.4, Other calculations were per-
formed which confirmed similar neutronic characteristics to those
reported in this chapter for a 1000-MW, gas-cooled fast reactor and a
demonstration size LMFBR. The results of those calculations are

discussed in Appendix B, Other Parfait Blanket Configurations.
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2.6 CONCLUSIONS

The neutronic characteristics evaluated in this chapter demonstrate
a substantial advantage for the parfait configuration over the reference
core design. Inserting an internal blanket at the midplane &f the core
allows the parfait to achieve sufficient axial and radial flux and power
flattening in the core zone such that, even though a substantial fraction
of the high power density core fuel volume is replaced with much lower
power density blanket material, the parfait core can generate the same
total power as a reference core of the same external dimensions while
operating within the same peak power density limit. The parfait con-
figuration also demonstrates advantages over the reference core in
terms of an increased breeding ratio, a substantially reduced peak flux
in the core and a substantially reduced burnup reactivity swing. This
latter advantage contributes to reduced control poison requirements for
the core and reduced losses of neutrons to control poisons. An evalu-
ation of the control systems required for both cores also demonstrated
that the internal blanket introduces no unique control problems.

The only significant unfavorable neutronic characteristic identified
for the parfait configuration was an increased initial fissile inventory in
the core.

The flux and power distributions described in this chapter will be
the focus of the next chapter which considers some of the engineering
aspects of the parfait core design. Temperature profiles for the fuel,
clad and coolant are developed and the behavior of the materials in the
parfait core are considered. In particular, the ifnplications of the
reduced fluence and the reduced flux gradients in the inner zone of the

core are discussed.,



102

Chapter 3

CORE ENGINEERING

3.1. INTRODUCTION

The neutronic characteristics of the parfait concept were described
as a function of internal blanket thickness in the preceding chapter.

The present chapter deals with a number of important engineering con-
siderations, The parfait configuration evaluated in this chapter had an
internal blanket thickness of 30 centimeters. This configuration was
selected because, as illustrated in Fig. 2,2, it exhibited the most
favorable performance characteristics identified for the parfait concept
(an increased breeding ratio, a reduced peak power density and a reduced
burnup reactivity swing), in addition to a significantly reduced peak total
flux,

In the three major sections of this chapter, the reference and
parfait systems are compared in the areas of thermal performance,
materials' performance (fuel and metal swelling in particular), and the
effect of the latter on core mechanical design. This chapter builds
upon the flux and power profiles described in the previous chapter and,
as with the previous calculations, it is the relative performance of the

two systems which is of most interest in this evaluation.
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3.2. THERMAL ANALYSIS

3.2.1., Mixed-Mean Coolant Outlet Temperature

As illustrated in Fig. 2,22, the power distribution in the reference
and parfait reactors is a function of both space and time. In particular,
there is a dramatic increase in the power generation rate from each of
the blanket regions during irradiation. In the analysis described here,
the mixed-mean core coolant outlet temperature of both configurations
has been calculated. The effect of the radial blanket was neglected
since the radial blanket elements may be managed independently of the
core and their coolant flow requirements are a strong function of
position and irradiation history.

The power profiles for this analysis were generated using the 2DB
code. Annular core regions were defined for each configuration to
minimize the effects of the regionwise material homogenization follow-
ing each burnup time step. Discrete fuel elements were simulated as
annuli of fuel and blanket material. Material number densities were
manipulated such that half of each of the core annuli simulated fresh
fuel and the other half simulated fuel which had been irradiated for one
cycle, The resulting beginning-of-cycle (BOC) and end-of-cycle (EOC)
radial power profiles (axially-integrated power per unit core cross
sectional area, kw/ cmz) for the two configurations are shown in
Figs. 3.1 and 3.2. The mixed-mean core coolant outlet temperature
was calculated for these power distributions assuming two different
coolant orificing conditions. In one scheme, each of the fuel annuli
was individually orificed to provide coolant flow such that the coolant

outlet temperature from each of the fuel annuli was no greater than
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1050°F throughout the irradiation cycle. For the other se‘t of orificing
conditions, one coolant flow rate was specified for each of the two core
zones such that the maximum coolant outlet temperature from any fuel
annulus in a given zone was no greater than 1050°F. In each case, the
coolant inlet temperature was assumed to be 775°F. A comparison of

the time-averaged mixed-mean core coolant outlet temperature for the

two configurations during the equilibrium cycle is given in Table 3. 1.

TABLE 3.1

Time-Averaged Mixed-Mean Core Coolant Outlet Temperature

Mixed-Mean Core Outlet Parfait
Orifice Temperature, °F Penalty
Reference 30-cm IB Parfait °F
Individually orificed
fuel annuli 1044.4 1038.8 +5.6
Zone orificed 996.6 999.0 -2.4

The parfait configuration suffers a larger BOC to EOC channel power
variation, but the flatter radial power profile provides an offsetting
effect and, as indicated in the table, both systems perform very simi-
larly. If the mixed-mean core coolant outlet temperature for the two
systems differed by as much as 5.6°F as indicated in Table 3.1, the
net thermal efficiency penalty for the parfait configuration would be
small. The actual thermal efficiency for an LMFBR/Rankine power
cycle operating between 1000°F and 80°F is about 62% of the Carnot
efficiency for that system (B7). Using this model, it may be shown

that the thermal efficiency is diminished by 0.016% per ° F degradation
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in the mixed-mean outlet temperature., The total thermal efficiency
penalty for the parfait configuration would, therefore, amount to less
than 0.1%. In fact, a realistic orificing scheme could be expected to
produce results in the range between those for the two schemes shown
in Table 3.1. In this case, the mixed-mean core coolant outlet
temperatures for the two systems would be identical for all practical
purposes.

The results described above are conservative in that they do not
include several system characteristics which would tend to degrade
the mixed-mean coolant outlet temperature of the reference configu-
ration more than that of the parfait configuration. As pointed out in
the previous chapter, the parfait configuration would require fewer
shim control rods than the reference core because of its reduced burn-
up reactivity swing. Since control rod positions represent a coolant
by-pass across the core, the parfait configuration would suffer a
smaller coolant temperature degradation than the reference core due
to this effect. Another factor which would contribute a larger coolant
temperature degradation in the reference core than in the parfait con-
figuration is the by-pass flow in each fuel element resulting from a net
increase in the flow area of each fuel element due to material swelling.
As will be shown in a later section of this chapter, the fuel elements
of the reference system suffer a greater change than those of the
parfait configuration. Finally, as illustrated in Figs. 2.20 and 2,21,
the radial power profile in the parfait configuration is significantly
flatter than that in the reference core, especially in the inner enrich-

ment zone, This characteristic contributes to a reduced peak-to-
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average pin power density ratio within an assembly for the parfait
design. Therefore, if the coolant flow requirements for a given
assembly are dictated by the peak pin in the assembly, then the
parfait design suffers a smaller overcooling penalty due to radial

power gradients within fuel assemblies of the inner core zone.

3.2.2, Material Temperature Profiles

Because many material characteristics exhibit a strong tempera-
ture dependence, an analysis was carried out to determine the temper-
ature profiles in the materials which make up the cores of both
configurations. The fuel assembly and fuel pin characteristics used
in this analysis are displayed in Table 3.2. The inlet coolant temper-
ature was 775°F and each of the fuel annuli was individually orificed to
provide a peak coolant outlet temperature of 1050°F. Using the BOC
power profiles characteristic of the two configurations, the standard
equations (E7) for heat conduction from a cylindrical fuel pin, and
assuming a constant fuel conductivity, the axial temperature profiles
illustrated in Figs. 3.3 through 3.7 were obtained. The temperature
profiles for the coolant, the outer and inner clad surface, the outer
fuel surface, and the fuel centerline are presented for the central fuel
element of each configuration. The curves for the parfait configuration
are typical of those for fuel elements containing an internal blanket
region, The curves for the reference core are typical of those for
fuel elements without an internal blanket — including the fuel elements
in the outer enrichment zone of the parfait configuration. The altered

power distribution in the fuel elements containing an internal blanket



TABLE 3.2

Reference and Parfait Configuration

Fuel Element and Fuel Pin Characteristics
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Pins per subassembly

Hexagonal subassembly dimensions
across flats (in.)

Fuel pin radius (in.)

Fuel-clad gap thickness (in.)
Clad thickness (in.)

Fuel Conductivity (BTU/hr ft °F)
Gap conductance (BTU/hr £t2 °F)
Clad conductivity (BTU/hr ft °F)

Surface heat transfer coefficient
(BTU/hrft2 °F)

217

0.15

0.0039

0.0175

1.27

1400

12.6

20, 557
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allows the fuel, the cladding material and the wrapper tube to run at
a lower average temperature in the region of interest above the core
midplane, even though the peak clad temperature is 17°F higher,
The lower peak centerline fuel temperature of the 30-cm IB parfait
configuration is due to its reduced peak power density, as noted in

Table 2. 3.

3.2.3. Operating Margins

As indicated in Chapter 1, the reference and parfait configurations
have been compared on the basis of equal core volumes (including the
internal blanket) and equal thermal power. The two configurations,
however, operate at different peak power densities and are therefore
not comparable in the margins each offers between normal operation
and a transient overpower condition for which the hottest pins achieve
centerline melting. This aspect of the parfait concept's capabilities
relative to the reference system was assessed by comparing the fraction
of the core volume of each configuration in which fuel centerline melting
occurs as a function of an overpower factor. The procedure for
performing this calculation is summarized in Fig. 3.8. This calcu-
lation starts with the BOC power distribution calculated in 2DB, from
which the coolant requirements of each fuel annulus were calculated
to yield a coolant outlet temperature of 1050°F, The overpower factor
was defined as the thermal power of the system relative to the nominal
system power of 2500 th’ and fuel centerline melting was determined

based on the criteria given in Equation 3.1,
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(q' - ) Overpower) Z qfimit: Fuel centerline melting (3.1)
nominal factor < q' k . .
91limit: No fuel centerline melting
The linear power limit corresponding to incipient fuel melting was
defined as (C1):
5000 - T (r,z)
clad" "’
qhy. . (kw/ft) = (18)[ ] (3.2)
limit 5000 - 1060

where Tclad(r’ z) is the local (inside diameter) clad temperature, °F,
as a function of position. The base limit of 18 kw/ft is an experiment-
ally determined linear power rating corresponding to incipient melting
for a fuel pin with a cold fuel-clad gap of 6. 0 mils and for which the
inside clad temperature is 1060°F (L7). The term in brackets accounts
for the fact that the fuel centerline temperature depends upon the
cladding temperature, which, in turn, is a function of position. The
results for the reference and parfait configurations are displayed in
Fig. 3.9. This figure illustrates that incipient fuel melting first occurs
in the reference configuration for a 15% overpower condition. In the
parfait configuration, fuel melting does not occur until 22% overpower
is reached. For a 32% overpower condition, roughly 8% of the core
volume of each configuration exceeds the linear power rating corre-
sponding to incipient fuel melting. Since the current designs call for

no fuel melting in a design overpower transient, the parfait configu-
ration offers a 7% larger operating margin compared to the reference
reactor. Or conversely, for equal operating margins, the parfait
configuration is capable of generating 7% more power than the refer-

ence system.
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The most significant factor contributing to this advantage for the
parfait configuration is the axial and radial power flattening caused by
the internal blanket region, The power flattening effect allows the
parfait configuration to operate at a 5% lower peak power density than
the reference reactor. (The flatter power distribution also explains
why the parfait core exhibits a steeper profile than the reference core
in Fig. 3.9 after the first position in its core reaches the limiting
linear power rating.) Another factor contributing to the greater oper-
ating margin for the parfait configuration is the favorable coolant (and
cladding) temperature profile described in the previous section. The
coolant above the midplane in the central zone of the parfait configu-
ration is at a lower temperature than in the reference reactor. This
temperature profile characteristic contributes about 1% of the 7% |
higher operating margin enjoyed by the parfait configuration. Finally,
the extra power generation in each of the blanket regions of the parfait
configuration, due to higher fluxes and greater plutonium buildup in
these regions, helps reduce the peak power density in the parfait
configuration. Although insignificaht at the beginning of a burnup
cycle, this characteristic contributes to an even greater end-of-cycle
operating margin for the parfait configuration than that indicated in

Fig. 3.9.

3.3. MATERIAL CONSIDERATIONS
The materials in the cores of the reference and parfait configu-
rations are the same; however, the environment to which they are

exposed is significantly different in at least one respect. Although
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temperature is an important parameter influercing material behavior,
it was shown in Section 3. 2.2 that the material temperature profiles
for the two configurations are quite similar. Therefore, the subse-
quent quantitative evaluation focuses on burnup as the primary factor
influencing fuel behavior and on fast fluence (E > 0.1 MeV) as the

primary factor influencing structural material behavior.

3.3.1, Fuel Swelling

Fuel swelling models such as the one developed for use in the
OLYMPUS-II code include the effects of fuel restraint, fuel surface
temperature and fuel burnup (B8). The fuel temperature and restraint
dependence of that model are shown in Fig. 3.10. The burnup depend-
ence is given by the 1ambdé () ) factor shown in Fig. 3.11. When clad-
ding restraint occurs, the fuel swelling rate is determined by the
product of X and the fuel swelling rate given by Fig. 3.10. These
curves clearly predict an accelerated rate of fuel swelling at the higher
burnup levels, These curves have been normalized to one set of
experimental results; however, other data support this same con-
clusion (C2).

The primary factor influencing fuel swelling in which there is a
significant difference between the reference and parfait configurations
is the peak burnup in the fuel. As discussed in Section 3.2.3, power
flattening allows the parfait configuration to generate the same power
as the reference configuration and yet operate at a 5% lower BOC
power density. The local fuel burnup is, however, a function of not

only power density, but also time. During irradiation, the combination
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of the rapidbuildup of power in the internal blanket (which increases
the difference between the maximum power densities in the two con-
figurations) and the movement of the location of the peak power density
in the core results in a net 7.6% smaller peak burnup in the parfait
configuration. (The peak burnup in the parfait core may be further
reduced compared to the reference core if the advantage of a reduced
burnup reactivity swing allows several control rods to be replaced by
fuel assemblies.) The reduced peak burnup in the parfait configuration
means that fuel swelling and clad strain due to fuel swelling would be
reduced. Since fuel swelling has been accommodated in fast reactor
design by reducing the as-fabricated fuel density, the reduced fuel
swelling in the parfait configuration may be viewed as a means of
allowing an increase in the effective core fuel volume fraction.
Alternatively, this characteristic could allow the parfait configuration

the economic advantage of higher average fuel burnups.

3.3.2. Swelling in Type-316 Stainless Steel

The effects of stainless steel swelling on the mechanical design of
the reference and parfait cores of this study are described in the next
section, As a necessary prelude, the present section reviews the
results of a study evaluating the design, research and development
implications of metal swelling in fast reactors (H7). The sample core
used in reference (H7) to provide quantitative results of the effects of
metal swelling is the reactor design referred to as ''Design I" in
Table 1.4 (Chapter 1). This configuration has the same geometry as

that of the reference reactor of this study; however, the results are
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not directly applicable because of the different fluence levels in the
cores, as will be discussed later in this section.

The primary structural material under consideration for use in
fast reactors is 20% cold-worked, Type-316 stainless steel. A plot
of its swelling characteristics as a function of temperature and fluence
is shown in Fig. 3.12. The swelling cofrelation represented in this
figure is dependent upon fast fluence (E > 0.1 MeV) raised to the 1.69
power,

Volumetric changes in the structural components of the core
result in an overall growth in the size of the core and cause dis-
tortions in the fuel elements. For a core having the same dimensions
as the reference reactor of this study and a peak fast flux of

3.77x 10'° n/cm?

sec at the core center, the estimated core
distortions due to metal swelling are displayed ih Figs. 3.13 and 3. 14.
The residence time for core assemblies was two years and the resi-
dence time for radial blanket assemblies was five years. Figure 3.13
demonstrates that the core not only increases in length, but that radial
flux and temperature gradients across the assemblies result in a
different absolute growth for the opposite faces of the wrapper tube.
This differential growth results in substantial fuel element bowing.
Figure 3. 14 demonstrates another source of radial distortions in the
core, dilation of the wrapper tube. For this sample core, the combi-
nation of flux and temperature conditions resulting in the worst metal
swelling occurs slightly above the core midplane. If no plastic flow

of metal occurs, wrapper tube dilation could result in a 4.65-cm

increase in the core radius. In addition to increasing the difficulty of
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blind fuel handling, and possibly causing misalignment of control rod
guide tubes, unrestrained radial core expansion could cause a 3% loss
of reactivity, and axial expansion an additional 2 $ loss,

The current fast reactor design philosophy has been to provide
space in the core to accommodate metal swelling. This has resulted
in cores with larger dimensions, lower fuel volume fractions
(increased sodium-to-fuel-atom ratios), increased core fissile inven-
tories and decreased breeding ratios. In addition to the economic
penalties resulting from these neutronic characteristics, metal swell-
ing has also increased the projected energy costs for LMFBR's because
of greater design complexity (H7). Still additional penalties may be
incurred through lower reactor outlet temperatures.

The parfait configuration provides a means of reducing metal
swelling and its associated penalties by reducing the peak fast fluence
in the core. Figure 3.15 demonstrates that the reduced fast neutron
fluence of the parfait concept would also allow extrapolation to a com-
petitive LMFBR from a greater data base., The peak fast flux in the
parfait configuration is 74. 5% of that in the reference reactor. If, as
indicated in Fig. 3.15, the approximate threshold for a competitive

23

reference LMFBR is 2.0 X 10 n/cmZ, a parfait configuration could

be introduced which would have an expected peak fluence of

23 n/cmz, a fluence which will have been achieved in the

1.5X 10
FFTF driver fuel,
The peak fast neutron flux in the reference configuration of this

study is greater than that used in reference (H7). This is primarily

the result of employing a lower core fuel volume fraction for the



(E>0.1 MeV)

Fast neutron fluence, n/c:m2 x 10723

Approximate Threshold of
Competitive LMFBR
0+ — —————— e ————
=T
NO DATA
6 <4~

.2-7/ i
Regln BRAL Lopfrof amd
Baflty’R Phipiblegs

FIG. 3.15.

r[e

9 %09,
s.‘AOA X A’::‘A‘

BR-IIRriver Fiel 3

1500

1000

500

100

(Ad %09 ‘TMIN ¢ '29)
sAep ‘aejus) II-YdH ur swl} pasdery

Fast Neutron Fluence, Required Test
Time and Program Objectives (HT)

127



128

reference and parfait reactors of this study. This change, which
decreased the average fissile and fertile number densities in the core
and hence Ef, forced an increase in the flux to maintain the same
reactor power, The fluence-induced core distortions calculated in the
next section for the reference reactor are, therefore, greater than

those calculated in reference (H7).

3.4. MECHANICAL DESIGN

3.4.1, Wrapper Tube Dilation

The wrapper tube dilation in the reference and parfait configurations
was assumed to be proportional to the local value of the fast fluence
raised to the 1.69 power, The magnitude of the dilation was normalized
to the value calculated at the core center for the sample configuration
in Section 3, 3.2. This analysis neglected the effect of temperature
variations along the fuel element which, if included, would cause the
peak dilation to occur above the core midplane. The lower coolant
temperature above the midplane in the inner core zone would further
reduce the peak wrapper tube dilation in the parfait configuration rela-
tive to the reference reactor. The results for the reference and parfait
configurations are compared in Fig. 3,16. The maximum dilation of
the wrapper tube in the parfait configuration is 37. 5% smaller than in
the reference configuration. The implications are that the parfait core
can be made more compact and have a higher fuel volume fraction than
the reference reactor. In addition, since the cross sectional area of
the fuel assembly increases (by a maximum of about 6% in the refer-

ence configuration) as the wrapper tube dilates, the coolant by-pass
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flow within the assemblies of the parfait configuration is also less.

3.4.2. Fuel Element Elongation

As in the previous section, fuel element elongation in the reference
and parfait configurations was assumed to be proportional to the fast
fluence raised to the 1.69 power. The axially integrated, power-
weighted fast fluence was determined as a function of radial position
and the magnitude of the fuel element elongation was normalized to the
value calculated along the core centerline for the reference configu-
ration discussed in Section 3.3.2. The results for the reference and
parfait configurations of this study are presented in Fig. 3.17. The
residence time for the core fuel elements was two years and the resi-
dence time for the radial blanket elements was assumed to be four
years. The original length of the fuel element, including the gas
plenum, was 457 cm. The maximum wrapper tube elongation of the
reference reactor represents a growth of 1, 5% as compared to 1.06%
for the parfait configuration. Fuel element elongation may be readily
accommodated in the design of a fast reactor, but differential growth
between opposite faces of a fuel element results in fuel element bow-
ing and is a much more severe problem. The greater the growth
differential, the greater the free (unrestrained) bowing. Figure 3,17
demonstrates that within the inner core zone, the parfait configuration
displays a significant advantage over the reference reactor in this
respect. The analysis which produced these results neglected the
effect of temperature differences between the opposite faces of the

wrapper tube, These temperature differences arise from radial
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power gradients in the core. Including their effect would impose a
saw-tooth pattern on the curves in Fig. 3.17 similar to that in

Fig. 3.13. Since the radial power gradient in the inner zone of the
parfait configuration is less steep that in the reference reactor
(Chapter 2, Figs. 2,20 and 2.21), including the effects of tempera-
ture differences would improve the relative advantage for the parfait
configuration, The implication of this favorable performance charac-
teristic is that fuel element distortions in the inner zone of the
parfait configuration will be less severe than in the reference reactor,
and the core restraint system will be subjected to smaller loads. In
the outer core enrichment zone, the absolute and differential wrapper

tube growth is comparable in both configurations.

3.4.3. Axial Gradients

Because the axis of symmetry for fuel pins, fuel elements and the
core as a whole is oriented axially, axial flux, power and temperature
gradients present far fewer mechanical design problems in fast reactor
cores than do radial gradients. Nevertheless, one of the differences
between the reference and parfait configurations is the introduction of
a pair of power discontinuities into the core at the interface between
the core zone and the internal blanket. This power discontinuity is
similar to that in the reference reactor at the interface between the
core and axial blanket, The axial temperature gradients in the fuel
and clad due to these power discontinuities were evaluated using the
three-dimensional heat conduction code, HEATIN2 (B9), and the

results are presented in Figs. 3.18, 3.19, and 3.20. These figures
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compare the axial temperature profiles in the fuel and clad at the core-
internal blanket interface (as a function of exposure) to those at the
core-axial blanket interface (BOC) for both the reference and parfait
configurations. Although the temperature gradient at the fuel center-
line is quite severe, axial conduction helps smear out this disconti-
nuity so that in the clad, the peak axial temperature gradient is

120° F/cm. The maximum temperature difference in the clad of the
parfait configuration across the core-internal blanket interface is 92°F.
This temperature difference results in a fractional increase in the clad
diameter of only 0.00056.

The linear power ratings used to obtain the interface temperature
profiles were generated using the 2DB code. This code assumes a
power profile which is proportional to the local fission rate and
neglects the effects of gamma heating. It has been shown by Wood (W1),
however, that gamma heating is comparable to fission heating in a
depleted uranium blanket at the beginning of irradiation. Including the
effects of gamma heating would therefore diminish the power disconti-

nuity and reduce the associated temperature gradients.

3.5, CONCLUSIONS

The core engineering considerations evaluated in this chapter
demonstrate a substantial advantage for the parfait concept over the
reference configuration. The reduction of the peak fast neutron
(E > 0.1 MeV) flux in the core greatly diminishes the detrimental
effects of metal swelling. Dilation of the hexagonal wrapper tube due

to swelling was estimated to be 37, 5% smaller in the parfait
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configuration. The maximum fuel element elongation in the parfait
configuration was also found to be 29% smaller than in the reference
reactor, More importantly, the differential growth between opposite
faces of the wrapper tube, which leads to fuel element bowing, was
found to be substantially reduced in the inner core zone of the parfait
configuration. Minimizing the effects of metal swelling is an
advantage which could allow the parfait configuration to have a more
compact core containing a higher fuel volume fraction.

Fuel swelling is also an area in which the parfait configuration
offers an advantage relative to the reference design. The peak fuel
burnup in the parfait configuration was estimated to be 7.6% smaller
than that in the reference reactor. Reduced fuel swelling, which is
a function of burnup, would allow the parfait configuration to employ
higher density fuel in its core and thus increase the effective fuel
volume fraction of the configuration.

A thermal analysis of both configurations, in which the maximum
coolant outlet temperature was assumed to be limiting, demonstrated
that both cores are capable of operating to the same mixed-mean
coolant outlet temperature., The materials in both cores operate at
substantially the same temperatures with the parfait concept exhibiting
a slight advantage in that the clad and structural components operate
at a lower average temperature in the region of interest above the mid-
plane. An analysis of the overpower capabilities of the two configu-
rations revealed that the parfait core enjoys a 7% greater margin
between the nominal operating power and an overpower condition cor-

responding to incipient fuel melting in the hottest fuel pin.
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This and the preceding chapter have described the normal oper-
ating characteristics of the reference and parfait systems. The next
chapter describes the safety-related response of the two configurations
to changes in core characteristics not encountered in normal full power

operation.
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Chapter 4

SAFETY CONSIDERATIONS

4,1, INTRODUCTION

The previous two chapters have been devoted to a comparison of
the parfait and reference systems under the normal full-power oper-
ating conditions of an equilibrium cycle. In this chapter the response
of the twb systems is compared for changes in the core characteristics
which are not encountered in normal full-power operation. Particular
emphasis has been given to the calculation of those nuclear parameters
which influence safety, including the delayed neutron fraction, the
prompt neutron lifetime, the partial and complete coolant voiding
coefficients, the isothermal Doppler coefficient and the power Doppler
coefficient. As with all of the calculations in this report, it is the
relative values of these pérameters which are most relevant in assess-
ing the potential for the parfait concept. This is particularly true for
these safety-related parameters because of the calculational uncertain-

ties in their absolute magnitudes indicated in Chapter 1, Table 1.2,

4.2, DELAYED NEUTRON FRACTION AND PROMPT NEUTRON
LIFETIME

The effective delayed neutron fractions and the prompt neutron
lifetimes for the parfait and reference designs were compared because
of the importance of these parameters to the kinetic response of the

reactors. The formulas used in this analysis are given below (H5):
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S avE w6

Betr = [ av : Viﬂﬁ¢¢* (4.1)
where
Beff = effective delayed neutron fraction
de= integral over the system volume
v, = fission yield for isotope i
Eﬁ = macroscopic fission cross section of isotope i
¢ = neutron flux
¢ = adjoint flux
Bi = delayed neutron fraction for material i
J av 9%
A = (4.2)
[ av Z VL0
where

= prompt neutron lifetime or, more properly, the neutron

generation time

v = average neutron velocity.

Fluxes, adjoint fluxes and the macroscopic fission cross sections were
generated using 2DB, the fission neutron yields and delayed neutron
fractions were obtained from reference (D2), and the average neutron
velocities in each region were obtained by flux and volume weighting

the average neutron group velocities. Calculations were performed for
the reference reactor and a 320-cm internal blanket parfait configuration.
The results, presented in Table 4.1, show that the delayed neutron
fractions and the prompt neutron lifetimes are very nearly equal for

both configurations.
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TABLE 4.1

Comparison of the Effective Delayed Neutron
Fraction and Prompt Neutron Lifetime

30-cm IB
Parameter Reference Parfait
Delayed neutron fraction, Beff 0.00416 0.00412
Prompt neutron lifetime (sec) 2.98 X 10" 2.90 X 107"

4,3. SODIUM DENSITY REACTIVITY EFFECTS

The removal of some or all of the coolant from a large sodium-
cooled fast reactor will result in reactivity changes due to three
effects (D1): reduced neutron captures in sodium, spectrum hardening
(which favors additional fertile material fissions and reduces the
capture-to-fission ratio in the fissile materials) and increased neutron
leakage from the core. The latter two considerations dominate, with
spectrum hardening contributing a positive reactivity effect and neutron
leakage contributing a negative effect. Because the probability of
neutron leakage from the core is strongly position-dependent, the
sodium density reactivity coefficient is also strongly position-dependent;
that is, generally positive toward the center of the core and negative in
the peripheral regions.

There are several mechanisms by which the sodium density in a
region of the core may be reduced. A severe reduction of coolant flow

to a fuel assembly operating at full power could cause the sodium to boil.



142

The resulting sodium vapor generated in the fuel channels would, in
turn, expel the remaining liquid sodium and thus void the element.
The reactivity effect of the total removal of sodium from different
regions of ‘the core is evaluated in Section 4.3.1. A related mecha-
nism for reducing the sodium density in a region of the core is the
thermal expansion of the liquid metal coolant. The temperature
dependence of the sodium density in the temperature range of interest
in fast reactors is illustrated in Fig. 4.1. Temperature changes in
the core, therefore, affect the sodium atom density in the core,
which in turn causes a reactivity change. Such temperature changes
are experienced, for example, in taking the reactor from the cold
startup condition to full power operation or when flow is varied in the
primary and secondary sodium loops. Another mechanism by which
the average sodium density in the core may be reduced is by the
entrainment of gas (fission gas or cover gas, for example) in the
primary coolant. The reactivity effect of this slight reduction in

the average sodium density in the core is similar to that caused by
thermal expansion, The reactivity effect of a partial reduction of the

sodium density in both configurations is evaluated in Section 4, 3. 2.

4.3.1. Regionwise Sodium Void Reactivity

As stated in Section 1, 2, the sodium void characteristics of fast
reactor cores made up of alternating slabs of fissile and fertile
material have been investigated in two earlier studies. In one study
(L3) involving a 1500-liter Pu-U metal-fueled reactor, inserting a

layer of blanket material at the core midplane was found to have a
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favorable effect on the sodium void coefficient; that is, it was made
less positive or more negative. This characteristic was confirmed
for several thicknesses and compositions of the internal blanket.
In a Westinghouse study (H1), a concept employing stacks of pancake
cores separated by blankets was investigated for carbide-fueled
reactor systems., That study revealed that the parfait-type distri-
bution of fissile and fertile material could diminish a positive sodium
void coefficient.

The reactivity worth of sodium in the reference and parfait
configurations of the present study was determined by comparing the

k .. predictions for each configuration with and without sodium totally

eff
removed from specific regions of the reactor. The cores compared

in this analysis were the standard reference core (Chapter 1, Table 1.,5)
and a parfait configuration in which the internal blanket had a thickness
of 40 cm and a radial extent of 90 cm. (The radial extent of the inner
core zone of both configurations was the same,) The core and blanket
regions of both reactors were loaded with fissile concentrations repre-
sentative of the beginning of an equilibrium cycle. The specific

regions which were voided of sodium are defined in Fig. 4.2, Because
axial symmetry was assumed in these calculations, voiding of a region
shown in the figure was accompanied by voiding in a mirror image
region in the lower half of the core. These calculations were performed
with the 2DB code, employing the standard four-group cross section set,

and the results are listed in Table 4.2. These results demonstrate the

favorable sodium void characteristics of the parfait configuration,



106.7
Reflector _
92.51 Internal Blanket = 1,2
Core Zone 1 = 3,4,5
6 Axial Blanket Core Zone 2 =17
Total Central Zone = 1-6
54.4 No internal blanket in
reference core
5 Radial
y Blanket
39.62
Z
(cm) 4
29,717
8
20. 0 /// //
o /// ///
0.0 / Midplane
Centerline 90.0 130.0 158.4 172.6

R (cm) —

FIG. 4.2, Definition of the Reactor Regions Used in the Sodium Void Analysis

R



TABLE 4.2

BOC Sodium Void Worth by Zone in the

Reference and Parfait Reactors
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Reactivity change upon sodium

\ngl;s:d removal from specified zones
(Fig. 4.2) Reference Parfait
Ak $ Ak $
1 +0. 00529 +1.,27 +0.00307 +0. 74
2 +0. 00442 +1.06 +0,00287 +0.70
3 +0.00301 +0. 72 +0,00237 +0. 57
4 +0. 00130 +0. 31 +0. 00199 +0. 48
5 -0.00122 -0.29 ~-0.00079 -0.19
6 -0.00351 -0, 84 ~-0.00515 -1.25
7 -0.00352 -0.85 -0.00256 -0.62
8 -0,00137 -0.33 -0.00201 -0.49
1,2 +0.00971 +2.33 +0.00645 +1. 56
4,5,6 -0.00398 -0.96 -0.00430 -1.04
1-6 +0.00869 +2.09 +0. 00516 +1.25
1-17 +0. 00507 +1. 22 +0.00268 +0.65
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The removal of sodium from the parfait configuration results in a
smaller increase or a larger decrease in keff than in the reference
core for each of the zones voided except 4, 5 and 7. From the point
of view of safety, the change in the multiplication factor is primarily
of interest when the change is positive. Therefore, since the
removal of sodium from zones 5 and 7 results in a decrease in keff
for both configurations, it is only the slightly more positive reactivity
contribution of zone 4 which is significant. A general conclusion from
the results of Table 4.2 is that the parfait configuration has more
favorable sodium void characteristics than the reference core. The
most positive sodium void reactivity effect occurs when zones 1
through 4 as defined in Fig, 4.2 are voided. For this case, the
positive reactivity effect in the parfait configuration is only 74% of
that for the reference reactor. A more detailed calculation of the
response of each configuration to a specific sequence of events in a
voiding accident would be required to state that the parfait configu-
ration would respond more favorably in every case.

Because of the significant buildup of plutonium in each of the
blanket regions, calculations were also performed to determine the
reactivity effect of removing sodium from reference and parfaitA
configurations having a fissile concentration and distribution charac-
teristic of the end of an equilibrium burnup cycle (EOC). The results

are shown in Table 4. 3.
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TABLE 4.3

EOC Sodium Void Worth by Zone in the
Reference and Parfait Reactors

7 ones Reactivity change upon removal of

Voided sodium from specified zones
(Fig. 4.2) Reference Parfait
Ak $ Ak $
1,2 +0.01036 +2.49 +0, 00837 +2.03
1-6 +0.01060 +2.55 +0. 00891 +2. 16
1-17 +0.00857 +2, 06 +0. 00770 +1.87

A comparison between these results (EOC)and those of Table 4.2 (BOC)
reveals that both cores exhibit the characteristic increase in the positive
sodium void reactivity effect with burnup. The parfait configuration
still maintains an advantage in that the positive Ak increases are smaller
than in the reference core throughout the burnup cycle, but this differ-
ence is diminished as the parfait core burns up and takes on a fissile
distribution and flux shape more similar to the reference core.

Several variations in the method used to calculate the effect of
sodium removal from the cores were carried out in order to gain further
assurance that the conclusions derived from Table 4.2 were correct.

In the above calculations, the internal blanket was assumed to contain
a homogeneous smear of fissile material such that the total fissile
inventory of the region was equivalent to that which would be built up in
equilibrium operation. In order to determine the effect of a more

realistic fissile material distribution, the internal blanket was divided
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into alternating annuli of clean blanket material, and blanket material
which had been irradiated for one cycle, The resulting fissile
distribution approximated that of a scatter reload scheme in the
central zone. This, however, was found to have no effect on the
sodium void predictions.

The calculat'ions of Table 4, 2 were also carried out without any
control poison in the cores. Because sodium removal from a core
results in spectral hardening, which in turn renders a control poison
(boron-10) less effective, a series of calculations were also performed
for reference and parfait configurations loaded with a homogeneous
boron concentration sufficient to suppress one half of the BOC excess
reactivity of each configuration. The results are shown in Table 4.4

along with the comparable results from Table 4, 2,

TABLE 4.4, BOC Sodium Void Worth With and Without Boron in the Core

Reactivity change upon sodium

Zones 1 fied
Case Voided removal from specified zones
(Fig. 4.2) Reference Parfait
Ak $ Ak $
Without boron 1,2 +0.00971 +2,.33 +0.00645 +1.56
(from Table 4.2)
1-6 +0.00869 +2.08 +0.00516 +1.25
1-7 +0.00507 +1,22 +0.00268 +0.65
With boron 1,2 +0.01051 +2.52 +0,00634 +1,54
(Boron concen-
tration sufficient 1-6 +0.01087 +2.61 +0.00611 +1.48
to suppress one
half BOC excess 1-7 +0, 00923 +2.21 +0. 00534 +1.30

reactivity)
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This comparison shows that although the positive sodium void effect
was, in each case, underpredicted by calculations which did not
include control poison in the core, the parfait configuration still
exhibited more favorable sodium void characteristics than the refer-
ence design.

The four-group cross section set used in the above calculations
was not recollapsed over the neutron spectrum of a core voided of
sodium. In order to evaluate the effect of local spectrum hardening
upon the sodium void calculations and to confirm the adequacy of the
four-group predictions, a comparison was made between the sodium
void predictions as calculated above and predictions using the original
26-group cross section set., This comparison is shown in Table 4. 5 for

reference and parfait configurations which included boron in the cores.

TABLE 4.5

26-Group and Four-Group BOC Sodium Void Worth
Predictions for the Reference and Parfait Systems

Reactivity change upon sodium

Number of removal from zones 1-6

Neutron
Energy Reference Parfait
Groups Ak $ Ak $

4 groups +0.01087 +2.61 +0.00611 +1.48

(from Table 4.4)

26 groups +0. 00756 +1.82 +0. 00504 +1,22

This table demonstrates that the four-group calculations over-estimated
the sodium void worth for both the reference and parfait cores. In this

case, as with the previous comparisons, the variation in the
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calculational procedure yielded different absolute results, but did not
alter the relative results; that is, the parfait configuration still \
exhibited favorable sodium void characteristics in comparison to the
reference reactor.

The sodium void characteristics of an alternate parfait configu-
ration in which the 40-cm internal blanket was divided into two 20-cm
regions separated by 20 cm of core material were also determined.
This split-parfait design was found to have inferior sodium void
characteristics when compared to the conventional parfait configu-
ration of this report. A more detailed description of the concept and

the results are provided in Appendix B,

4.3.2. Partial Sodium Density Reduction

The calculations of the previous section involved the total removal
of sodium from specific regions of the reactor. Such a condition
might be part of a postulated accident sequence for the reactor. There
are, however, mechanisms — including thermal expansion of the sodium
and the passage of well-dispersed, micro-gas-bubbles through the core—
by which a partial reduction in the sodium density in the reactor could
be realized during relatively normal operation. Therefore, the
response of both the reference and parfait configurations to a partial
sodium density reduction was determined. A series of four-group keff
calculations similar to those described in the previous section were
performed for each configuration. The results for a 50% reduction in

the sodium density throughout the reactor are listed in Table 4.6. An

unrealistically large change in the sodium density was used to insure



152

TABLE 4.6

Reactivity Effect of Reducing the Reactor Sodium Density by 50%

Time

. Reference Parfait
During
Irradiation s ¢/% Na ., . ¢/% Na
Ak Removal Ak Removal
BOC +0. 00228 +1.°096 +0. 00032 +0, 155
EOC +0.00401 +1.928 +0.00331 +1.600

) Ak upon removal of 50% of reactor sodium

React1v1ty change per percent of sodium removal from reactor

computational accuracy, since a small difference between values of

k .. was being computed. Similar predictions of the sodium worth per

eff
fractional change in sodium density were also obtained in a calculation
in which the sodium density was reduced by 10%. A comparison of the
results demonstrates that this change in the systems results in a
substantially smaller increase in the system multiplication factor for

the parfait configuration than for the reference design. Again, this

difference diminished with burnup.

4.4, DOPPLER COEFFICIENTS

The primary mechanism for terminating an uncontrolled reactivity
insertion in a fast reactor core is the prompt temperature coefficient
associated with Doppler broadening of neutron absorption resonances
in the fuel atoms. Heating the fuel causes a change in the relative
velocities between the neutrons and fissile and fertile atoms, and this
change increases the resonance absorption reactions, particularly

below about 10 keV. The net reactivity effect of Doppler broadening
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is dominated by the negative contribution due to enhanced U-238
capture.

There are three Doppler-related coefficients of interest in fast
reactors. The first is the isothermal Doppler coefficient. It is
defined as the change in keff per degree change in the system
temperature, (% g—l%- , and contributes a substantial part of the
reactivity swing associated with taking the reactor from cold startup
to hot operating conditions. The second coefficient is the power coef-
ficient of reactivity. It is defined as the change in the system

reactivity for a given change in the system power (-112 a—I-:,—g—l-{——— . The

primary contribution to this reactivity effect is the Doppligi‘all)roadening
associated with the temperature change in the fuel as the power of the
reactor is changed. The third Doppler-related coefficient is the
adiabatic power coefficient which is defined as the fractional change in
keff for a given change in the reactor power under the condition of
adiabatic heat-up of the fuel pins. In his analysis, Wood (W1) has
shown that the power coefficient of reactivity and the adiabatic power
coefficient are proportional.

The isothermal Doppler coefficient and the power coefficient of
reactivity for the reference and parfait cores are evaluated in the next
two subsections. The cross section set used in these calculations was
the FTR Set #200 (N1) described in Section A.1.2. For use in evalu-
ating the Doppler broadening effect, these cross sections were evalu-

ated at various temperatures using the 1DX code (H6) to adjust

resonance self-shielding.
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4.4.1, Isothermal Doppler Coefficient

The isothermal Doppler coefficient was evaluated for the reference
and parfait configurations at the beginning and end of the equilibrium
cycle by performing keff calculations using the 2DB code and cross

sections evaluated at 300°K and 1000°K. The results are presented in

Table 4. 7.
TABLE 4.7
Isothermal Doppler Coefficient Comparison
Time 1 Ak o1 Ratio
During k AT _Parfait
Cycle Reference 30-cm IB Parfait Reference
BOC ~2.188 X 107 ° ~2.267% 10°° 1.036
-5 -5
EOC -1.946 X 10 -2.166 X 10 1.113

The difference in the predicted isothermal Doppler coefficients for the
two configurations is less than the +15% calculational uncertainty

currently estimated for this parameter (Chapter 1, Table 1. 2).

4.4.2. Power Coefficient of Reactivity

The power coefficient, which depends upon the Doppler character-
istics of the configuration and upon the power distribution in the system,

may be expressed in the form:

1 dk _ 195)( LOCAL)
ap

T = (4.3)
k dPporar,  k dT TOTAL



155

The Doppler constant of each configuration was determined and then
this constant was multiplied by the estimated temperature change in
the fuel per unit change in system power, %% , to determine the
power coefficient. In this calculation, the power coefficient contri-
bution of the external blankets was neglected. This is equivalent to
assuming that as the reactor power is changed, the temperature
change in the fuel of the external blankets is negligible. The reactivity
effect of a temperature increase in the blanket region would be negative
in both the reference and parfait configurations (because the predomi-
nant fuel component is U~238) but, because of the low power generation
rates in these regions as compared to the core regions, neglecting the
effect of the external blankets is justifiable for present purposes.
This approximation was confirmed by Wood (W1) who found that the
power coefficient contribution of the external blankets was less than
1% of the total., The power coefficient of reactivity calculated in this
section is therefore that due to the core alone.

The Doppler constant defined by Equation 4.4, was determined
for each of the configurations by performing two 26-group keff calcu-
lations which differed only in the temperature at which the cross

sections used in the calculation were evaluated.

dk
IT (4.4)

ok

C=-

In this equation, T is the average of the two temperatures used in the
calculation of the Doppler constant. These two temperatures were also
comparable to the average temperatures in the fuel before and after the

power change (AP ) for which the local temperature changes

TOTAL
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(AT ) were evaluated. Because of the distinctly different

LOCAL
composition of the internal blanket (as compared to core material)

and the different temperature change it experiences, two Doppler
constants were determined for the parfait configuration: one for the
core regions and one for the internal blanket region. The results of

the Doppler constant calculations are listed in Table 4. 8.

TABLE 4.8

Doppler Constants for the Reference and Parfait Configurations

_ _Tdk
C=-%ar
C (Doppler constant)
Reference 30-cm IB Parfait
Core zones 0.00938 0.00680
Internal blanket -- 0.00268

These results are somewhat larger than those which have been
reported for large fast reactors, 0.0077 (K2); however, it is the
relative value of these parameters which is the focus of this study.
The local fuel temperature changes (dTLOCAL/dPTOTAL) were
calculated for two steady-state conditions representing a factor of two
difference in system power. In this case, the average power density
in each of the regions of the reactor, which may be translated into a
linear power rating, doubles. The increase in the centerline fuel
temperature due to this increase in the average linear power rating

is given by:
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AT, = Aq'/4r k (4.5)

G f
where
ATCZ = Change in the centerline fuel temperature

Aq' = Change in the average linear bower rating

kf = Thermal conductivity of the fuel.

(This analysis neglects the effects of structural changes in the fuel
material, assumes a constant fuel thermal conductivity and assumes

a fuel surface temperature independent of the linear power rating.)

For the parabolic temperature distribution which exists in the fuel
pins, the average increase in the fuel temperature is equal to one half
of the fuel centerline temperature increase. The average changes in
the fuel temperature corresponding to the given change in the system
power were combined with the Doppler constants derived above to

yield the power coefficients given in Table 4.9.

TABLE 4.9

Power Coefficients of Reactivity
(External blanket contribution excluded)

Power Coefficient

Case
1 Ak -1
kK ap » MW, ¢/ MW,
Reference (BOC) ~1.638 x 107 ° -0. 039
30-cm IB Parfait (BOC) ~1.470x 1078 -0.036
Ratio (—P"f‘—r—fa—it—— 0.92
Reference
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Table 4.9 demonstrates that in spite of the larger change in the average
fuel temperature of the parfait configuration (because the additional
system power is generated in a smaller fissile-loaded core volume),
the power coefficient of the parfait configuration is still 8% smaller
than that of the reference core. Toward the end of life, when a

greater fraction of the system power is generated in the internal
lblanket, the power coefficients become more nearly equal. The
smaller magnitude of the power coefficient represents a disadvantage
for the parfait configuration, but the difference between the two esti-
mates is still within the current margin of calculational uncertainty,

+15%, as reported in Table 1.2 of Chapter 1.

4.5 NET REACTIVITY EFFECTS FROM STARTUP TO FULL POWER
OPERATION

The net reactivity effect of taking the reactors from the cold start-
up to hot, full power operation was estimated by making use of the
reactivity coefficients calculated in the previous sections. The
reference and parfait reactors were assumed to be at an initial, iso-
thermal temperature of 300°F. Each configuration was first raised to
an isothermal temperature of 875°F. The isothermal Doppler coef-
ficients calculated for each configuration were used to estimate the
reactivity effect of this system change. During this heatup, the sodium
density in the core decreases by about 6% and the reactivity effect of
this change was calculated using the sodium density coefficient. The
power coefficients were then used to calculate the reactivity effect of

taking the zero power, heated systems to full power (2500 MWt)
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conditions. These reactivity effects are summarized in Table 4.10.
This table demonstrates that the net reactivity effect in going from
cold startup to hot, full power operation is nearly identical for the two
configurations. Note, however, that the reactivity effects of axial and
radial thermal expansion of the cores in both configurations have been

neglected in this analysis,

TABLE 4.10

Reactivity Effects from Startup to Full Power Operation

Reactivity Change

System Reference 30-cm IB Parfait
Change Ak $ Ak $

Isothermal -0.00700 -1.683 -0.00725 -1.760
heatup

Sodium density +0.000274 +0.066 +0.000038 +0.009
reduction

Zero power to -0.00410 -0.986 -0.00367 -0.891

full power

Total:
Cold startup to
full power -0.01083 -2.603 -0.01088 -2.642
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4.6. FUEL MOVEMENT WITHIN THE REACTOR

A detailed evaluation of the mechanisms for and the effects of fuel
movement within the reference and parfait configurations was beyond
the scope of this work. However, an indication of the effects of small
movements of fuel material in the cores may be obtained by noting the
shape of the function ¢¢* , the product of the flux and the adjoint flux.
An axial plot of this function was given in Chapter 2, Figs. 2.31 and
2. 32, and radial plots at three different planes of the cores are given
in Figs. 4.3, 4.4 and 4.5, The axial curves indicate that the slumping
of fuel from a substantial portion of the core zone above the midplane
(the zone in which the fuel is the hottest and therefore the most likely
to experience slumping) toward the internal blanket would yield a
negative reactivity effect. By comparison, fuel slumping in the entire
core zone above the midplane of the reference reactor would yield a
positive reactivity effect. Figures 4.3, 4.4 and 4.5 indicate that the
radial movement of core material in the inner zone of the parfait con-
figuration should result in a substantially smaller reactivity effect ‘
because of the flatter ¢¢>* profiles. At the outer edge of the parfait
configuration, however, where the ¢¢* gradient is steeper than that of
the reference core, fuel movement would contribute to larger reactivity
effects for the parfait core — more negative if the movement is outward

and more positive if the movement is inward.
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4.7. CONCLUSIONS

With regard to the sodium void characteristics calculated in this
chapter, the parfait configuration demonstrated substantial advantages
over the reference design. Voiding of sodium from the internal
blanket of the parfait configuration was found to contribute a smaller
positive reactivity than voiding of a comparable region in the reference
core, The complete and partial voiding of the core zones (and internal
blanket) of each configuration was found to result in a positive reactivity
effect that was, on the average, about 25% smaller in the parfait con-
figuration. Another important safety parameter, the power Doppler
coefficient, was also calculated. The results of those calculations indi-
cate that the negative reactivity effect of an increase in the total system
power is 8% smaller in the parfait configuration at the beginning of a
burnup cycle and nearly equal to that of the reference core at the end of
the cycle.

A calculation of the effective delayed neutron fraction and the
prompt neutron lifetimes demonstrated that these parameters were
substantially the same for both configurations. Finally, an estimate of
the response of both configurations to small local melting and slumping
of fuel in the hottest part of the core indicated that the parfait configu-
ration would respond more favorably, that is, with a smaller reactivity

change.
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Chapter 5

FEASIBILITY AND ECONOMICS

5.1. INTRODUCTION

The previous three chapters have been devoted to a discussion of
the operational characteristic of the parfait configuration relative to
the reference reactor. Constraints were imposed to guarantee the
operational feasibility of the concept and in each of the areas investi-
gated, neutronics, core engineering and safety, substantial advantages
have been identified for the parfait configuration.

This chapter deals with a number of the nonoperational character-
istics of the parfait core which, nevertheless, have a bearing upon its
feasibility. In addition, the relative economic performance of the
reference and parfait cores operating in an equilibrium fuel cycle are
compared. The economic environment for the evaluation and the
equilibrium fuel cycle are defined. Simulation of the burnup physics
of this cycle is described and finally, the fuel cycle costs are com-

pared for a variety of economic conditions and design characteristics.

5.2, FEASIBILITY
5.2.1. Fabrication

One of the biggest unknowns surrounding the ultimate economic
performance of the commercial breeder reactor relates to the cost of
fabricating reliable fuel elements. Because of the low facility through-

put and their first-of-a-kind nature, the current test facilities and
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demonstration reactors will experience core fabrication costs several
times that which would afford a commercial system economic viability.
Therefore, for the purpose of evaluating the potential application of the
parfait concept, the fabrication costs estimated for a mature fast
reactor economy have been assumed in this report.

The parfait configuration makes use of a fuel design which is
essentially the same as that of the reference core and therefore most
of the steps in the fabrication process will be the same. In fact, the
design of the fuel assemblies for loading in the outer core zones of both
reactor configurations are identical except for the actual plutonium
enrichment of the core zone pellets. The internal structure of the fuel
pins of the inner core zone is different, however, as illustrated in
Fig. 5.1. The effect of these differences on the fabrication costs of
the inner core zone fuel elements was estimated by drawing upon
industrial experience from the fabrication of fuel for light water
reactors. Figure 5.2 (A4) illustrates the major steps in the fabrication
of BWR fuel. Although there will be significant differences in the
fabrication of fast reactor fuel including, for example, the reduced pin
diameters, different spacer designs and the requirement for remote
handling of plutonium fuels, this flow chart is illustrative of the large
number of actual operations and inspections performed in the fabri-
cation of nuclear fuel. In evaluating the effect on the fabrication cost
of adding an internal blanket region to the fuel pins of the inner core
zone, it is important to note that the only steps in this elaborate
process which are affected are the rod-load step and the rod enrich-

ment scan. A study by the Battelle Northwest Laboratories indicates
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that the rod-load step contributes only insignificantly to the total
fabrication costs. In this study (B4, B5), the time and cost components
of each of the steps in the fabrication of a LWR fuel element loaded with
mixed oxide pellets containing high exposure recycled plutonium were
evaluated. A condensed version of the results of that study are shown

in Table 5.1,

TABLE 5.1

Fuel Element Fabrication Cost Components

Operation Percent of Total *
p Fuel Element Fabrication Costs
Rod-load 2.5

Pelletization and preparation
of nuclear materials 33.0

Fabrication, inspection and sizing

of cladding tubes 33.0

Assembly of fuel pins into a
complete fuel element 12.0
All other steps 19.5
Total 100.0

Exclusive of nuclear material costs

In terms of time-per-process-step, the rod-load step was estimated
to consume four hours per fuel element as compared to 891 hours for
the pelletization of the nuclear materials. As previously indicated,

these estimates were developed for the fabrication of plutonium-bearing
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LWR fuel, but because of the close similarity in the overall process, it
can be assumed that the rod-load step would be only a minor contributor
to the total fast reactqr fuel fabrication costs as well. Under this
assumption and because the core fuel elements of the parfait and refer-
ence designs are both made up of two types of fissile-loaded pellets and
one type of blanket pellet, it was concluded that the fabrication costs for
the core zone of the parfait configuration and the reference reactor
would be the same. It should be noted, however, that the fissile-loaded
core volume of the parfait configuration is smaller than that of the
reference reactor, and since plutonium-bearing fuel pellets are more
expensive to fabricate than depleted uranium axial blanket pellets, the
parfait configuration may actually have a reduced core fabrication cost.
One of the parfait configurations discussed in Chapter 2 exhibited
a design characteristic which would have a significant impact upon the
core fabrication costs, The parfait core having a 50-cm internal
blanket required only one plutonium enrichment for both the inner and
outer core zones., Therefore, because the process of pelletization and
preparation of the nuclear material for rod loading represents a signifi-
cant component of the fabrication process, having only one type of
plutonium-1loaded pellet in the core is a simplification which could lead
to a substantial reduction of the total fabrication costs for this configu-
ration. Parfait cores having internal blanket thicknesses of 50 cm and
30 cm are compared to the reference core in a later section of this

chapter.
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5.2.2, Quality Assurance

Assuring strict adherence to design specifications is one of the
major challenges in the fabrication of nuclear fuel as evidenced by the
large number of quality assurance inspections indicated in Fig. 5. 2.
One of the npndestructive testing techniques developed for application
to both LWR fuels and fast reactor fuels to aid in quality assurance
programs is the gamma scan of individual fuel rods to evaluate their
local fissile content. This technique, which has been applied to BWR
fuel (A2) and will be used to examine fuel pins for the Fast Flux Test
Facility (N2), could prove to be particularly useful in assuring the
'qu.ality of fuel fabricated for use in a parfait configuration. The assay
system makes use of a Californium-252 source to interrogate the fuel
rods, and gamma-ray detectors to record the response (F2). The local
fissile content and pellet-to-pellet uniformity is determiﬁed by moving
the fuel pin past the source and counting the high energy (> 1200 keV)
and low energy (100 keV to 500 keV) delayed gamma rays resulting from
the induced fissioﬁ reactions. The accuracy of the assay system in
determining the position-dependent fissile content of a specially loaded
fuel pin is indicated in Fig. 5,3. The capability of the system to detect
a change of only a few percent in plutonium enrichment is clearly
demonstrated and is far more than would be required to differentiate
between core pellets and internal blanket pellets in the scan of a parfait
configuration fuel pin. The sensitive position-dependent gamma scan
could be most useful in assuring the exact dimensional extent of the

material regions within a fuel pin containing an internal blanket loading.
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Even though the gamma scan technique offers positive assurance
of a fuel pin's internal contents, it should be noted that even if a pin
that was supposed to contain an internal blanket region were accidentally
loaded with all core zone pellets, such a pin could be operated in a
parfait configuration without exceeding the maximum allowable linear
power rating. This favorable circumstance is a result of the flux dip
in the internal blanket throughout the equilibrium cycle (Fig. 2.10).
For both the reference and parfait configurations, the accidental loading
of a fuel pin from the outer core zone into an assembly of the inner core
zone would result in an operating condition for which the maximum
design value of the 1inéar power was exceeded, and is therefore an
occurrence which both configurations must be protected against.
Even in this unlikely circumstance, the parfait configuration would
exceed its maximum design value by an amount less than that of the
reference core because the fissile enrichments for the inner and outer

core zones are more nearly equal for each of the parfait configurations.

5.2.3. Fuel Management Patterns

Because of power peaking considerations, the primary constraint
imposed upon fuel management schemes for reference FBR reactors
is that, unlike light water reactors, fuel assemblies from the outer
core zone may not be reloaded into the inner core zone. Within this
constraint, the most often mentioned fuel management scheme for fast
reactors is scatter reloading, which may or may not be accompanied by
fuel assembly shuffling within a core zone and/or rotation of the fuel

assemblies. The merits of the various refueling schemes will be best
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evaluated as operational experience is gained, but for the purposes of
this report, it is sufficient to note that fuel management schemes
available to the parfait configuration are equally as restrictive or
flexible as those for the reference core. The constraint is still im-
posed that fuel from the outer core zone may not be reloaded into the
inner core zone, but within a core zone assemblies may be shuffled or
rotated, as in the reference core. In fact, because of the flatter flux
and power profiles in the inner core zone, and therefore, flatter burn-
up profile, the parfait configuration at the very least, offers greater
flexibility in shuffling patterns and even diminishes those burnup
differences which lead to the consideration of shuffling and fuel

rotation schemes in the first place.

. 5.2.4. Reprocessing

The initial distribution of the fissile and fertile materials in the
fuel elements of the inner core zone is a consideration, which, as
discussed above, may have a small effect on the fabrication of the fuel,
but will have no effect on the reprocessing of the irradiated fuel. The
core and cladding materials of both configurations are the same and the
steps in the recovery of valuable fissile material are the same. In both
cases, the fuel bundle must be disassembled, the pins must be broken
down mechanically and the oxide must be processed chemically. The
axial blanket material and the core material will be reprocessed as a
mixed batch (M1) and therefore the inner core zone fuel of the parfait
concept will not require a special step for the separation of the internal

blanket region from the core material prior to chemical processing.
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In short, the operation of a fast reactor with fuel containing an integral
internal blanket region will introduce no unique fuel reprocessing

problems,

5.3 ECONOMICS

5.3.1 Definition of the Economic Environment

The standard economic environment used in this study is the same
as that used by Wood (W1) and was originally developed from an
extensive review of the relevant literature by Brewer (B2). This
environment is defined in Table 5. 2. In addition to the unit processing
costs displayed in the table, the effect of increasing the core fabrication
costs to $400/kg HM was also evaluated.

For this comparison, both the refereinice core and parfait configu-
ration were assumed to operate at a thermal efficiency of 40%. A load
factor of 82%, which is equivalent to 300 full power days of operation

per calendar year, was also assumed.

5.3.2 Equilibrium Fuel Cycle

The reference and parfait cores were evaluated on the basis of
equilibrium fuel cycle cost because it is this parameter which is most
indicative of the long term economic performance of the two systems,
In the approach years, prior to achieving the equilibrium cycle, the
operation of the two reactor configurations would be very similar.
Each would experience the buildup of plutonium in all of the blanket
regions and some core fuel assemblies would have to be removed from

the reactor after just one year of irradiation so that new fuel could be
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TABLE 5.2

Standard Economic Environment

Financial Parameter Value of Parameter
Base Case High Cost of
Money
Income Tax Rate 0.50 0.50

Capital Structure
Bond fraction (debt) fb 0.50 0.50
Stock fraction (equity) fS 0.50 0.50

Rates of Return

Bonds ry 0.07 0.09
Stocks r 0.125 0.14
Discount Rate, x 0.08 0.0925
Isotope Market Value ($/kg)
U-238 0
Pu-239 10,000
Pu-240 0
Pu-241 10,000
Pu-242 0
Processing Unit Fuel Processing Costs ($/kg HM)
Fabrication
Core and internal blanket 314
Axial blanket 80
Radial blanket 69
Reprocessing
Core 50
Axial blanket 50
Radial blanket 50

x = (1- 'r)rbfb + rsfs
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loaded. If for any reason, it was necessary to accelerate the approach
to equilibrium for the parfait configuration, the internal blanket could
be loaded with natural or slightly enriched uranium to more closely
match the equilibrium buildup of fissile material in the region. However,
no unique difficulties in the approach to equilibrium have been identified
for the parfait configuration.

For this comparison, core fuel elements were assumed to have a
two-year residence time in the core, with one half of the elements in
each of the core zones removed and replaced with fresh fuel on an
annual refueling schedule,

The material and cash flows representative of an equilibrium fuel
cycle are sketched in Fig. 5.4. Prior to the beginning of each irradi-
ation cycle, the fissile material which will be loaded into the fresh fuel
assemblies must be purchased and the fuel assemblies fabricated. The
expenditures for both of these transactions were assumed to take place
0.5 years before the beginning of the irradiation cycle. Revenues from
the sale of electricity were assumed to be received at the middle of the
irradiation cycle which is the point in time to which all expenditures
are referenced using present worth factors. After irradiation, spent
fuel discharged from the reactor must be reprocessed for recovery of
the valuable fissile isotopes. The expenditure for this activity and the
realization of the fissile material credit were both assumed to take place
0.5 years after the end of the irradiation period. The physics and cash
flow simulations of this equilibrium cycle are described in the next two

sections of this chapter,
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5.3.3. Physics Simulation of the Equilibrium Fuel Cycle
| As with the neutronic and thermal-hydraulic calculations described
in earlier chapters, preliminary burnup calculations were performed
usinga limited number of material zones to describe the reactor con-
figuration to determine the approximate core fissile loadings. For the
purpose of determining the fissile material inventories required for fuel
cycle cost calculations, considerably greater detail was added to the
description of the material regions of the reactor in the 2DB burnup
calculations. In this way, the unrealistic movement of fissile material
within the reactor, which results from the region-by-region material
homogenization following each burnup time step in 2DB, was minimized.
The inner and outer core zones were each represented by four material
regions, the radial blanket by nine regions and the axial blanket by
eight regions. Azimuthal symmetry and axial symmetry about the core
midplane were assumed.

The first step in the process of simulating the physics of an equi-
librium fuel cycle was to determine the beginning-of-cycle (BOC) fissile
content in each of the blanket regions. In the case of the axial blankets
and the internal blanket, this was easily accomplished by performing
burnup calculations for both reactor types which were initially loaded
with clean blanket regions. The fissile and fertile material concen-
trations obtained after a burnup of 300 full power days were used in
subsequent calculations as the BOC heavy metal concentrations in
annular regions comprising one half of each of the blanket regions,

The other half of each of the blanket regions was loaded with clean
blanket material, i.e., depleted uranium oxide. This method of esti-

mating the fissile loading of the axial and internal blanket regions
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simulates what would actually take place in an equilibrium cycle since
the fresh fuel (comprising one half of the fuel assemblies in the core)
would in fact contain clean blanket material and the other half of the
fuel assemblies, which had already been in the reactor for one cycle,
would contain blanket material which had been irradiated for 300 days.
The BOC fissile content of the radial blanket is not as easily esti-
mated as that of the axial and internal blankets because the radial
blanket assemblies may be managed independently of the core.
Brewer's study (B2) demonstrated that on the basis of economic
- performance, the optimum irradiation time for batch-loaded blanket
assemblies varied between two and eight years depending upon their
location with respect to the core and Wood's study (W1) has demon-
strated that the management of the radial blanket has little effect on
the amount of fissile material bred in the region. Another study (E5),
focusing on the engineering design of the blanket,has compared different
blanket management schemes including in-out, out-in and element
rotation, but considerable uncertainty still surrounds the question of
how to best manage the radial blanket. Although it was unnecessary
to actually specify an external management scheme for the purpose of
evaluating the ultimate potential of the parfait configuration, the BOC
fissile distribution in the radial blanket which was adopted for this
study is similar to that which would be obtained in a modified in-out
management pattern where the blanket assemblies had an average
residence time in the reactor of four years, For these equilibrium
fuel cycle calculations, the radial blanket regions were uniformly

loaded (BOC) with the fissile and fertile material concentrations
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characteristic of the innermost radial blanket assembly row after one
year of irradiation.

In spite of the inherent simplicity of the above models for estimating
the equilibrium fuel cycle fissile concentrations in the blanket regions, a
comparison between the reference core of this study and a core from the
LMFBR Follow-On Studies (A1) having the same gross dimensional
characteristics revealed that the two were nearly identical in terms of
the fraction of the total reactor power generated in each of the major
regions. Table 2.5 showed that the percent of the total reactor power
generated in the core, axial blanket and radial blanket regions of the
reference core at mid-equilibrium cycle were 90.55%, 3.76% and 5.69%,
respectively. The corresponding contributions for the reactor of the
LMFBR Follow-On Studies were 91. 7%, 3.1% and 5.2%. Since the
power generated in each of the regions of the reactor is proportional,
at least in an average sense, to the fissile content in each of the regions,
the remarkable agreement cited above lends credibility to the method
described above for estimating the equilibrium fissile content of the
blankets and to the results of those calculations.

The next step in the simulation of the physics of the equilibrium fuel
cycle was the addition of fission product poisons to both the reference
and parfait cores. The concentration of fission product poisons in each
of the regions of the core was specified on the basis of local power
generation rates and the total BOC fission product inventory was adjusted
to be equivalent to that which would exist in a core in which half of the

fuel had already been irradiated for one cycle.
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The fissile loading in the inner and outer core zones was then
adjusted to flatten the radial power profile and to provide the system
with enough excess reactivity to achieve a reactivity-limited core
cycle lifetime of 300 full power days as shown in Fig. 5.5. Particular
care was taken in determining the required core fissile loading
because of the sensitivity of the reactor performance to this parameter.
Overestimating the required fissile loading of the core, for example,
forces the overall system flux to be depressed, which in turn reduces
the conversion rate throughout the reactor. An empirical relationship,
Ak/k =Q(on) AM/M (D1), relating small changes in the effective multi-
plicatioq factor of a fast reactor to changes in the fissile loading of the
system, proved to be particularly useful in estimating the required
fissile loading. From a series of criticality calculations, the value
of the constant, kon, was determined to be 0, 550 for the reference core
and 0. 551 for the parfait core.

The effect of control poisons on the equilibrium fuel cycle was
simulated by loading the core and axial blanket regions of the reactor
systems with a uniform concentration of boron equal to the time-
averaged concentration of boron required to hold down the system
excess reactivity during the burnup cycle. This boron concentration
was held constant throughout the burnup cycle for each core and
Fig. 5.6 gives a schematic representation of the resulting multipli~-
cation factor during the equilibrium cycle. By loading the reactor
with a uniform, time-invariant poison concentration as described
above, the total losses of neutrons to control poisons during the equi-

librium cycle is closely approximated.
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Once the BOC characteristics of the cores were established by
the series of calculations described above, the 2DB code was used to
burn up the reactors of interest in time steps of 100 days for the total
cycle length of 300 days. The final product of the physics simulation
of the equilibrium fuel cycle was the beginning-of-cycle and end-of-
cycle inventories of the important heavy metal isotopes. A description
of how these inventories were used in the determination of the fuel

cycle costs is described in the following section.

5.3.4. Fuel Cycle Cost Evaluation

The primary calculational tool used in the economic comparison of
the parfait and reference cores was the fast reactor fuel cycle cost code
written by Brewer (B2) and modified by Wood (W1), hereafter referred
to as BRECON. This code employs the cash flow method for calculating
fuel cycle costs; a unit energy cost (mills/kwhrg) is determined such
that revenues from the sale of electricity generated in a cycle offset
all net, direct and indirect fuel cycle expenses incurred in that cycle.
The effect of net income taxes is included in the code, and for tax
accounting purposes in this study, the two post-irradiation transactions,
reprocessing outlays and material credits, were treated as noncapital-
ized items, that is, a simple expense and a taxable income. A
complete listing of the BRECON code and a development of its equations
are contained in the above-mentioned references (B2, W1).

The equilibrium fuel cycle costs for the reference and parfait
cores were developed by using the BRECON code to determine the fuel

cycle cost contributions from each of the major physically distinct
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regions of the reactors; the core, the axial blankets, the internal
blanket and the radial blanket. As described below, the material flows
and related financial transactions of the actual equilibrium cycle were
similated by fnanipulating the fissile and fertile inventories required
as input to the BRECON code.

Only one half of the total volume of the fissile-loaded core zones,
the internal blanket and the axial blanket, are reloaded at the beginning
of each cycle, and therefore the direct fabrication cost for the core fuel
assemblies was determined by summing up the product of the unit fabri-
cation cost for each region (Table 5. 2) times one half of the region's
total heavy metal inventory. The fabrication charges associated with
the remainder of the core which was loaded at the beginning of the
previous cycle take the form of additional carrying charges on the
fabrication expenditure for that fuel,

The direct radial blanket fabrication charges and the additional
fabrication carrying charges for that fraction of the radial blanket
fabricated and loaded in a previous cycle were handled in the same
manner as the core regions, except that the fraction of the blanket
fabricated and reloaded at the beginning of each equilibrium cycle was
different. As described in Section 5. 3. 3, the average residence time
for blanket assemblies in the reactor was assumed to be four years.
Therefore, the fraction of the radial blanket fabricated for loading
into the reactor at the beginning of each cycle was one-quarter. The
additional carrying charges on fabrication expenditures made in
preceding cycles for the remaining three-quarters of the radial

blanket assemblies were three times the carrying charges on the
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direct radial blanket fabrication costs charged against the current
cycle,

The equilibrium fuel cycle cost also includes carrying charges on
the total expenditure for the fissile material loaded into the core. The
plutoniufn in the blankets is not purchased; it is bred in-place.
Therefore, there is no carrying charge associated with it. When
fissile material is recovered from the blankets, the value of this
material is present worthed to the mid-cycle as are all other charges
and credits,

Reprocessing charges also make up part of the fuel cycle costs,
but, as with the direct fabrication costs, they were only incurred for
a fraction of the total material in each of the regions since only a
fraction of the fuel is actually reprocessed after every cycle.

The final item in the fuel cycle cost is the credit for the gain in
the fissile material bred during the cycle. In an operating reactor,
the most highly burned core and blanket assemblies would be dis-
charged and this material credit would be determined by their
plutonium loading. In the equilibrium cycle simulated in this study,
this material credit was determined by subtracting the total BOC
fissile inventory in all of the regions of the reactor from the total
EOC fissile inventory.

The relative economic performance of the reference and parfait
cores is compared on the basis of equilibrium fuel cycle costs as
developed above in the next section of this chapter. It is useful, how-
ever, to condense the fuel cycle cost equations to their simplesf form

to focus on the differences between the reference and parfait systems.
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For this simplest case, the effect of taxes has been neglected and the
unit fabrication costs for the core and internal blanket of the parfait
concept are assumed to be the same as those of the core zone of the
reference reactor. With this latter condition, it is clear that both cores
experience the same charges for fabrication services because the same
number of core and radial blanket assemblies are required in each con-
figuration, Similarly, the reprocessing charges for both reactor types
are the same. Therefore, with these two components being equal, the
differences in the fuel cycle costs for the two concepts lie in the two
remaining components, the fissile inventory carrying charges and the
fissile material credit. As noted in Chapter 2, the initial inventory of
the parfait concept was greater than that of the reference core and
therefore, this difference represents an economic penalty for the parfait
core. The breeding ratio of the parfait core was, however, greater than
that of the reference core, which leads to an economic advantage for the
parfait core in the fissile credit component of the fuel cycle costs,
These two fuel cycle cost differences for the reference and parfait cores
tend to offset one another. The net fuel cycle cost advantage ($/yr) for
the parfait concept using this simple modél is expressed in Equation 5.1,
The symbol "A'" in this equation stands for the difference between the
parfait and reference cores in the quantity it precedes,

Annual fuel cycle Net fissile BOC core

[cost advantage forj! =C A[materia] gain} - A[I."issile ][x] (5.1)

the parfait core in one cycle inventory

($/yr) =($/kg) [ (kg/yr) - (kg) (1/yr)]
Cp; unit cost of fissile material, $/kg

X ; discount rate (cost of money)
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A preview of the results from the more precise economic comparison
given in the next section is provided by evaluating Equation 5.1 for a
parfait configuration with a 30-cm internal blanket and the reference
core, both with a fuel volume fraction of 0, 30 in the core. For this
case, the difference in the net fissile gain per cycle was 13,52 kg/yr
and the difference in the BOC core fissile inventories was 80. 11 kg.

In the economic environment defined in Table 5. 2, the market value

of fissile material (Cp) was set at $10,000/kg and the discount rate (x)
at 8.0%. For these parameters, Equation 5,1 predicts a total yearly
cost advantage for the parfait core of $71,000/yr. This amount,
although not totally insignificant, is equivalent to less than one percent
of the total fuel cycle expenses incurred by the reactors during one
year of equilibrium operation. The conclusion then is that the two
most significant components of the fuel cycle costs which are different
for the two reactor configurations very nearly offset one another, and
thus the total fuel cycle costs for each may therefore be expected to be
very nearly equal. Results confirming this simple model are presented

in the next section.

5.3.5. Case Studies

Based on the results of the neutronic calculations in Chapter 2, a
comparison of the equilibrium fuel cycle costs was performed for
three cores: the reference reactor, a parfait configuration with a
30-cm internal blanket and a parfait configuration with a 50-cm
internal blanket. The results of Chapter 2 also demonstrated a strong
dependence of reactor performance on the fuel volume fraction in the

core. Therefore, in addition to evaluating the effects of the internal
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blanket thickness, the economic performance of the same three reactors
was also compared at three different core fuel-volume-fractions,
namely 0,27, 0. 30 (the base case) and 0. 33.

The net result of these calculations was the intercomparison of
what amounts to nine ''different'’ reactors under a variety of economic
conditions., The fuel cycle costs quoted in these comparisons were
developed by performing equilibrium cycle burnup calculations as
described in Section 5. 3.3. The fuel cycle material flows derived
from these calculations were then used in the economics model
described in Section 5. 3.4 to determine the equilibrium fuel cycle
costs.

In order to provide a meaningful and yet manageable represen-
tation of the effects of the different economic conditions for zach of the
different reactors, a few selected comparisons are discussed in the
following pages and near the end of this section, the fuel cycle costs
for one example are tabulated by cost component item for each of the
regions of the reactor. Each of the graphs presented includes the
results for the nine ''different'' reactor configurations.

In the pages which follow, comparisons of fuel cycle costs evalu-
ated under different economic conditions demonstrate the sensitivity of
each of the reactor systems to a specific economic parameter. For
this study, the two most significant economic parameters which were
varied are the fabrication costs and the cost of money. As indicated
in Equation 5.1, however, the primary fuel cycle cost differences
between the reference and parfait systems are in the fissile inventory

use charge and the material credit (bred plutonium) component.
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In each of the comparisons which follow, for which a given set of
economic parameters has been specified, it is these two components,
arising from the differences in the neutronic characteristics of the
cores which contribute to the fuel cycle cost differences between the
systems,

In the first comparison, shown in Fig. 5.7, three different vari-
ations relating to fabrication charges have been compared. In one of
these variations, the standard economic environment (base case), as
defined in Table 5,2, was employed. The assumption in this case,
Case #2, is that the unit cost ($/kg) of fabricating the internal blanket
is the same as the unit cost of fabricating the core regions. Case #3
is the same as Case #2 except that the unit charge for fabrication of
the core and internal blanket zones was increased to $400/kg. Case #1
allows for the possibility that the charges related to the fabrication of
the internal blanket region may be less than those for the core regions.
Note that the base case economic environment calls for core fabrication
charges of $314/kg whereas the axial blanket charges are only $80/kg.
The difference reflects the fact that clean blanket material presents
far fewer handling problems than does plutonium-bearing nuclear
material. Therefore, all of the fabrication process steps up to the
point of rod loading could be performed with less difficulty and pre-
sumably less cost. At best, the internal blanket unit fabrication
charges could only be as low as those for the axial blanket, and this
was taken as the condition for Case #1.

A few general characteristics of the curves shown in Fig. 5,7 are

immediately evident. The curves for Cases #2 and #3 are essentially
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the same but displaced from one another by about 0.1 mills/kwhr, or
about 8. 5% of the total fuel cycle costs; the result of an increase in
the core fabrication costs from $314/kg to $400/kg. Although this
change in the absolute energy costs is quite substantial, the relative
attractiveness of the parfait concept as compared to the reference core
was not affected by the increased unit fabrication costs. The curves of
Case #1 exhibit an initially decreasing fuel cycle cost as the thickness
of the internal blanket is increased. This characteristic is due to the
overall reduction in the total expenditure for fuel fabrication as more
and more of the core volume is made up of the internal blanket, for
which the unit fabrication charges are smaller,

The most overriding conclusion which may be .drawn from Fig. 5.7
is that for each of the cases, the differences in the fuel cycle costs pre-
dicted for the reference and parfait cores are very small. All of the
differences are less than 0, 05 mills/kwhr and, as shown in the figure,
a change in the fuel cycle costs of this amount is equivalent to an annual
charge of about $360, 000.

The influence of the fuel cycle costs of the discount rate (which
reflects the effective cost of money) is demonstrated in Fig. 5.8. For
simplicity, the fuel cycle costs as a function of internal blanket thick-
ness are plotted in this figure only for the reactors having 30 volume
percent fuel in the core. In this comparison, an increase in the dis-
count rate from 8.0%/yr to 9.25%/yr resulted in an increase in the fuel
cycle costs of 0.133 mills/kwhr, or about 11% As with the results of
the previous comparison, the absolute change in the energy cost from

the variation of this parameter was quite substantial, but the relative
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attractiveness of the parfait concept was again unaffected.

An examination of the curves shown in Fig. 5.7 reveals that for
each of the cases, #1, #2 and #3, the fuel cycle costs predicted for the
reactors having the lowest fuel-volume-fraction in the core were the
lowest. Because of the more favorable neutronic characteristics pre-
dicted in Chapter 2 for the cores having the higher core fuel-volume-
fractions (Fig. 2.24), this surprising result requires an explanation.
This result is related to the method of assessing fuel fabrication
charges on a cost per kilogram basis. The total heavy metal inventory
in the cores having the lower fuel-volume-fractions was smaller than
that of the cores with the higher fuel-volume-fractions. Therefore,
since the number of kilograms of material fabricated for these cores
was lower, the direct and indirect fabrication charges were also lower.
This, however, is an unrealistic circumstance because the same fabri-
cation services would be required for both the reference and parfait
cores before each equilibrium cycle, regardless of the fuel-volume-
fraction of the core. That is, the same number of fresh fuel
assemblies would be required and the cost of these elements,
exclusive of the nuclear material costs, would be the same, regardless
of the spacing of the fuel pins in the assembly or the spacing of the fuel
elements in the core, Therefore, in order to allow a realistic inter-
comparison between configurations having different fuel-volume-
fractions in the core, the results of Case #2 shown in Fig. 5.7 were
normalized so that each of the cores had the same fabrication charges
as the reference core with 30 volume percent fuel in the core. This is,

in essence, the same as assessing direct fabrication charges on the
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basis of cost per unit volume rather than cost per kilogram of heavy
metal. The results are shown in Fig. 5.9 along with the original
results of Fig. 5.7. Note that this modified and more realistic hand-
ling of the fabrication charges tends to separate the curves of Fig. 5.7,
so that the cores having the higher fuel-volume-fractions achieve the
lowest fuel cycle costs. In the case of the reference core, this modi-
fication allows the reactor to demonstrate a fuel cycle cost reduction
of more than 0. 21 mills/kwhr for an increase in the fuel volume percent
in the core from 27 v/o to 33 v/o. Similar advantages for the higher
fuel-volume-fractions were also demonstrated for the parfait
configurations,

A breakdown of the fuel cycle cost contributions from each of the
major regions of the reference and parfait cores is provided in
Table 5.3. Similar information is listed in Table 5.4 as the percent of
the total fuel cycle costs exclusive of direct burnup in the core and
material credits for fissile material bred in the blankets. (Since each
of the configurations is a breeder, the net fuel cycle cost contribution
of these two components is negative. Therefore, since the purpose of
Table 5.4 is to provide a breakdown of the cash outlays of the fuel
cycle, these components have been excluded from the table.) The
comparison which is presented in these two tables is for the base case
reactors, each having 30 volume percent fuel in core, The economic
parameters are those of the standard economic environment defined
in Table 5. 2 with the modification in the handling of fabrication charges
discussed above. These tables demonstrate that the most significant

component of the fuel cycle cost for each of the reactor configurations
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TABLE 5.3

Equilibrium Fuel Cycle Cost Contributions by Region

(Base Case: 30 v/o Fuel in Core)

Cost Contribution, mills/kwhr

30-cm IB 50-cm IB
Reference Parfait Parfait
Core
Direct burnup 0.1964 0. 3385 0.4144
Inventory carrying charges 0.6568 0.6687 0. 6804
Direct fabrication 0.3093 0.2533 0.2210
Fabrication carrying charges 0.0990 0.0810 0.0706
Net reprocessing charges 0.0456 0.0373 0.0326
Subtotal 1.3071 1.3788 1.4190
Internal Blanket
Net material credit - -0.1092 -0.1556
Net reprocessing charges - 0.0083 0.0130
Direct fabrication - 0.0560 0.0883
Fabrication carrying charges - 0.0180 0.0284
Subtotal -0.0269 -0,0259
Axial Blanket
Net material credit -0.1873 -0. 2052 -0, 2113
Net reprocessing charges 0.0356 0.0356 0.0356
Direct fabrication 0.0616 0.0616 0.0616
Fabrication carrying charges 0.0196 0.0196 0.0196
Subtotal -0.0705 -0.0884 -0.0945
Radial Blanket
Net material credit -0.2120 -0,.2338 -0.2420
Net reprocessing charges 0.0349 0. 0349 0.0349
Direct fabrication 0.0520 0.0520 0.0520
Fabrication carrying charges 0.0333 0.0333 0.0333
Subtotal -0.0918 -0.1136 -0.1218
Total Expenses 1. 5441 1.6981 1,7857
Total Material Credits -0.3993 -0.5482 -0.6089
TOTAL FUEL CYCLE COSTS 1.1448 1.1499 1.1768
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TABLE 5.4

Percent of Equilibrium Fuel Cycle Costs

by Item and by Region

198

sk
Percent Cost Contribution

30-cm IB 50-cm IB
Reference Parfait Parfait
Core
Inventory carrying charges 48.73 49.19 49.62
Direct fabrication 22,95 18.63 16.11
Fabrication carrying charges 7.35 5.96 5.15
Net reprocessing charges 3.35 2,74 2.38
Internal Blanket
Direct fabrication — 4.12 6.44
Fabrication carrying charges - 1.32 2,07
Net reprocessing charges - 0.61 0.95
Axial Blanket
Direct fabrication 4.60 4,53 4,49
Fabrication carrying charges 1,45 1.44 1.43
Net reprocessing charges 2.64 2.62 2.60
Radial Blanket
Direct fabrication 3.86 3.82 3.79
Fabrication carrying charges 2,47 2.45 2.43
Net reprocessing charges 2.60 2.57 2.54
TOTAL 100.0 100.0 100.0

"Percent of all expenses exclusive of direct fissile burnup in the
core and all material credits for fissile bred in the blankets.
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is the carrying charge on the expenditure associated with the core
fissile inventory. Because the fissile inventory increases with the
thickness of the internal blanket, this component is larger for the two
parfait configurations than for the reference core. The next most
significant cash outlay of the fuel cycle is the direct expenditure for
the fabrication of the core zone of the reactor. (The sums of the
direct fabrication costs for the core and internal blanket regions of
the parfait designs are equivalent to those of the reference core,
which was required by the method of assessing the fabrication charges
discussed earlier.)

Table 5.3 also demonstrates that the material credits (fissile
material gain) from the axial and radial blankets of the parfait con-
figuration are greater than those of the reference core. This charac-
teristic indicates that on the basis of economic performance the
optimum external blanket thicknesses for the parfait configuration
would be greater than for the reference reactor. This, however, is
a design variation which was excluded in defining the scope of this
work,

It is interesting to note that the 30-cm internal blanket parfait
configuration exhibits an advantage over the reference core in the net
amount of fissile material gained (which is proportional to the sum of
the direct burnup component in the core and the material credit
components of each of the blanket regions). The 50-cm internal
blanket configuration, however, exhibits a disadvantage in this respect.
Therefore, it would appear as though the internal blanket thickness of

this configuration is beyond the economic optimum — especially in light
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of the fact that this configuration also has higher core inventory carry-
ing charges than the reference reactor. As indicated in Table 5.3, the
fuel cycle cost for this parfait concept is greater than that of the refer-
ence core by 0.032 mills/kwhr. This analysis, however, has not taken
into account the potential reduction in the core fabrication costs which
this configuration may be able to claim because, as discussed in
Section 5. 2.1, only one fissile enrichment is required for the core
zones, A simple calculation indicates that an 11% reduction in the core
fabrication costs would be sufficient to offset the 0. 032 mills/kwhr fuel
cycle cost differential which separates the reference core and this 50-
cm internal blanket parfait configuration. Based on the breakdown of
the fabrication costs indicated in Table 5.1 (for which the pelletization
process accounts for 33% of the total fuel element fabrication costs),

an 11% reduction in fabrication costs would appear to be attainable.

A comparison between the fuel cycle costs for the reference core
and a parfait configuration with a 30-cm internal blanket was also
performed using the alternate cross section set described in Appendix
A.1.2. The same procedures as those already described in this
chapter were employed and the results for the base case cores contain-
ing 30 v/o fuel are plotted in Fig. 5.9 with the symbol '“&''. The
results using the two different cross section sets for the burnup calcu-
lations are seen to agree quite well,

The results of Fig. 5,9 are replotted in Fig. 5. 10 to re-emphasize
the importance of the fuel-volume-fraction in the core as a parameter

which has a major effect on the economic performance of the system.
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To repeat, the results shown in Fig. 5,10 were derived from calcu-
lations using the ''base case'' economic environment of Table 5.1 and
for which the fabrication charge for each of the reactors was the same
as that of the reference core having a fuel-volume-fraction of 0, 30,

In this figure, the fuel cycle cost reductions for the higher fuel-volume-
fractions are indicative of the superior neutronic behavior of these
configurations as described in Chapter 2. The results for the 50-cm
internal blanket parfait configuration do not incorporate the potential
reduction in core fabrication costs discussed previously.

At any given fuel volume percent, each of the cores display very
nearly the same fuel cycle costs. According to Fig. 5.10, in the range
of fuel volume percent from 27 v/o to 29 v/o the parfait configuration
would have a slight cost advantage and in the range from 29 v/o to 33 v/o
the reference core exhibits a slight advantage. In either case, the fuel
cycle costs differ by less than 0. 05 mills/kwhr which, ‘as previously
stated, is equivalent to an annual expenditure of about $360, 000 for the
1000-MWg reactors of this study. In Chapters 2 and 3, however, the
possibility of achieving a higher fuel-volume-fraction in a parfait core
was discussed. This possibility arose because of the reduced number
of control rods required for the parfait core and the reduced effects of
material swelling in the stainless steel structural components as the
result of the reduced peak fluences in the core. The maximum
potential gain in core fuel volume percent for the parfait configuration
as a result of these considerations may be on the order of several
percent, which would give certain parfait configurations a fuel cycle

cost advantage over the reference core of about 0. 05 mills/kwhr.
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A precise determination of the fuel cycle cost advantage that could be
realized by taking into account an increase in the fuel volume fraction
of the core would require a complete and detailed design of an actual
parfait core and was beyond the scope of this work, but Fig. 5.10 does
demonstrate the potential advantage to be gained in this respect.

One of the characteristics of a fast reactor which is often used as
a figure of merit as to its breeding capabilities is the system doubling
time. A simple estimate of the relative doubling times was made for
the reference reactor and a parfait configuration having a 30-cm
internal blanket, each with a core fuel-volume-fraction of 0. 30. For
this comparison, the doubling time was defined as the number of equi-
librium fuel cycles required to breed an amount of extra fissile
material equivalent to the equilibrium core fissile loading. As
indicated in Fig. 2. 2, the fissile inventory of the parfait core was
3. 2% greater than that of the reference core, but the annual yield of
fissile material was 15% greater. The net result of these two counter-
acting influences is that the calculated doubling time of the parfait core

is only 90% as long as that of the reference reactor.

5.4. CONCLUSIONS

The characteristics of the parfait configuration dis-
cussed in this chapter were found to have no adverse effect upon the
feasibility of the concept. Including an internal blanket as an integral
part of the inner core zone fuel assemblies would appear to introduce
no unique problems for the parfait configuration in the areas of fuel

fabrication, fuel management and reprocessing.
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A method for simulating the physics of an equilibrium fuel cycle
and a method for evaluating the equilibrium fuel cycle costs were
described in this chapter and a comparison of the economic perfor-
mance of the reference and parfait cores was performed using these
methods. The fuel cycle costs for the two reactor types were found
to be very similar with the parfait configuration exhibiting the
potential for a slight advantage over the reference core as a result
of the possibility of utilizing an increased fuel-volume-fraction in

these cores.
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Chapter 6

SUMMARY AND CONCLUSIONS

6.1. INTRODUCTION

The purpose of the research summarized here has been to evaluate
the neutronic, thermal-hydraulic, mechanical and economic character-
istics of the advanced liquid-metal cooled fast breeder reactor configu-
ration shown in Fig., 6.1. This configuration, called the parfait
blanket concept, consists of conventional axial and radial external
blankets surrounding a short cylindrical core into which a thin hori-
zontal layer of blanket material has been inserted at the core midplane.
This internal blanket region is limited in radial extent to the inner core
zone, is an integral part of the core fuel assemblies, as are the upper
and lower axial blanket regions, and is made up of standard axial
blanket pellets. This study has yielded results which indicate a sub-
stantial advantage for the parfait configuration over more conventional
designs. In particular, the parfait configuration has demonstrated a
reduced burnup reactivity swing, an increased breeding ratio and a
substantially reduced peak flux. This latter characteristic, together
with a flatter radial power profile in the inner core enrichment zone,
results in reduced wrapper tube dilation due to swelling and reduced
unrestrained fuel element bowing due to radial flux and power gradients.
The parfait configuration also exhibits substantially improved sodium
void characteristics. The groundrules employed in the evaluation of

the parfait concept are discussed below and the performance
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characteristics mentioned above are discussed in more detail in
subsequent sections.

Although a large number of internal blanket concepts, including
annular and modular designs have been investigated in the past, these
early studies appear to have optimized a fast reactor design for a
single performance characteristic (e.g., to minimize sodium void
effects) and were carried out at a time when many of the difficult fast
reactor design problems, such as swelling, were, as yet, not fully
appreciated. None of these earlier internal blanket concepts is cur-
rently the referénce design for large fast power reactors.

The product of the present study is a comparative evaluation of
the merits and demerits of the parfait blanket concept. It was per-
formed for the purpose of assessing the potential for the application
of this configuration to large fast breeder power reactors. The
method of evaluation has been to perform a series of parallel calcu-
lations employing the same methods and basic data to compare the
equilibrium cycle performance of a parfait system with that of a con-
ventional two-zone 1000-MWe LMFBR. Every effort has been madé
to identify the major differences between the 'parfait and the conven-
tional design and to focus on a quantitative evaluation of the major
items of concern.

Since there are currently no firm designs for a large LMFBR, the
conventional, or reference, reactor characteristics were chosen from
the final round designs of the AEC-sponsored 1000—MWe LMFBR
Follow-On Studies (A1l). The overall characteristics of the reference

and parfait designs of this study are given in Table 6. 1.
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TABLE 6.1. Dimensional and Material Characteristics
of the Reference and Parfait Systems

Reference _Parfait
Thermal power (th) 2500 2500
Core volume (liters) 5780 5780
Core height (cm) 108.8 108.8
Core radius (cm) 130.0 130.0
Axial blanket thickness (cm) 38.1 38.1
Radial blanket thickness (cm) 28.4 28.4
Reflector thickness (cm) 14,2 14,2

Region Compositions

Core Axial and Internal Blankets Radial Blanket
Fuel
Volume fraction 0, 30 0. 30 0.50
Material Mixed Mixed oxide Mixed oxide
oxide (initially (initially
depleted UOz) depleted U02)
Fraction of T.D. 0.85 0.95 0.95
Coolant
Volume fraction 0.50 0.50 0.30
Material Na Na Na
Structure
Volume fraction 0.20 0.20 0.20
Material 316 SS 316 SS 316 SS
Isotopic Compositions
Plutonium Depleted Uranium
Pu-239 0.63 U-238 0.9975
Pu-240 0.22 U-239 0.0025
Pu-241 0.12
Pu-242 0.03

“The core volume of the parfait design includes the internal blanket

region.

““LWR discharge at ~30,000 MWd/T (B1).
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The characteristics of the reference design are similar to those of
the Atomics International IOOO—MWe LMFBR design in reference (A1),
except that the fuel volume fraction in the core has been decreased to
conform with current practice as reflected in the FFTF and demon-
stration plant designs.

Many of the characteristics of the reference and parfait configu-
ration were required to be the same so that the two concepts could be
readily compared. Both configurations were required to generate the
same total thermal power, use the same materials and have external
blankets of the same dimensions and initial composition, With the
exception of the fissile enrichments and the internal blanket region,
the characteristics of the fuel assemblies in both cores were required
to be the same. The requirement was also imposed that the core of
the parfait configuration consist of only two types of fuel assemblies —
as is the case in the reference design. Imposing these constraints

allowed this study to focus solely on the effects of the internal blanket.

6.2, NEUTRONICS

The primary calculational tool used in comparing the reference
and parfait configurations was the two-dimensional, diffusion theory
code, 2DB (L5). The cross section set used in these calculations was
a four-group set, collapsed from a 26-group, modified Bondarenko set
using the ANISN code (E4). The neutron energy group structure is

shown in Table 6. 2,
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TABLE 6.2

Neutron Energy Group Structure

Group Upper ?I\I;Iir\‘/’g)y Limit Fractio}r?’l of F:issile Neutrons
orn in Group
1 10.0 0.5894
2 1.35 0. 3948
3 0.111 0.0141
4 0.0248 0.0017

The primary design variables in the evaluation of the parfait con-
cept included the axial and radial extent 8f the internal blanket and its
initial composition. In this study, the axial blankets and the internal
blanket were both initially composed of depleted uranium oxide. The
practical consideration of minimizing the number of different types of
fuel pellets loaded in the core fuel assemblies dictates that the internal
blanket pellets be identical to those of the axial blanket. It was also
shown that the selection of depleted uranium oxide as the internal
blanket material is consistent with the aim of maximizing the yield of
bred fissile material.

The primary criterion used in defining the axial and radial
dimensions of the internal blanket was that the peak power density in
the parfait configuration not exceed that in the reference reactor.
This limit was imposed because of the strong influence of the power
density (or equivalently, the linear power rating) upon the fuel pin
centerline temperature, A configuration in which the internal blanket

extended across both the inner and outer enrichment zones was
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investigated; however, it was found that the maximum power density
of this design exceeded that of the reference reactor for a wide range
of internal blanket thicknesses. The radial extent of the internal
blanket was, therefore, required to be the same as that of the inner
enrichment zone. This requirement meant that varying the radial
extent of the internal blanket was accompanied by moving the boundary
between the inner and outer core zone — a procedure which has a sub-
stantial effect on the flux and power distributions in the core. The
most favorable radially-flattened power profiles for the parfait con-
figuration were obtained when the inner core zone had roughly the
same dimension as in the reference reactor. A small advantage in
radial flux flattening and in the breeding ratio were realized by ex-
tending the inner zone of the parfait configuration to 100 cm as
compared to 90 cm in the reference core. It should be noted that the
radial extent of the inner core zone and the internal blanket is only
discontinuously variable; it may only be increased or decreased by
integral numbers of fuel assembly rows. The parfait configuration,
however, offers considerable design flexibility because the axial and
radial dimensions of the internal blanket may be varied simultaneously
to achieve the desired power profile.

The axial extent, or thickness, of the internal blanket was treated
as a continuously variable parameter because oxide pellets may be
fabricated and assembled into any specified length. The effects of
varying the thickness of the internal blanket were evaluated by com-
paring the cores shown in Fig. 6.2. The blankets of each configu-

ration were loaded with a fissile content representative of the
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beginning of a cycle of equilibrium operation. The enrichments in the
core zones were adjusted to obtain the minimum peak power density
throughout the burnup cycle and allow a reactivity-limited core life-
time of 300 full power days. The performance and design parameters
of the parfait configuration are summarized in Table 6.3 as a function
of internal blanket thickness.

The performance of the parfait configuration relative to the
reference reactor is presented in Fig. 6.3, where the results are
plotted as the ratio of the parameter for the parfait design to that of
the reference system. Very briefly, this figure demonstrates the
following characteristics of the parfait configuration:

1) The initial core fissile inventory increases monotonically as a

function of internal blanket thickness

2) The breeding ratio of the parfait configuration is slightly improved
over that of the reference core. The maximum improvement of
about 2% is diminished, however, as the internal blanket is made
so thick that the fertile material at its center becomes less

efficient at breeding.

3) The peak power density is reduced compared to the reference
reactor. This is a result of axial and radial flux (and power)
flattening which, in the case of the 50-cm internal blanket, is so
dramatic that even though 27% of the fissile-loaded volume of the
core is replaced by blanket material, the parfait configuration is
able to generate as much power as the reference reactor while
operating within the same power density limit, The beginning of
cycle (BOC) and end of cycle (EOC) axial and radial flux profiles
of the reference reactor and a 30-cm internal blanket parfait
configuration are shown in Figs. 6.4 and 6.5. During irradiation
the flux profiles of the parfait configuration become progressively

more Similar to those of the reference reactor.



TABLE 6, 3. Parfait System Performance as a Function of Internal Blanket Thickness

BOC Peak Peak -16. FPeak Peak -16
Internal Core B Power Flux (X 10 °°) Power Flux (X 10 ) "
Blanket Fissile Ak (BOC) Density (BOC) Density (150 days) 62/61
Thickness Inventory 300 days (BOC) 9 (150 days) 9
(cm) (kg) (MW/4) (n/em” sec) (MW/ £) (n/ecm” sec)
0 2065.02 0.052 1.2291 0.600 0,929 0.573 0.946 1.327
20 ako 0.040 1,2500 0.560 0.740 0.544 0.766 1.216
30 2146.12 0.040 1.2500 0.570 0.676 0. 536 0.696 1.150
40 ok 0.040 11,2500 0.573 0.626 0.537 0.648 1.074
50 21817, 30 0.044 1,2430 0.593 0.599 0.551 0.608 1.000

“(Outer zone enrichment)/(Inner zone enrichment).

“"Detailed calculations not performed.

vic
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4) The burnup reactivity loss of the best parfait configuration is 25%
smaller than that of the reference reactor. This characteristic
is a consequence of the enhanced breeding of fissile material in

the high-worth central region of the reactor.

5) The ratio of the fissile enrichment in the outer core zone to that of
the inner core zone decreases as the internal blanket thickness is
increased. As indicated in Table 6. 3, the enrichment for the two
core zones was equal for the 50-cm internal blanket parfait

configuration.

6) The peak flux in the core decreases substantially with an increase
in the internal blanket thickness. For a 30-cm internal blanket,
the peak flux is reduced by 27%. A commercial LMFBR of the
parfait design could thus be introduced which would experience a
substantially reduced peak fluence and therefore require less of
an extrapolation with regard to fluence effects than for the refer-

ence design.

Figure 6. 3 also demonstrates that the attractive performance
characteristics of the parfait configuration exhibit broad maxima and
minima, thus affording the reactor designer considerable flexibility
in varying the internal blanket thickness to achieve a specific core
characteristic without sacrificing overall system performance.

Characteristics and advantages similar to those described above
were also confirmed for parfait configurations of a demonstration
size LMFBR (2510 liter core volume), a gas-cooled 1OOO-MWe reactor
and a IOOO-MWe carbide-fueled LMFBR.

The fuel volume fraction in the core is a design parameter which
was identified as having a significant impact upon the performance of
both the reference and parfait designs. Figure 6.6 illustrates this

effect for two major performance characteristics, the breeding ratio
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and the burnup reactivity loss. This comparison was made for cores
of equal volume and equal reactivity-limited lifetimes. Figure 6.6
demonstrates that the performance of both configurations improves as
the fuel volume fraction increases and that the advantage enjoyed by
the parfait configuration in both of these parameters is slightly
diminished at the higher fuel volume fractions, A key point, however,
as will be illustrated in later sections, is that the parfait configuration
is more suited to a higher fuel volume fraction because of reduced fuel
and metal swelling and reduced control rod requirements,

A comparison of the control requirements for both the reference
and parfait configurations demonstrated that including an internal
blanket in a fast reactor core introduces no unique control problems.
The average worth per unit mass of control poison in both configu-
rations is nearly equal. The only major difference between the control
systems of the two designs is that the parfait configuration, with its
reduced burnup reactivity swing, would require fewer and/or lower
worth burnup control rods than the reference reactor. This would
allow more fuel assemblies to be included in the parfait configuration,
resulting in a further decrease in the average linear power rating in
the core and an increase in the core fuel volume fraction. Both
changes enhance the performance of the parfait configuration relative
to the reference core.

It was also shown in the evaluation of the control requirements for
the parfait configuration that the interaction of the internal blanket and
a control rod bank could cause a small axial flux tilt such that the

local power density in the lower core volume could, at times during
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the burnup cycle, be as much as 4. 5% higher than if the effect of the
control rods had been neglected. In this calculation, the control rod
bank was simulated as an annulus of control material. Since this
distribution of control poison would spatially isolate the inner core
zone more effectively than discrete control rods, it is believed that
the magnitude of the power shift has been overestimated. In any
event, the magnitude of the power shift could be reduced by employing

appropriate control rod withdrawal patterns.

6.3. CORE ENGINEERING

The reference and parfait configurations were compared in the
areas of thermal performance, materials' performance and core
mechanical design. The parfait configuration evaluated had an internal
blanket thickness of 30 centimeters. This configuration, as illustrated
in Fig, 6.3, exhibited the most favorable performance characteristics
identified for the parfait concept, including a significantly reduced peak
total flux.

The thermal analysis of the reference and parfait cores included
a calculation of the mixed-mean core coolant outlet temperature. Fuel
elements were treated as annular core and blanket regions and two
different fixed coolant orificing schemes were employed. In one
scheme, coolant flow was supplied such that the maximum coolant
outlet temperature from each channel during irradiation was 1050°F.
In the other scheme, one coolant flow rate was supplied to each of the
fuel annuli in an enrichment zone based on the coolant requirements

of the highest powered assembly within the zone. The maximum
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coolant outlet temperature during the irradiation cycle was again fixed
at 1050°F. The mixed-mean core coolant outlet temperatures calcu-
lated using both orificing schemes demonstrated that the reference and
parfait configurations perform very similarly and that for a realistic
orificing scheme, the mixed-mean core coolant outlet temperatures for
the two systems would be nearly identical,

The axial temperature profiles in the coolant, clad and fuel were
also determined in this analysis. The maximum fuel centerline
temperature in the reference configuration was slightly greater than
that in the parfait core because of the slightly highér power density in
the reference configuration as illustrated in Fig. 6.3. The fuel center-
line temperature in the parfait configuration exhibits step changes in
the core at the interfaces between the fissile-loaded region and the
internal blanket. These power discontinuities produce axial tempera-
ture gradients that are very similar to those at the core-extefnal
axial blanket interface, and are not expected to lead to any fuel per-
formance limitations. The parfait configuration actually exhibits a
slight advantage over the reference configuration in that the average
clad and coolant temperatures are lower in the important region above
the core midplane.

Throughout this evaluation, the reference and parfait configu-
rations have been compared on the basis of equal thermal output.

The two configurations, however, operate at different peak power
densities and therefore with different margins between normal full
power operation and the overpower condition for which the hottest pins

achieve centerline melting. This characteristic of the parfait concept's
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capabilities relative to the reference system was assessed by compar-
ing the fraction of the core volume of each configuration in which fuel
centerline melting occurs as a function of the overpower ratio. This
analysis assumed a coolant flow such that each fuel aﬁnulus operated
with a maximum coolant outlet temperature of 1050°F. The results
revealed that the reference reactor first experiences fuel melting for
a 15% overpower condition. Fuel melting does not occur in the parfait
configuration until 22% overpower is reached. The parfait configuration
therefore enjoys a 7% greater overpower operating margin than the
reference reactor. Or conversely, for equal operating margins, the
parfait configuration is capable of generating 7% more power than the
reference system.

The primary factor contributing to the greater operating margin
for the parfait configuration is its reduced peak power density. This
characteristic is also one of the factors contributing toa 7.6% smaller
peak burnup in the parfait configuration. Since burnup has been found
to correlate with fuel swelling (B8), the parfait configuration also
enjoys an added operating margin in this respect. Fuel swelling has
been accommodated in fast reactor designs by reducing the as-
fabricated fuel density, and therefore the reduced fuel swelling in the
parfait configuration may be viewed as a means of allowing a slight
increase in the effective core fuel volume fraction, Alternatively,
this characteristic could allow the parfait configuration the economic
advantage of higher average fuel burnups.

The effects of metal swelling (20% cold-worked, type 316 stainless

steel) in the parfait configuration are also diminished because of the
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reduced fast flux (E > 0.1 MeV) in the core. An estimate of the end-
of-cycle (EOC) wrapper tube dilation due to metal swelling as a function
of axial and radial position is presented in Fig. 6.7. (This analysis
neglected the effects of axial temperature variations along the wrapper
tube which, if considered, would have the effect of moving the location
of peak dilation slightly above the core midplane.) The peak wrapper
tube dilation in the parfait configuration is 37% smaller than in the
reference system. The parfait core may therefore be made more
compact and have a higher fuel volume fraction.

Eloflgation of the wrapper tubes isv another manifestation of metal
swelling which is reduced in the parfait configuration because of the
reduced fast flux. Figure 6.8 presents an estimate of the EOC
wrapper tube elongation in the reference and parfait configurations.
This figure clearly demonstrates the reduced peak elongation in the
parfait core. In addition, this figure illustrates that the radial
gradient in the wrapper tube elongation, the cause of fuel element
bowing, is significantly reduced in the inner core zone of the parfait
configuration. The analysis which produced these results neglected
the effect of temperature differences between opposite faces of the
wrapper tube. These temperature differences arise from radial
power gradients in the core and including their effect would improve

the relative advantage for the parfait configuration.
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6.4. SAFETY CONSIDERATIONS

The response of the reference and parfait configurations to
changes in core characteristics which are not encountered in normal
full-power operation were calculated with particular emphasis given
to those nuclear parameters which influence safety, including the
delayed neutron fraction, the prompt neutron lifetime, the partial and
complete coolant voiding coefficients, the isothermal Doppler coef-
ficient and the power Doppler coefficient. In the analysis described
here, as with all of the other calculations of this evaluation, it is the
consistently calculated relative values of these parameters which are
of most interest in assessing the potential of the parfait concept.
This is particularly true of these safety-related parameters. For
example, the calculational uncertainty on an absolute basis has been
estimated to be +15% in the Doppler coefficient and +1.5$ in the
sodium void reactivity (G1): discrepancies which are sufficiently
large to mask the small differences calculated here.

Table 6.4 summarizes the results of these calculations for the
reference and parfait configurations.

The power Doppler coefficient, reflecting the reactivity effect of
a change in the system power, is the primary mechanism for termi-
nating a power excursion in fast reactors. The magnitude of this
coefficient is 8% smaller in the parfait configuration; however, this
apparently unfavorable characteristic is, in some sense, offset by a
substantially reduced sodium void reactivity effect. Voiding of
sodium from the internal blanket of the parfait configuration was

found to contribute a smaller positive reactivity increment than



TABLE 6.4

Comparison of Safety-Related Nuclear Parameters of the

Reference and Parfait Configurations

. Ratio
Parameter Reference Parfait Parfait/ Reference

Delayed neutron fraction 0.00416 0.00412 0.990
Prompt neutron lifetime (sec) 2.98% 1077 2.90 X 1077 0.973
Inner core zone sodium void
reactivity effect ($) +1.82 +1.22 0.670
Isothermal Doppler coefficient,

1 Ak, .-1 -5 -5

¥ ar CK7) ~2.19% 10 -2.27X 10 1.036
(Between 300°K and 1000°K)
Power Doppler coefficient

(¢/MW,) -0,039 -0.036 0.923

(At full 5ower)

8¢c¢
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voiding a comparable region in the reference core. The complete and
partial voiding of the core zones (and internal blanket) of each configu-
ration was found to result in a positive reactivity insertion that was,
on the average, about 25% smaller in the parfait configuration.

A calculation of the reactivity losses during reactor startup was
performed by making use of the reactivity coefficients mentioned above.
The calculation revealed that the reference and parfait configurations
experience equal reactivity losses in going from cold startup to hot-

full-power conditions.

6.5. FEASIBILITY AND ECONOMICS

In addition to allowing a ready comparison between the reference
and parfait configurations, the constraints imposed in defining the
scope of this evaluation guaranteed the technical feasibility of the
parfait concept. The parfait concept uses the same core materials
and the same basic fuel element design as the reference reactor,.
As related in the previous sections, there are no apparent obstacles
to the operation of a fast reactor with an internal blanket. The same
appears to be true for the preirradiation and postirradiation steps in
the fuel cycle. A detailed evaluation of the fuel fabrication process
was carried out based on reference (B4) which indicated that including
an internal blanket region in one half of the fuel assemblies of a core
would have a negligible effect on the core fabrication costs. It was
also found that enrichment scanning techniques already exist (F2)
which may be used to quality-assure the distribution of fissile

material in individual fuel rods, The parfait configuration may also
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make use of all of the fuel management schemes applicable to the
reference reactor including intra-zone fuel element shuffling and/or
rotation. The flatter radial power profile in the inner core zone of
the parfait configuration, however, lessens the need to employ such
schemes. And finally, the current plans call for the reprocessing of
axial blanket material and core material as a mixed batch (M1), and
therefore the operation of a fast reactor with fuel containing an
internal blanket introduces no unique fuel reprocessing problems,
The economic performance of the reference and parfait configu-
rations were compared on the basis of equilibrium fuel cycle costs
for several Vax:‘iations in financing charges, fabrication costs and fuel
volume fractions. The fast reactor fuel cycle cost code, BRECON
(B2, W1), was used in this analysis. This code employs the cash flow
method for calculating fuel cycle costs; a unit energy cost
(mills/kwhre) is determined such that revenues from the sale of
electricity generated in a cycle offset all net, direct and indirect fuel
cycle expenses incurred in the cycle. Beginning and end-of-cycle
fissile and fertile material inventories required in BRECON were
generated in burnup calculations using the 2DB code. Core fuel ele-
ments were assumed to have a two-year (two-cycle) residence time
in the core and radial blanket assemblies a four-year residence time,
and all blanket regions were loaded with fissile concentrations char-
acteristic of equilibrium operation. The fuel cycle costs by region and
by item are presented in Table 6.5 for the base case (30 v/o fuel in
core) for the reference reactor and two parfait configurations. Total
fuel cycle costs as a function of core fuel volume percent for these

configurations are shown in Fig. 6,9.



TABLE 6.5

Equilibrium Fuel Cycle Cost Contributions by Region
30 v/o Fuel in Core)

(Base Case:
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Cost Contribution, mills/kwhr

30-cm IB 50-cm IB
Reference Parfait Parfait
Core
Direct burnup 0.1964 0.3385 0.4144
Inventory carrying charges 0.6568 0.6687 0.6804
Direct fabrication 0. 3093 0.2533 0.2210
Fabrication carrying charges 0.0990 0.0810 0.0706
Net reprocessing charges 0. 0456 0.0373 0.0326
Subtotal 1.3071 1.3788 1.4190
Internal Blanket
Net material credit - -0.1092 -0.1556
Net reprocessing charges - 0.0083 0.0130
Direct fabrication - 0.0560 0.0883
Fabrication carrying charges -~ 0.0180 0.0284
Subtotal -0. 0269 -0. 0259
Axial Blanket
Net material credit -0,1873 -0.2052 -0.2113
Net reprocessing charges 0.0356 0.0356 0.0356
Direct fabrication 0.0616 0.0616 0.0616
Fabrication carrying charges 0.0196 0.0196 0.0196
Subtotal -0.0705 -0.0884 -0.0945
Radial Blanket
Net material credit -0.2120 -0,2338 -0.2420
Net reprocessing charges 0.0349 0.0349 0.0349
Direct fabrication 0.0520 0.0520 0.0520
Fabrication carrying charges 0.0333 0.0333 0.0333
Subtotal -0.0918 -0.1136 -0.1218
Total Expenses 1.5441 1.6981 1.7857
Total Material Credits -0.3993 -0. 5482 -0.6089
TOTAL FUEL CYCLE COSTS 1.1448 1.1499 1.1768
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These curves demonstrate that the reference reactor and the 30-
cm internal blanket configuration have essentially equal fuel cycle
costs for the base case. Throughout the range of fuel volume fractions
investigated, the fuel cycle costs differ by at most 0. 05 mills/kwhre,
or the equivalent of $360,000/yr. There are, however, several
characteristics of the parfait configuration which will enhance its
economic performance relative to the reference reactor. The analysis
which produced the above results assumed equal unit fabrication costs
($314/kgHM) for the core regions and the internal blanket. If, on the
other hand, fabrication costs for the internal blanket are equal to those
estimated for the axial blanket, $80/kgHM, the curve for the 30-cm IB
parfait configuration in Fig. 6.9 is displaced downward by
0.055 mills/kvvhre and the curve for the 50-cm IB parfait configuration
is displaced downward by 0.075 mills/kwhre. In addition, the capa-
bility of employing higher core fuel volume fractions in the parfait
designs as the result of reduced fuel swelling, reduced metal swelling
and reduced control rod requirements would further enhance the eco-

nomic performance of the parfait concepts.

6.6. CONCLUSIONS AND RECOMMENDATIONS

The design and performance characteristics of the parfait blanket
concept are summarized in Table 6.6. The advantageous character-
istics of the parfait blanket concept may be exploited in a variety of
ways. For example, the decreased peak power density relative to the
reference reactor may be viewed as a means of providing an extra

overpower operating margin, a means of obtaining a higher thermal
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TABLE 6.6

Summary Evaluation of the 30-cm IB
Parfait Blanket Configuration Relative

to the Reference Reactor

Advantages

Increased breeding ratio (2%)
Decreased doubling time (10%)
Decreased peak fast flux (25. 5%)
Decreased wrapper tube elongation (29%)
Decreased wrapper tube dilation (37. 5%)
_ Decreased burnup reactivity swing (25%)
| Fewer control rods in core
More fuel assemblies in core
Reduced losses of neutrons to control poisons
Decreased peak power density (5%)
Decreased peak fuel burnup (7. 6%)
Decreased fuel swelling
Increased overpower operating margin
Flatter radial flux and power profiles in the inner core zone
Decreased thermal bowing
Decreased fluence-induced bowing
More favorable sodium void characteristics

Potential for higher core fuel volume fraction

Disadvantages

Increased core fissile inventory (3.9%)
Reduced power Doppler coefficient (8%)
Higher peak clad temperature (17°F)
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power output or a means of reducing the fissile-loaded core volume.
Such changes, however, affect the design of the entire reactor. In the
present work, the evaluation of the parfait system was carried out
under a strict set of conditions which, in effect, assured that the parfait
design could be employed as a replacement core in a system designed to
accommodate a conventional core. Although indicating that the parfait
concept is a superior replacement, the present results do not fully
exploit the advantages of the concept. Therefore, the principal
recommendation of this report is that the parfait blanket concept be
subjected to a complete core design in which the arbitrary constraints
on parameters such as the dimensions of the core and external
blankets are removed. Particular attention should be given to full
exploitation of the reduced fuel and metal swelling potential of the
parfait concept. In addition to this major effort, a number of minor
refinements should be incorporated: the effect of gamma heating in
the internal blanket should be included, and the radiation dose to core
externals should be evaluated. The parfait concept should also be
examined to determine its susceptibility to and behavior during hypo--
thetical core disruptive accidents relative to conventional core designs.
In conclusion, the parfait blanket concept offers sufficient
prospects for improved fast breeder reactor performance and reduced
power costs to merit its consideration as the reference design for

future liquid-metal cooled fast breeder reactors,
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Appendix A

CROSS SECTIONS AND CODES

A.1. CROSS SECTION SETS AND GROUP COLLAPSES

A.1.1. Cross Section Collapse to Four Groups

The twenty-six group, constant lethargy width cross section set
obtained in May of 1970 by Brewer (B2) from the Battelle Northwest
Laboratory was collapsed to the four energy group structure given in
Chapter 2 using the one-dimensional transport code ANISN (E4). The
collapsing procedure uses linear flux weighting over region-dependent
flux spectra.

A 1000-MW ,-size LMFBR was mocked up in one dimension as
four concentric material regions: an inner core zone, an outer core
zone, a radial blanket and a reflector. The cross sections of the
reactor materials were collapsed over the flux spectra characteristic
of each of the four reactor regions. Figure A,1 shows the relative
group fluxes in each of the 26-energy groups for the core regions of
the reactor and Fig. A.2 gives the four-group representation of the

core region spectra,.

A.1.2., FTR-200 Cross Section Set

An alternate cross section set designated FTR Set #200 (N1),
presently being used in FFTF design calculation, was obtained and
used to perform a limited number of calculations for comparison with

the cross section set described above, This set is essentially the
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same as the 26-group Bondarenko set (B3), except for some modifi-
cations in the primary heavy metal isotopes. This set was collapsed
to the four-group structure shown in Table A.1, also by means of the

ANISN transport theory code.

TABLE A.1
FTR Set #200 Energy Group Structure

Group Upper Energy Limit Emission Spectrum
1 10.5 MeV 0.771
2 0.8 MeV 0.226
3 46.5 keV 0.004
4 1.0 keV 0.0

A.2, METHODS SUPPORT AND VERIFICATION

A.2,1. Transport Theory vs, Diffusion Theory — Four-Group Flux

Predictions

In order to verify that the flux predictions using diffusion theory
would be comparable to those predicted using transport theory, two
cases, each employing four neutron energy groups, were compared.
The group fluxes predicted by the diffusion theory code, 2DB, and
those of the transport theory code, ANISN, using an S8 approximation
are plotted in Figs. A.3 and A.4. The 2DB calculations were
performed for the parfait configuration defined in Section 1.4, having
a 30-cm internal blanket. In the one-dimensional ANISN code, this
configuration was approximated as a slab reactor having the same
axial dimensions and the same material compositions. The results

of these calculations demonstrate a very close agreement in each of
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the group fluxes, particularly in the important fissile-loaded regions
of the core. In the blanket regions, the group fluxes each compare to
within about 2%. In the internal blanket region, the diffusion theory

predictions were consistently higher than transport theory predictions.

A.2.2, Comparison with Critical Experiments

Loading number 21 of ZPPR Assembly 2 (K1) was simulated using
the 2DB code and the two four-group cross section sets described in
Section A.1. The idealized geometry of the experiment is shown in
Fig. A. 5 and the region-average material compositions are shown in
Table A. 2, The results of these calculations are tabulated in two

different ways in Table A.3. First, the k predictions are listed

eff
for calculations which used the material number densities of the actual
experiment and second, the fissile concentrations were adjusted to
achieve a critical configuration.

Both calculations underestimated the required fissile inventory to
achieve criticality, which is characteristic of calculations which
homogenize the material compositions within regions as does 2DB.
The percentage error in predicting the critical inventory for both
calculations is within the typical 2% to 8% underpredictions attributed

to the effects of critical assembly heterogeneity (D1) which were not

accounted for in the present calculations.
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TABLE A.2. ZPPR Assembly 2 (Loading No. 21) Region-Averaged Compositions

Region-Averaged Compositions, atoms/cm x 10~ 2%
Inner Outer ‘ ' Steel
Material Core Core Radial Radial Axial Axial
Zone Zone Blanket Reflector Blankets Reflector
Pu-239 0.0008433 0.0012762 -- -- - --
Pu-240 0.0001117 0.0001690 -- -= -- --
Pu-241 0.0000159 0.0000239 -- -- -- --
Pu-242 0.0000018 0.0000028 -- - -- --
U-235 0.0000123 0.0000115 0.0000245 - 0.0000156 --
U-238 0.0055503 0.0051974 0.0110854 -- 0.0070416 --
Na 0.0081100 0.0093938 0.0063640 -- 0.0087224 --
@) 0.0131059 0.0117749 0.0201326 -- 0.0139466 --
Fe 0.0120738 0.0143994 0.0069750 0.0715610 0.0094411 0.0723132
Cr 0.0025591 0.0026796 0.0020066 0.0012051 0.0024489 0,0015396
Ni 0.0011771 0.0012381 0.0009053 0.0005133 0.0011103 0.0006627
Mn 0.0002042 0.0002132 0.0001605 0.0005981 0.0002077 0.0006196
Mo 0.0002312 0.0003419 0.0000143 0.0000118 0.0000144 0.0000129
C 0.0000235 0.0000233 0.0010130 0.0005575 0.0000297 0.0005587
Al 0.0000042 0.0000049 0.0000021 -- 0.0000025 --

/444



TABLE A.3

Comparison with Critical Experiment

Corrected % Error
Cross k Fissile Corrected Fissile in Fissile
Section eff (a) Inventory K (b) Inventory Inventory
Set Prediction (kg) eff (kg) Prediction
Experiment - 1.0 2134.6 1.0 2134.6 .
(ZPPR-2) ‘ ‘ ' '
Calculation A 1.1 0.973 2132.6 1.0 2239.8 4.8%
Calculation A, 1,2 0.991 ° 2132.6 1.0 2168.4 1.65%

(@) Calculation using the material concentrations of the actual critical experiment.

(b) Fissile concentrations adjusted to achieve a critical configuration.

€%e
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A.2.3. One-, Two- and Four-Group Burnup Comparisons

Although the use of four neutron energy groups has been demon-
strated to be sufficiently accurate for calculations of power distributions
and fuel cycle cost parameters (H3), the possibility of employing fewer
energy groups was investigated. The burnup behavior of a given reactor
system using cross sections collapsed from 26 groups down to one, two
and four groups using the ANISN code as shown in Figs. A.6 and A. 1.
Although the burnup reactivity loss (Ak/At) for each of the cases was
found to be similar, the absolute predictions of keff and the breeding
ratio were found to vary over a significant range. Based on the favor-
abie results obtained using the four-group set to calculate the results
of the critical experiment (A. 2. 2), it was concluded that four groups
would be the minimum required to perform acceptable neutronic calcu-

lations.

A.2.4. Comparison of Twenty-Six Group and Four-Group Predictions

Although the bulk of the neutronic calculations were performed
using four neutron energy groups, one set of burnup calculations for a
reference and a parfait configuration were performed using the original
26-group cross section set to discover any bias which may have been
introduced into the evaluation of the parfait configuration by the cross
section collapse described in Section A.1.1. A comparison between
the results of the four-group and 26-group calculations revealed that
each predicted the same peak power density to within less than 0. 7%
and the same burnup reactivity loss within the convergence limits on

keff in the code for both the reference and parfait cores.



Unpoisoned multiplication factor, keff

1. 20+

1,175

1.154

1.1251

1.10-

1.0

L]

2417

/ 2 Groups

4 Groups

50 100 150 200 755
Time (days)

FIG, A.6. One-, Two- and Four-Group Burnup Behavior, keff vs. Time



Breeding ratio

1.12

1.10

1.08

1.06 -

1,04

1.02

1.00

0.98

4 Groups

248

50

FIG. A. 1.

100 150 200
Time (days)

One-, Two- and Four-Group Group Burnup
Behavior, Breeding Ratio vs. Time



249

The four-group calculation slightly underpredicted the breeding
ratio for both reactor configurations, but the amount by which it was
underpredicted for the parfait configuration was significantly greater
than for the reference reactor. Therefore, if the 26-group predictions
are considered "truth," the calculations performed in this study are
conservative in their prediction of the breeding ratio advantage for the
parfait core. A comparison performed by Brown (B6) between the
four-group cross section set most extensively used in this study with
other few group sets (four and 26 groups) demonstrated that this set
tends to underpredict captures in uranium-238 which provides an

explanation for the results described above,



250

Appendix B
OTHER PARFAIT BLANKET CONFIGURATIONS

In this appendix, a number of other applications of the parfait
blanket concept in fast breeder reactor design are briefly considered:
gas-cooled fast reactors (GCFR), demonstration plant LMFBR's, a

split-parfait blanket design and a carbide~fueled reactor.

B.1 GAS-COOLED PARFAIT CONFIGURATION

A limited comparison was performed to evaluate the potential for
the parfait concept as an alternative core and blanket configuration for
gas-cooled fast breeder react;rs. -The gas-cooled reference and
parfait designs of this study were simply approximated as the standard
LMFBR configurations defined in Chapter 1, Table 1,5, with the
exception that the sodium number density was set to zero. The four-
group cross section set used in this analysis was the same as that
described in Section 2, 1; that is, the cross sections were not recol-
lapsed over the spectrum of a gas-cooled configuration. The results
of a comparison between the two-zone reference design and a 30-cm
internal blanket parfait configuration are presented in Table B. 1.
The results of this table are similar to those of Table 2.3 (Chapter 2)
in which the performance characteristics of the liquid-metal cooled
designs are compared. The gas-cooled parfait concept exhibits the
advantage of a reduced reactivity swing, an increased breeding ratio

and a reduced peak flux when compared to the gas-cooled reference
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design. The parfait configuration also displays the disadvantage of an

increased core fissile inventory.

TABLE B.1

Comparison of Gas-Cooled Reference
and 30-cm IB Parfait Configurations

Parameter (Paramete r)Parfait/ (Paramete r)Refe rence
Core fissile inventory 1.06
Burnup reAalf}:gtlty loss, 0.74
Breeding ratio (BOC) 1.025
Peak power density 0.97
Peak flux 0.72

Although the peak total fluxes in the gas-cooled designs are com-
parable to those of the LMFBR's, the harder neutron spectrum in the
gas-cooled concepts may enhance the advantages of the reduced peak
flux in the parfait designs,

Comparison of the gas-cooled parfait and the liquid-metal cooled
parfait also indicates that the flux dip in the internal blanket is less
pronounced in the gas-cooled configuration, Whereas the total flux
along the core centerline at the beginning of the equilibrium cycle dips
about 17. 5% from the peak flux in the liquid—metai cooled configﬁration,
the total flux dips only 9. 0% in the gas-cooled design. The power
generation in the internal blanket is also about 20% greater at the

beginning of the burnup cycle in the gas-cooled design.
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The most significant advantage for the parfait design as a gas-
cooled concept may be in an area not covered in Table B. 1, In this
comparison, the gas-cooled reference design had two fissile enrich-
ment zones, whereas the most recent gas-cooled designs (demo plant)
have included as many as four fissile enrichment zones to promote
7 radial power flattening, With its characteristicly flatter radial flux
profile (Chapter 2, Figs. 2,20 and 2. 21), the parfait configuration
may be able to reduce the number of enrichment zones, thus allowing
the gas-cooled parfait concept to claim a fabrication advantage over
the conventional gas-cooled designs. In addition, the current Gulf
GCFR designs use vented fuel. This helps alleviate fuel burnup
effects on fuel lifetime and therefore focuses more attention on
fluence effects. Since the parfait configuration has a 28% lower total
flux, a'potentially longer fuel lifetime and higher fuel reliability is
implied.

B.2. DEMONSTRATION PLANT LMFBR PARFAIT
CONFIGURATION

A comparison was made between demonstration plant LMFBR
reference and parfait configurations. The basic core geometry of the
reference demonstration plant was taken to be that of the ZPPR
Assembly 2 critical experiment shown in Fig. A.5. As with the com-
parison of the larger 2-500-MWt reactors of this report, the internal
blanket of the demonstration plant parfait configuration was required
to have the same radial extent as the inner enrichment zone, the
external blankets of the two configurations were required to have the

same dimensions and initial composition, and both the reference and
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parfait configurations were required to produce the same power,
1000 th' The core volume (including the internal blanket) inside the
external blankets was 2,510 liters.

A comparison of the demonstration plant reference reactor and
the parfait configuration as a function of internal blanket thickness
yielded results similar to those displayed in Fig. 2.2 (Chapter 2).

The comparison given in Table B. 2 is for a parfait configuration
having a 30-cm-thick internal blanket. This table illustrates that the
demonstration plant parfait concept exhibits the same advantages and
disadvantages compared to the reference design that were identified

in the comparison of the larger 1000-MWe reactors,

TABLE B. 2

Comparison of Demonstration Plant LMFBR
Reference and Parfait Configurations

(Parameter)p, . ../(Parameter)

Parameter Reference
Core fissile inventory 1.04
Burnup reactivity loss,
Ak/At 0.76
Breeding ratio (BOC) 1.023
Peak power density 0.98
Peak flux 0.71

B.3. SPLIT-PARFAIT BLANKET CONFIGURATION

The sodium void characteristics of the split-parfait blanket con-
figuration shown in Fig. B.1 were determined and compared to those
of the conventional parfait configuration. This study was motivated

in part by previous Westinghouse studies which examined multi-layer
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cores in an attempt to mitigate sodium void reactivity effects (H1).
The split-parfait design contained two 20-cm-thick internal blanket
regions separated by 20 cm of core material at the reactor midplane,
and the conventional parfait design contained one 40-cm-thick
internal blanket region. A comparison of the sodium void character-
istics of these two designs and the reference reactor is given in
Table B. 3. This table reveals that the sodium void characteristics
of the split-parfait configuration are more favorable than thoseof the
reference reactor, but less favorable than those of the conventional
parfait design. On the basis of sodium void characteristics, there-
fore, there appeared to be no incentive for further investigation of the

more complicated split-parfait configuration.

TABLE B. 3

Comparison of the Sodium Void Characteristics of the
Conventional Parfait and Split-Parfait Configurations

Ak, upon sodium removal from zones indicated

Voided Zones

(Chap. 4, Fig. 4.2) Reference Cofg-egrgc}lgl Split
(from Table 4.4) Parfait Parfait
1, 2 +0.01051 +0. 00634 +0. 00754
1-2 +0.01087 +0. 00611 +0. 00926
1-7 +0. 00923 +0. 00534 +0. 00805
50% all zones +0.00228 +0. 00032 +0. 00202

B.4. CARBIDE-FUELED PARFAIT CONFIGURATION

The analysis contained in the main body of this report has been

limited to oxide-fueled reactors.

The AEC, however, has recently

announced that a more active program for the development of advanced
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fast reactor fuel will be pursued (N3). One of the fuels which will be
developed is carbide fuel, which has been considered for fast reactors
because of its higher thermal conductivity and higher heavy-metal atom
density compared to oxide fuel. Selected properties of these fuels are
compared in Table B.4 (E6, E7). The advantages of the carbide fuels
have been long understood and a number of early design studies were
based on the postulated availability of carbide fuel (A1). More recently,
-however, the emphasis has been on the more highly developed oxide
'fuel, which is currently accumulating valuable in-service experience

in light water reactors.

TABLE B.4

Comparison of Uranium Carbide
and Uranium Oxide

Fuel

Property Uranium Oxide, UO2 Uranium Carbide, UC
Density, g/cm® 10.97 13.63
Uranium content (g/cm3) 9.67 12,97
Melting point, °C 2790 £ 20 2350 + 50
Thermal conductivity _
(at 500° C), watt/cm°C) 0.044 0.23-0.25
Power quotient‘# 1.0 6.0

X
Linear power rating relative to UOg for a cylindrical fuel rod each
operating with the centerline temperature at the melting point.

Because of the interest in advanced fuel cycles, the performance
characteristics of a carbide-fueled parfait configuration were computed
and compared to those of a carbide-fueled reference design. The

overall characteristics of the reactors compared in this analysis were
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the same as those of the oxide cores (Chapter 1, Table 1.5), except
that oxide fuel was replaced by carbide fuel., The same procedures
used in the comparison of the oxide cores were employed in this
evaluation. The blanket regions were loaded with fissile concen-
trations representative of equilibrium operation, the inner and outer
core zone enrichments were adjusted to achieve radial power flatten-
ing, and the core zones of both configurations were loaded for a
reactivity limited core lifetime of 300 full power days. The results
of a comparison between the reference reactor and a parfait con-
figuration having a 30-cm internal blanket, both loaded with carbide
fuel, are presented in Table B.5, A comparison between these
results and those given in Tables 2,2 and 2, 3 (Chapter 2) for the oxide-
fueled reactors illustrates part of the incentive for developing carbide
fuels. The substantially reduced burnup reactivity swing and the
increased breeding ratio are two performance characteristics which
make this advanced fuel concept particularly attractive.

A comparison between the carbide configurations illustrates that
two of the attractive characteristics previously identified for the
oxide-fueled parfait configuration have been lost. Although the burnup
reactivity loss of the parfait configuration is 14% smaller than that of
the reference reactor, both configurations exhibit such a small burnup
reactivity loss (only about one seventh of that for the oxide cores) that
this advantage is of little more than academic interest. In addition,
the breeding ratio advantage of the parfait configuration has also been
lost. In the oxide-fueled parfait configuration, the higher breeding

ratio, resulting in a greater yield of bred fissile material, helped



TABLE B.5

Comparison of the Reference and Parfait Configurations Employing Carbide Fuel

30-cm IB Ratio
Quantity Reference Parfait (Parfait/Reference)

Core fissile inventory (kg) 2193.2 2309.8 1,053
Burnup reactivity loss, Ak/300 days 0. 007 0.006 0.86
Peak flux (BOC) (n/cm? sec) 0.856 x 1028 0.579 x 1016 0.677
Peak power density (BOC) (MWt/ﬁ) 0.619 0.578 0.90
Breeding ratio (BOC) 1.446 1.440 ~1.0
Peak flux (EOC) (n/cm? sec) 0.874 x 1018 0.627x 108 0.717
Peak power density (EOC) (MWt/i) 0.620 0.534 0.86
Breeding ratio (EOC) 1. 366 1,363 ~1.0
Quisr sone enrichmenty

86¢
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offset the economic penalty of the greater core fissile inventory. In
the carbide-fueled reactors, both the reference and parfait configu-
rations have nearly equal breeding ratios.

The parfait configuration does, however, exhibit two character-
istics which may help offset the economic penalty of a higher core
fissile inventory. Table B.5 illustrates that the peak power density in
the parfait configuration is substantially below that of the reference
reactor throughout the burnup cycle. If the parfait configuration were
allowed to operate to the same peak power density as the reference
reactor, this configuration would be capable of producing 10% more
power., Or, alternatively, this peak power density margin could allow
the fissile-loaded core volume (and therefore the fissile inventory) of
the parfait configuration to be reduced, making the two configurations
more competitive.

The other major advantage of the parfait configuration is the sub-
stantial reduction in the peak flux in the core. This means that the
parfait configuration will exhibit reduced swelling and bowing effects,
as discussed in Chapter 3, and thereby possibly allow higher burnup
in the fuel. This advantage may be particularly important in reactors
operating with an advanced fuel, like carbide, because the higher
thermal conductivity of the fuel may allow higher linear power ratings.
The fuel in these reactors will therefore experience higher fluences
and higher burnups per unit time,

In short, the parfait concept may offer some performance

advantages in carbide-fueled reactor systems. Similar advantages
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would be expected for nitride fuel, another advanced fuel concept. The
significance of these advantages may be better assessed as more

experience with the advanced fuels is gained.
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