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EXECUTIVE SUMMARY

This i s the t h i r d annual summary report on the design of the FMSR reactor
concept. The pr incipal achievement for th i s f i s ca l year has been the p re l im i -
nary design of an FMSR which of fers the fol lowing advantages:

(1) a very long fuel cycle. A ten-year fuel cycle is demonstrated and
a 30-year fuel cycle appears to be feas ib le .

(2) a small reac t i v i t y swing over the long fuel cyc le , leading to sim-
p l i f i e d control desiqns.

(3) small power density changes, both loca l l y and reg iona l ly , over the
fuel cyc le.

(4) a strong Doppler e f fec t feedback coe f f i c ien t and low sodium void
reactivity gain.

(5) conventional LMFBR technology is used throughout, except for the
current choice of metal fuel and the presence of some moderator,
presently in the form of BeO.

(6) proliferation-resistance resulting from the avoidance of any fuel
handling, reprocessing, fabrication or enrichment act ivi t ies for
very long times, possibly for the fu l l lifetime of the plant!. Each
of these stages offers the potential for f iss i le material diversion.

Reactor physics, fuel cycle, thermal-hydraulics and fuel cycle cost studies
have been performed for this concept and are reported. The most serious draw-
back of previous FMSR designs, namely the level of irradiation damage to the
stainless steel of the cladding and duct materials, has been greatly reduced
by the new design. The peak fuel burnup level is also reduced.

Work continued on earlier FMSR designs, and in particular, the centrally-
moderated FMSR. Emphasis was placed on defining the f i r s t core and then the
total sequence of core histories over the 30-year l i f e of the reactor. I t was
found possible to define a two-year fuel cycle with limited reactivity swing
over the cycle.

Fuel cycle cost studies were begun. The results indicate a modest fuel
cycle cost advantage for the FMSR, but the basic cost assumptions must be im-
proved for metal fuel .

Improved thermal-hydraulic analysis capabilities have greatly improved
the understanding of heat transfer behavior, particularly where the fuel ap-
proaches moderator-laden subsections.

A new treatment for fission product cross sections for LMFBR calculations
predicts that previous treatments overestimated the deleterious reactivity ef-
fects by as much as 30%; sodium void calculations for LHFBRs may be seriously
overestimated where the older effective fission product sets are used.



1. INTRODUCTION

This is the third annual report on the FMSR reactor concept. The first
report (BNL-50976, Jan. 1979) introduced the concept of the Fast-Mixed Spec-
trum Reactor (FMSR). The major objective of that first design was to provide
a breeder reactor which had important proliferation-resistance characteristics
as well as a significant uranium resource conservation capability relative to
the light water reactor. The reactor was to be metal-fueled and cooled by ei-
ther sodium or helium. The fuel cycle was of the once-through-and-store type,
with the only fuel fed to the reactor during its lifetime being either natural
or depleted uranium. There would be no fuel reprocessing or enrichment opera-
tions required. The design was shown to be technically feasible but it also
had some drawbacks. The most serious appeared to be that the steel cladding
and ducts, on discharge, had accumulated severe irradiation damage. It was
felt that advanced steel alloys currently under irradiation might be able to
accommodate such levels; however, work directed toward a reduced level would
be important. The peak fuel burnup was also high but less worrisome.

The second report (BNL-51225, May, 1980) described two new FMSR concepts.
The first one was a design improvement of the previous concept. A number of
performance parameters, such as the size of local power density swings, the
reactivity change over the fuel cycle, and the length of the fuel cycle were
significantly improved. Unfortunately the level of the steel irradiation dam-
age over the fuel cycle remained high. The second FMSR concept was totally
new. It is based on a strategy whereby reactor refueling is very infrequent;
one or at most two reloadings are required over its lifetime. This strategy
might be acceptable from a nonproliteration viewpoint if the refueling were
performed in a properly controlled manner. This led to the design objective
of an extended fuel cycle and the Extended Cycle FMSR, (EC)FMSR. A single
core which could operate for the full 30 years of the plant lifetime would be
the ultimate objective. As a design approach, it was decided that a LMFBR
with a 10-year fuel cycle would be the first target, and this is the subject
of the present report; this design was briefly described in Reference 1.

The (EC)FMSR study reported here concentrated on a design which was in-
tended to serve the major national LMFBR objectives while simultaneously of-
fering desirable proliferation-resistant characteristics. In particular, it
was designed to have excellent performance by means of a very long fuel cycle,
excellent local and regional power distributions, a low reactivity swing over
the long fuel cycle, and a low fuel cycle cost. The sodium void reactivity
worth was to be kept as low as possible and the Doppler effect reactivity
feedback coefficient was to be significantly larger than in current LMFBRs.

The Centrally-Moderated FMSR first reported last year has been studied
this year from the point of view of startup from the first core fueled with
enriched uranium, and its operation through defined successive cycles for the
full reactor lifetime. Some design improvements were achieved, such as a two-
year fuel cycle instead of a one-year fuel cycle and a reduced reactivity
swing. The fuel burnup level on discharge and the corresponding steel irradi-
ation damage, however, remain high. These can be reduced, albeit at reduced
resource conservation.

- l -



Important new capabilities have been achieved in the course of this work.
A new treatment for fast reactor fission products will be of considerable ben-
efit to basic LMFBR technology and should reduce computed sodium void reactiv-
ity changes for LMFBRs, particularly at the worst time in the fuel cycle, the
end of core life. A new capability for two-dimensional heat transfer analysis
in a subassembly has greatly reduced analytical uncertainties for systems such
as the FMSR which have fuel and moderator in close proximity. Fuel cycle cost
study capabilities initiated at BNL are particularly useful for design optimi-
zation. Duct dilation analyses at BNL have been improved to account for creep
relaxation effects, including those at duct corners. This removes a major
source of nonconservatism , n these analyses.

- 2 -
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2. THE CENTRALLY-MODERATED FMSR [(CM)FMSR] CONCEPT

2.1 INTRODUCTION

A description of the (CM)FMSR and 'ts equilibrium fuel cycle was given in
the previous progress report."' The (CM)FMSR uses metal fuel in subassemblies
having fuel, sodium, and steel volume fractions of 0.45, 0.35 and 0.20, respec-
tively. Moderator subassemblies containing beryllium oxide are employed to en-
hance the safety and performance of the reactor. The core of the (CM)FMSR can
be divided into three broad regions: the central moderated region, the fast re-
gion and the outer region. The outer region contains fuel with relatively low
amounts of fissile isotopes and has comparatively low power densities. The cen-
tral moderated region contains moderator subassemblies interspersed among the
fuel subassemblies. The relatively softer spectrum of this region leads to im-
proved reactivity coefficients (Doppler and sodium void) and also to reduced
power swings in the fuel subassemblies in this region. The fast region does net
have any moderator and consequently has a very hard neutron spectrum. The fast
region provides most of the power and hence the reactivity of the (CM)FMSR.

The reactor physics results described in the previous report were mainly
for the equilibrium fuel cycle. The problem of approaching the equilibrium cy-
cle, beginning with the startup core, had received only minimal attention.

The definition of the first core and the management of the fuel cycle to
the end of the (CM)FMSR reactor lifetime have been the principal achievements
for this period. It will be shown that two-year fuel cycles are possible for
the full reactor lifetime with quite satisfactory performance.

The fissile component of the startup fuel may be either U-235 or plutoni-
um. Only U-235 has been considered in (CM}FMSR studies, however, because of
its nonproliferation advantages. According to the fuel management scheme that
was described in the previous progress report, all fuel loaded into the reactor
subsequent to startup consisted only of natural uranium. At the end of each
burnup cycle one subzone (in this case 12 subassemblies) of fresh natural ura-
nium fuel would be loaded into the reactor, and one subzone of burnt fuel would
be discharged, presumably for storage. As the fuel builds up plutonium by cap-
tures in U-238, the subassemblies would be moved around in the reactor accord-
ing to a shuffling pattern which maintains criticality and reduces power swings
within the subassemblies. The equilibrium cycle is reached when all the ini-
tial enriched fuel has been discharged from the reactor. Now, the reactor is
fueled solely by subassemblies which entered the reactor as fresh natural ura-
nium subassembl'ies and built up their fissile plutonium in situ. After this
stage each burnup cycle would essentially be a repetition of the previous cy-
cle.

Analysis of the equilibrium cycle results provided relevant information
regarding the rates of buildup of fissile isotopes and fission products in the
various zones. Actual fuel shuffling strategies could then evolve from the
above information. The equilibrium cycle fuel compositions in the various zones
can also be used to assess the initial enrichments required for the startup
fuel loading. In actual practice the time required to reach the equilibrium cy-
cle after startup may be longer than the lifetime of the reactor, i.e., longer

- 3 -



than the l i fe t ime of the reactor, i . e . , longer than 30 years. The nuclear char-
acter is t ics of the burnup cycles during the approach to the equil ibrium cycle
may vary considerably from those of the equil ibrium cycle. However, the analy-
sis of the equil ibrium cycle was used as a basic reference point since i t pro-
vides valuable information regarding the basic character ist ics of the (CM)FMSR.
The results have indicated potential problens during the approach to e q u i l i b r i -
um, and have led to suggestions of suitable remedies.

Table 2.1 summarizes the equil ibr iuc cycle reactor physics results (from
Reference 1) for the sodium-ccoled (CM)FMSR. The equil ibrium cycle length is
260 f u l l power days. During the cycle the reac t iv i ty increases by 1.27?. The
high breeding ra t io is typical of metal-fueled reactors. The equil ibrium cycle
i s powered mainly by f issions in plutonium and U-238 while 'J-235 f issions ac-
count for less than 3% or the tota l f iss ions.

I f nuclear nonprol i feration is one of the major goals of the fuel cycle,
the f i r s t core of the FMSR reactor w i l l very l i k e l y be fueled with U-235 en-
riched fuel and operate on the once-through and store fuel cycle. In such a re-
actor, most of the power at the beginning of reactor l i f e (80RL) is from U-235
f iss ions. As burnup proceeds, Pu-239 is produced by captures in U-238 and f i s -
sions in plutonium become increasingly more important. In high burnup metal -
fueled reactors, most of the power at the end of reactor l i f e (EORL) is derived
from plutonium f iss ions. There are important differences between the nuclear
properties of U-235 and plutonium isotopes in the neutron energy spectrum of a
breeder reactor. Hence the task of designing a suitable fuel management s t ra t -
egy becomes more complicated, due to the transformation during the reactor
l i fe t ime from the uranium to the plutonium-based fuel cycle. To understand
these differences bet ter , a number of calculations were performed in a simple
cel l qeometry, as <i> cribed in the following sect ion.

2.2 CLXL BURNUP CALCULATIONS

The differences between the nuclear characterist ics of U-235 enriched and
plutonium enriched fue ls , and the changes that take place with burnup, can be
studied simply and quickly by performing simple ce l l burnup calculat ions. Such
studies are useful for the design of the {CM)FMSR which uses U-235 enriched
fuel as the startup f u e l . Hence two series of burnup calculations on fuels
with various star t ing enrichments were performed. The f i r s t series used U-235
enriched f u e l . The second series used plutonium from l i g h t water reactors as
the start ing f i s s i l e fuel {plutonium composition: 239/240/241/242 = 57.7?-/
22.8V13.9%/5.6%). The f e r t i l e isotope was U-238 for both series. Fifty-group
cross-section sets obtained from L IB- Iv 'w data and the 1-Dx(3) d i f fus ion
theory code were used.

The axial dimensions of the ce l l s iratched those of the FMSR fuel subassem-
b l i es , i . e . , 16? cm of enriched fuel with 40 cm of natural uranium blanket on
each end. Vacuum boundary conditions were used in the axial d i rec t ion . In the
radial d i rect ion re f lec t ive boundary conditions were used. Homogenized number
densities were used in the calculat ions, with f u e l , sodium and steel volume
fract ions of 0.45, 0.35 and 0.2, respectively. No moderator was used in the
c e l l s . Hence, the ce l l was representative of fuel in the fast region of the
[ CM) FMSR.



TABLE 2 . 1

Equilibrium Cycle Performance.
Sodium-Cooled, Centrally-Moderated FMSR

Number of Fuel Subassembiies 397

Number of Subassembiies

Shuffled Per Cycle 84

Cycle Duration (Full Power Days) 260

Reactivity Swing Over Cycle, % +1.27

Breeding Ratio {BOEC) 1.66
(EOEC) 1.58

Fuel Inventory
Reactor, BOEC, kg Pu 8930
Discharge/Yr, kg Pu 530
Core Discharge Enrichment [% Pii-239) 7.6

Peak Burnup (MWD/T)
30-Yr, Fuel Reintroduction % 184,000

•Equilibrium Fuel Cycle 237,000

Peak Fluence (E>0.1 MeV)
30-Yr, Fuel Reintroduction ^7.3 x 1 0 "
•Equilibrium Fuel Cycle 9.9 x iO23

*This number applies only if the fuel stays in the reactor
for 33 burnup cycles.

- 5 -



Fiqure 2.1 shows the variat ion of Keff and breeding rat io (BR) with peak
burnup in the cel l for two of the cases that were analyzed. Case I used LWR
discharged plutonium with a f i s s i l e enrichment of 6%. Case I I used U-235 en-
riched fuel with an enrichment of 10°/>. Jt is seen that in both the cases, high
burnups of the order of 20% of heavy metal are achievable without the cel ls be-
coming subcr i t ica l . The piutonium-enriched fuel performs s igni f icant ly better
than the U-235 enriched fue l . At lower burnups the plutonium fuel has a s igni -
f icant ly higher breeding rat io compared to that of the enriched uranium fue l .
This is partly due to the higher values of n of plutonium isotopes compared to
U-235, and partly due to the higher f e r t i l e - t o - f i s s i l e ra t io of Case I . How-
ever, mere comparison of breeding ratios is insuf f ic ient for proper evaluation
of fuel cycles. The BR (as defined here) is the rat io of the rate of f i s s i l e
isotope production to the rate of f i ss i l e isotope destruction. In part icular,
no account is taken of the di f ferent react iv i ty worths of the various f i s s i l e
isotopes. The react iv i ty worth of a f i s s i l e isotope is roughly proportional to
the value of ( v ° f - °a } for that isotope. In the present case, the values of
th is parameter for U-235, Pu-239 and Pu-241 are, respectively, 1.87, 2.91 and
3.67. The higher react iv i ty worth of the bred f ue l , i . e . , Pu-239, compared to
U-235, makes high burnups achievable in Case I I , even with comparatively low
breeding rat ios. In Case I , the breeding rat io decreases s igni f icant ly with
burnup due to changes in the plutonium composition and accumulation of f iss ion
products. In Case I I , on the other hand, the effect of accumulating f iss ion
products is compensated by the increasing proportion of f issions in plutonium
isotopes. As a resul t , the breeding rat io remains almost constant with i n -
creasing burnup. The two i n i t i a l breeding ratios would be closer to each other
i f the weighted breeding rat io had been used.

2.3 AIMS OF THE PRESENT STUDY

The aim of the present work is the design and study of the 30-year fuel
cycle of a sodium-cooled (CM)FMSR which starts on enriched uranium fue l . With
nuclear nonproliferation as an important consideration, i t was decided that a l l
fuel inputs to the reactor subsequent to startup should also be either natural
or enriched uranium. The lengths of burnup cycles and fuel shuff l ing patterns
( i f used) should be designed so as to minimize the swings in react iv i ty of the
reactor and power changes within fuel subassemblies. Another major objective
is that the fuel cycle should be attract ive from the point of view of uranium
resource u t i l i za t i on , compared to the once-through fuel cycle used in LWRs. A
typical lOOO-MW(e) LWR requires approximately 6000 T of natural uranium (con-
verted to enriched uranium before use) over i t s operating l i f e of 30 years. To
be an attract ive concept, i t should be demonstrated that a 1000-MW(e) (CM)FMSR
would require s igni f icant ly lower amounts of natural uranium.

The allowable peak fuel burnup is l imited by the metallurgical character-
is t ics of the fuel and the clad materials. Extrapolating the results of re-
cent metal fuel experience in EBR-II, i t is not unreasonable to hope that in
the future i t may be possible to achieve peak burnups of the order of 20% heavy
metal mass. The peak burnup in a fuel subassembly, i f i t were to be allowed to
stay in a high power region of the reactor for t h i r t y years, could exceed 36".
One of the design objectives was to l im i t the peak burnup to around 20". This
design objective may be met in one of the following ways. The reactor may be
operated continuously for , say, 10 or 15 years, without fuel shuf f l ing, and in
a single batch mode unt i l the preset l i m i t on peak burnup is reached somewhere

- 6 -
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in the core. At that tine, the entire core may be discharged and a fresh new
core brought in. Alternatively, the core size may be increased so that the
peak (and the average) power density is sufficiently reduced so that the reac-
tor may be operated on the sâ ie fuel loading for the entire 30 years without
exceeding the limiting burnup. Either of the above two methods would substan-
tially increase the uranium resource requirement because of the significant
amounts of extra enriched fuel that is involved.

A third way to reduce the peak discharge burnup can be devised which would
lead to a much smaller increase in the uranium resource requirement. The meth-
od involves in-core fuel shuffling. Natural uraniun subassemblies would be in-
troduced into low power density regions of the reactor where plutonium is built
up by captures in U-238. When a sufficiently M'gh level of plutonium is built
up, the fuel subassemblies would be moved to higher power density regions where
they would produce substantial amounts of energy prior to beinq discharged. In
this way the burden of energy production (over the life of the reactor) is
shared by a larger number of fuel subassemblies, thus reducing the peak burnup.
If the peak burnup is still found to be too high, a limited number of enriched
fuel subassemblies could be introduced into the high power density regions at
predetermined times to achieve the same end.

Since high resource utilization (or low resource requirement) is an impor-
tant objective, the fuel management strategy for this study involves in-core
fuel shuffling. Ir; actual practice, a fuel subassembly may have to be moved
several times within the reactor prior to the final discharge.

2.4 (CM)FMSR DESIGN AND CALCULATIONS

2.4.1 Reactor Configuration

Figure 2.2 shows the schematic layout of the (CM)FMSR in the X-Y plane.
The (CM)FMSR can be divided into three broad regions, i.e., the central mod-
erated region, the fast region, and the outer region. The outer region is a
low power density region where low enrichment (or natural uraniun) fuel subas-
semblies build up their fissile inventories by capturing neutrons leaking ra-
dially outwards. This region contains some moderator subassemblies which help
soften the neutron spectrum and enhance neutron capture in U-238. When a suf-
ficient level of plutonium is built up, the fuel subassemblies are moved into
the central moderated region.

The central moderated region contains 37 moderator subassemblies. These
are arranged so that each moderator subassembly is surrounded by fuel subassem-
blies on all sides. Beryllium oxide is chosen as the moderator material. The
moderator subassemblies serve many purposes. They enhance the safety of the
reactor by reducing the sodium void reactivity coefficient and increasing the
Doppler reactivity coefficient. The relatively softer spectrum in this region
also reduces the rate of plutonium buildup, and hence, reduces the power swings
in the subassemblies in this region. In order to prevent excessively high
power densities and too rapid swings in power, it is desirable to prevent the
flux from peaking at the center of the reactor. Use of the moderator subassem-
blies in the central region is also helpful in this regard.
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An additional potential advantaqe of the (CM)FMSR is the possib i l i ty of
employing some of the moderator subassemblies in the central region for reactor
contro l . VHthHrawal of the moderator from the core leads to a hardening of the
neutron spectrum in the central region. This e f fec t , along with the changes in
the shapes of neutron flux and adjoint functions, leads to an increase of reac-
t i v i t y . Inserting the moderator back into the reactor has the opposite ef fect-
Preliminary calculations in R-Z geometry indicate that i t may be possible to
use the moderator subassemblies to control react iv i ty swings during a burnup
cycle. However, the react iv i ty worth of the moderator changes substantially
during the l i f e of the reactor due to accumulation of f iss ion products and
changes in the f i s s i l e composition of the fue l . Hence, more detailed calcula-
tions w i l l be needed to f u l l y establish this f eas ib i l i t y .

The fast region provides the bulk of the power, and hence, react iv i ty of
the reactor. Fuel in the moderated region, af ter a prescribed period of res i -
dence, is to be moved into the fast region. In actual practice a fuel subas-
sembly may he moved once or twice within a region in order to f a c i l i t a t e more
even plutonium buildup or to avoid excessive power swings in the subassembly.

Table 2.2 compares the (CM)FMSR and the Clinch River Breeder Reactor de-
sign parameters. In order to take maximum advantage of current fast reactor
development, the FMSR design parameters were selected to be reasonably close to
the CRBR design parameters but to also represent design trends of lOOO-HW(e)
studies. The larger fuel pin diameter shown for the FMSR ref lects the advan-
tage to be gained from the higher thermal conductivity of metal fuel of the
FMSR compared to the oxide fuel of the CRBR. For the present analysis,, i t is
assumed that the moderator subassemblies contain beryllium oxide, s tee l , and
sodium coolant with the volume fractions of 0.7, 0.15 and 0.15, respectively.
The beryllium oxide is at 50% theoretical density in the central region and 8G»
theoretical density in the outer region.

Figure 2.3 shows the details of the reactor layout in the X-Y plane. A
60° sector of the reactor is shown. The reactor contains 33 fuel subzones,
each containing 12 subassemblies. In a 60° section of the reactor, each fuel
subzone is represented by two hexagonal fuel subassemblies. In the R-Z geometry
representation shown in Figure 2.4, the fuel subzones are represented by rings
of fue l . Moderator subassemblies are grouped together and represented by mod-
erator r ings. Each half of the reactor, above and below the midplane, is d i -
vided into three axial layers. In the f i r s t and second layers, the 33 radial
fuel subzones are exp l i c i t l y represented. The top layer, i . e . , axial blanket,
is represented by only seven subzones because of constraints in computer stor-
age. All reactor physics calculations in this study were performed in the R-Z
geometry.

2.4.2 Startup Core Calculations

Al l burriup calculations were performed using 20-group cross-section sets.
The group structure is described in Section 3. These sets were collapsed from
50-group sets (obtained from LIB-IV data) using the 1-DX dif fusion theory code.
Cross-section sets were obtained for di f ferent compositions chosen to re f lec t
not only the di f ferent regions of the reactor but also changes in composition
due to burnup. Burnup calculations were performed in R-Z geometry using the
2DB(4/ diffusion theory code. In the present calculations, four f ission prod-
ucts with appropriate yields were used. They are Sm-149 and three lumped

- 10 -



TABLE 2.2

Thermohydraulic Parameters
Sodium-Cooled (CM)FMSR and CRBR

REACTOR CORE

Thermal Power, MW

I n l e t Temperature, °C

O u t l e t Temperature, °C

Tota l Pressure Drop, MPa

Average Flow, kg/hr -cm 2

FUEL ASSEMBLIES

Rods Per Assembly

Volume F r a c t i o n

Fuel

Coolant

Steel

Rod Outside Diameter, cm

Fuel Diameter, cm

Clad Thickness, cm

Wire-Wrap O.D., cm

Pitch, wrap

Rod Triangular Pi tch, cm

P/D Ratio

Rod Length, cm

Fuel-Clad Gap, cm

Duct Flat Distance, cm

Duct Wall Thickness, cm

FMSR
(REFERENCE CASE)

2780

380

540

0.77

2.36 x 103

331

0.45

0.35

0.20

0.869

0.783 (metal)
0.043

0.149

30.0

1.018

1.171

270

0

18.692

0.254

CRBR
(300 MW(e))

975

388

535

0.77

1.72 x 103

217

0.325

0.419

0.234

0.5842

0.4915 (oxide)

0.0381

0.142

30.23

0.7308

1.251

290.6

0.0082
11.011

0.3048
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f iss ion products, i . e . , Rapidly Saturating Fission Product (RSFP), Slowly Satu-
rating Fission Product (SSFP) and Non-Saturating Fission Product (NSFP). Fis-
sion product isotopes, in general, transmute to other isotopes of lower absorp-
t ion cross sections upon neutron absorption. In the present calculations,
these transmutations were approximated by the following scheme. "CFP were as-
sumed to transmute to SSFP, SSFP to NSFP and Sm-149 was assumed to transmute to
NSFP. Fission products of both U-235 and Pu-239 were employed. These were
taken from the LIB-IV cross-section set. A recent evaluation of f iss ion product
cross sections, described in Section 3 of this report, indicates that use of
LIB-IV f ission product cross sections may lead to negative react iv i t ies which
may be too high (as much as 30").

An i n i t i a l estimate of the startup U-235 enrichments was made by inspect-
ing the equilibrium cycle plutonium contents of the di f ferent subzones. By
combining groups of subzones together and averaging, the number of i n i t i a l en-
richments to be used in these studies was reduced to eight. Using these enrich-
ments, a concentration search was performed to obtain the desired Ke f f . Thus,
the actual enrichments that go into the startup core were obtained. In addi-
t i o n , i t is important to avoid excessive power and react iv i ty swings during
burnup. These swings in turn depend on the i n i t i a l enrichments, burnup cycle
length and the fuel shuff l ing pattern. Hence, many i terat ions may be needed
before optimum, or close to optimum, values of i n i t i a l enrichments were found.

Table 2.3 shows the U-235 enrichments selected for the startup core. The
enriched uranium is contained in the 160 cm core region of the fuel subzones
(a l l except subzones 1 to 4) . Subzones 1 to 4 and the upper and lower axial
blankets of a l l the subzones contain natural uranium. The enrichments vary
from 2% to 11.26%. The total amount of U-235 in the reactor is 13,899 kg, of
which 10,284 kgs are in the enriched uranium. The total heavy metal loading is
209.5 tonnes.

Figure 2.5 compares the 20-group neutron spectra in the moderated region
(subzone 17) and the fast region (subzone 27). I t can be seen that even though
the spectrum in the moderated region is softer than in the fast region, i t i s
s t i l l "hard," with a considerable fract ion of neutrons above 1 keV. The f lux
depression due to the sodium resonance at 2.85 keV can be clear ly seen in Fig-
ure 2.5.

Figure 2.6 shows the radial total f lux distr ibut ion in the fuel subzones
corresponding to the reactor midplane. I t is seen that the total f lux is re la-
t ive ly f l a t in the moderated and the fast regions, but drops of f rapidly in the
outer region, much as i t does in the analogous radial blanket of any LMFBR. Be-
cause of the s l ight ly lower fuel enrichments and the presence of moderator sub-
assemblies in the moderator region, there is a s l ight drop in the total f lux .
As more f i s s i l e fuel is b u i l t up during burnup, the f lux tends to peak at the
center and may lead to unacceptably high power densit ies. The fuel shuff l ing
scheme is designed to counter th is tendency.

2.4.3 Fuel Management Strategy

Figure 2.7 schematically represents the broad fuel management strategy.
The 33 fuel subzones are grouped under six broad zones. In Figure 2.7 the num-
ber of subzones grouped under each broad zone are marked. In the outer region
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TABLE 2.3
Startup Reactor Loading,

Centrally-Moderated FMSR

i Number % of U-235

1-4 (plus axial blankets
of all

5-7
8-10
11-12
13
14-17
18-19
20-21
22-33

subzones) 0.71
2.00
3.50
5.50
7.00
8.80
9.30
9.80
11.26

kc of U-235

61b <nat. U)
254
444
465
296
1490
787
829
5718

Total U-23b = 10,899 k.o
Total Heavy Metal = 209.5 tonnes
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of the reactor (subzones 1 to 13) each broad zone rouqhly corresponds to one
hexagonal ring of fuel. The outer region is divided into three broad zores.
At the end cf each burnup cycle one fresh subzone of natural uranium fuel is
brought into Zone I. One subzone from Zone I is moved to Zone II and one sub-
zone fron Zone II is moved to Zone III. This progressive novenent inwards fa-
cilitates an even buildup of piutonium in the fuel before it is moved to Zone
IV. A fuel subzone in Zone IV resides there far only two burnup cycles before
moving to Zone V. This is done to prevent excessive plutoniuc? buildup near the
center which would result in f 1 »JX peeking at the center. At the ">nd of eacii
burnup cycle one subzone from Zone IV is usually moved to Zone V. Dependinq on
the burnup level, one subzone from Zone V may or may not be noved into Zone VI.
If it is moved into Zone VI, one subzone f-om Zone VI is discharged from the
reactor. If not, one subzone from 7one V is discharged fron] the reactor, some-
times for storage until a subsequent reintroductior..

The actual fuel management strategy is further complicated because of the
need to limit the peak burnup to around 20^. A fuel subzone which resides in a
high power producing region for the whole 30-year period may experience a peak
burnup of as much as 36%. On the other hand, a fuel subzone that is discharged
from the reactor at the end of the first burnup cycle, for example, has a peak
burnup of only about 2.9-. This fuel may be brought back into the reactor nt a
later time to replace a subzone wtvch has reached the maximum allowable burnuo.
In the fuel management scheme to be described, (see Figure 2.8) fuel subzones
discharged at the end of the first five cycles are brought back into the reac-
tor at the end of the seventh and eighth cycles. In addition, four subzones of
fresh enriched (11.26? U-235) fuel are brought into the fast region at the end
of the third cycle. As 2 result of these fuel nanagement maneuvers, the actual
peak burnup at the time of discharge was found to be 20.8*. With further fine
tuning of the fuel management scheme, this number can be brought below 2O*r.
Further substantial reduction of the peak discharge burnup is possible if more
subzones of enriched fuel (11.26"' J-235) are brought into the reactor at appro-
priate times. However, this would also increase the total uranium resource re-
quirement for the fuel cycle.

The details of the adopted fuel management strategy are shown schematical-
ly in Figure 2.8. Details for Zones IV, V and VI are shown in the figure (sub-
zones 14-33). Corresponding details for the outer r°qion consisting of Zones
I, II and III (subzones 1 to 13) are not shewn. These. however, are very sim-
ple. One subzone of fuel is always shuffled to the next zone at the end of each
cycle. All fuel transfers, into and out of the reactor, or within the reactor
are performed at the end of burnup cycles. All transfers take place in units
of subzones (12 subassemblies).

The symbols used in Figure 2.8 are explained below.

(x) : indicates that a fuel subzone from a lower numbered zone is moved
into that position while the fuel that was in that position is
moved into a higher numbered zone.

(x)-t- : indicates that a fuel subzone from a lower numbered zone is moved
into that position while :he fuel t?iat was in that position is
moved out of the reactor into external storage.
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(x);£ : indicates that a fuel subzone from external storage is brought
into that position while the fuel that was in that position is
moved out of the reactor into external storage-

Letters near the arrows (A,B,C, etc.), when used, identify the fuel sub-
zones that are brought into or taken out of the reactor.

Letter NF denotes fresh new enriched fuel (11.26% U-235 subzones).

Looking at Figure 2.8, at the end of cycle 3, for example, one subzone
from Zone III is moved to subzone 15 of Zone IV. The fuel that was in subzone
15 is moved to subzone 18 of Zone V, while that fuel, in turn, is moved to sub-
zone 27 of Zone VI. The fuel that was under subzone 27 is tagged C and moved
into external storage. In addition, four fresh subzones of enriched fuel (NF)
are brought into subzones 30, 31, 32 and 33. The fuel subzones that were in
these positions are tagged D, E, F and G, respectively, and moved to external
storage. D, E, F and G are brought back into the reactor at the end of the
seventh cycle. C is brought back into the reactor at the end of the eighth
cycle.

In the actual reactor physics calculations, the above fuel management
strategy was slightly modified for the sake of calculational convenience.

2.4.4 Results of Burnup Calculations

The single burnup cycle length required to maintain the criticality of the
reactor throughout the 30-year lifetime was found to be about 640 full power
days. Table 2.4 tabulates the values of Keff and breeding ratio at the be-
ginning of each of the 12 burnup cycles. The values at the end of cycles 1, 4,
8 and 12 are also given. The breeding ratio is found to increase with burnup
as the importance of plutonium fissions increases. The reactivity swing over
the cycle is the largest for the first cycle (1.1%) and becomes smaller at
higher burnups.

Figure 2.9 shows the changes in the reactor inventories of U-235, Pu-239,
and total fission products with successive burnup cycles. The figure shows the
inventories at the beginnings of cycles. Discontinuities at the beginning of
the fourth and the eight cycles reflect the particular fuel management scheme
employed (see Figure 2.8).

Table 2.5 tabulates the changes in the isotope inventories during cycles
1, 4, 8 and 12. Also, the percentage of the total fissions occurring in U-235
(approximate) during each of the cycles is shown. It is seen that even during
the last cycle 9.1% of the fissions take place in U-235. Corresponding numbers
for the equilibrium cycle are also shown for the sake of comparison.

During a burnup cycle the power produced by the fuel subzones near the
center of the reactor tends to increase due to buildup of plutonium in this re-
gion. Since the total reactor power is held constant, the power produced in
the other zones falls if there is no compensating control rod action. The sub-
assembly orifices are set to cool the highest power that will be produced by
the subassembly during the cycle. Hence, for better thermal efficiency the
power swing during a cycle should be kept as low as possible. The magnitude of
the power swing varies from cycle to cycle. Figure 2.10 shows the power swings
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TABLE 2 .4

Sodium-Cooled (CM)FMSR

Results of Burnup Calculations Over Reactor Life

Time

BOC 1

EOC 1

BOC 2

BOC 3

BOC 4

EOC 4

BOC 5

BOC 6

BOC 7

BOC 8

EOC 8

BOC 9

BOC 10

BOC 11

BOC 12

EOC 12

*eff

1.0118

1.0228

1.0136

1.0144

1.0197

1.0266
1.0189

1.0165

1.0108

1.0180

1.0246

1.0163

1.0148

1.0111

1.0047

1.0083

Breeding
Ratio
1.095

1.095

1.123

1.148

1.164

1.153
1.182

1.198

1.221

1.20

1.183

1.218

1.226

1.237

1.253

1.232

AK Over
Cycle
.011

.0069

.0066

.0036
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TABLE 2.5

Changes in Isotope Inventories During Selected Burnup Cycles

[Sodium-Cooled (CM)FMSR]

Time

BOC 1

EOC 1

BOC 4

EOC 4

BOC 8

EOC 8

BOC 12

EOC 12

BOEC

EOEC

U-235
(kg)

10,899

9,184

6,482

5,474

4,538

3,808

2,316

2,112

884

852

Pu-239
(kg)

0

1,912

3,840

5,140

5,696

6,766

7,790

8,510

7,804

8,220

Fission
Product
(kg)

0

1,766

3,948

5,728

5,708

7,500

10,562

12,360

7,820

8,612

% Fissions in
U-235

(approximate)

75.8

44.1

32.6

9.1

2.9
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for cycle 7, which has the worst swinq among a l l the cycles. The subzones of
zones IV, V and VI only are shown in Figure 2.10. The largest power swings oc-
cur in subzones near the reactor center. These swings, which are without ad-
justment by control rods, are more than satisfactory.

Table 2.6 summarizes some of the important results of reactor physics ca l -
culations. The peak discharge burnup is 20.8% and the peak fast fluence (E>0.1
fieV) is 7.7 x 1 0 " n/cm?. The ee f f (which is equal to one dollar of react iv i ty)
at the beginning of reactor l i f e (BORL) is approximately 70% higher than at the
end of reactor l i f e (FORL). This is because at BORL most of the f issions occur
in U-235 whereas at EORL most f issions occur in Pu-239. The delayed neutron
fraction for U-235 is approximately twice as large as for Pu-239. The values of
6e f f were calculated using the perturbation code PERT-V.

2.4.5 Reactivity Coefficients

Table 2.6 also gives the Doppler react iv i ty coeff icients and preliminary
values of the sodium void react iv i ty gain for f u l l core voiding, at BORL and at
EORL. The react iv i ty coeff icients were obtained from 50-group calculations in
R-Z geometry.

The Doppler react iv i t ies are calculated for two temperature ranges, 300 K-
975 K and 975 K-1500 K. The Doppler react iv i ty coeff icients at BORL are s igni-
f icant ly "arger than those for typical oxide-fueled reactors (which are of the
order of 0.006). This is due to comparatively large amounts of low energy f lux
(below 25 keV) in the moderated region of the (CM)FMSR and to the comparatively
large react iv i ty worth of neutrons in th is region. The Doppler react iv i ty co-
ef f ic ients at EORL are considerably smaller than at BORL. This is due to the
depletion of the low energy flux due to the buildup of large amounts of f iss ion
products.

Figure 2.11 shows the 20-group neutron spectra in the moderated region
(subzone 17) and the fast region (subzone 27) at EORL. A comparison with the
spectrum at BORL (Figure 2.5) shows that the low energy fluxes at EORL are
smaller and, thus, that the spectrum has become harder compared to that at
BORL.

The re lat ive ly low sodium void react iv i ty at BORL (SI.38) is typical of
U-235 fueled reactors. The variat ion of n with energy (at higher energies) for
U-235 is comparatively f l a t te r than for Pu-239. As a result the posit ive spec-
t ra l component of sodium void react iv i ty is smaller for U-235 fueled reactors.
Also, the value of ee f f at BORL is approximately 70% higher than at EORL. As a
resul t , the dollar value of the sodium void react iv i ty at BORL is comparatively
smaller. At EORL, fissions in Pu-239 are much more numerous than fissions in
U-235 while the value of 3 e f f at EORL is smaller than at BORL. Also, the ef-
fect of accumulated f ission products is to increase the sodium void react iv i ty
coef f ic ient . These factors combine to give a large positive sodium void reac-
t i v i t y at EORL. These sodium void calculations should be considered as prelim-
inary. They are very sensitive and may change with further study. Application
of the recently created f ission product cross-section set, for instance, w i l l
s igni f icant ly lower these values at EORL.

The change in the sodium void react iv i ty between BORL and EORL can also be
explained from comparing the respective adjoint spectra. Figure 2.12 compares
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TABLE 2.6

Summary of Reactor Physics Calculations,

Sodium-Cooled (CM)FMSR

Cycle Length = 640 fpd, a l l cycles

Peak Discharge Burnup = 20.8%

Peak Fast Fluence (E>0.1 MeV) = 7.7 x 1023 n/cm2

Effective Delayed Neutron Fraction, e e f f

Beginning of Reactor Li fe (BORL) = 0.0072

End of Reactor Li fe (EORL) = 0.0042

Sodium Void Reactivity

BORL = 1.38$

EORL = 7.42$

Doppler Reactivity (T dK/dT)

Between 300 K and 975 K:

BORL = -0.0122

EORL = -0.0073

Between 975 K and 1500 K:
BORL = -0.0112
EORL = -0.0070
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the 20-qroup adjoint spectra in the moderated region (subzone 17) at BORL and
EORL. Figure 2.13 compares the adjoint spectra in the fast region (subzone 27).
In both the regions the adjoint function in the enerqy range E>5 keV is steeper
(larger positive slope) at EORL than at BORL. This is pr incipal ly due to the
larger number of plutonium fissions at EORL. The adjoint spectra at EORL are
seen to be f l a t te r (smaller negative slope) in the energy ^ange below 5 keV
than at BORL. This is pr incipal ly due to the buildup of f ission products which
have re lat ively high absorption cross sections for low energy neutrons. The
combined effect of these factors is a higher sodium void react iv i ty at EORL.

2.4.6 Reactor Control During Burnup Cycles

During the f i r s t burnup cycle the react iv i ty of the (CH)FMSP increases by
1.1% (see Table 2.4). From preliminary calculations in R-Z geometry, i t is
found that at BORL the react iv i ty worth of withdrawing the central moderator
subassemblies is only 0.64%. Hence, for the f i r s t burnup cycle at least, the
moderator subassemblies w i l l not be able to provide the required react iv i ty
contro l .

The react iv i ty swings during the later cycles are considerably smaller.
During the f inal burnup cycle the react iv i ty increases by only 0.36%. I t is
found that the react iv i ty worth of the central moderator subassemblies increas-
es with hurnup. This is due to the changes in the f i s s i l e composition of the
fuel and to the accumulation of f ission products. At EORL, for example, the
react iv i ty worth of the central moderator subassemblies is found to be about
6.8%, much more than is required to control the react iv i ty swing during the
f inal cycle.

Hence, during the later part of the reactor l i f e , the central moderator
subassemblies may be used to control the react iv i ty variat ions. In the early
part , on the other hand, poison control rods may have to be used. More de-
ta i led calculations, however, are needed.

2.4.7 Thermal-Hydraulic Calculations

Detailed results of thermal-hydraulic calculations for the (CM)FMSR were
presented in Reference 1 . Thermal-hydraulic calculations were performed with
the SATURN'*' code which is a f l ex ib le , one-dimensional, multichannel steady-
state code developed at BNL for the FMSR program. The coolant i n le t tempera-
ture was 380°C and the i n l e t pressure was 140 ps i . The mean temperature r ise
of the coolant was 160°C. Some of the important thermal-hydraulic parameters
can be seen in Table 2.2. Metallurgical considerations set the maximum fuel
centerline temperature and fuel clad contact temperature at 850°C and 625°C,
respectively. Calculations indicated that these temperature l im i ts will not be
exceeded even when hot spot factors are included. The total pressure drop
across the core was 113 psi and the total pumping power was 13.5 MW. These re-
sults were calculated for the equilibrium cycle and are also roughly applicable
to any of the twelve burnup cycles, since the design parameters are unchanged
and the peak power densities and radial and axial power shapes are approximate-
ly similar for a l l the cycles.

Recent preliminary calculations using the two-dimensional thermal-hydrau-
l ic code COBRA-IV(5> have reaffirmed the basic validity of the results obtained
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by the simpler SATURN code. In the inner moderated region and the fast region,
the temperature predictions made by COBRA for the peak channels agree well with
those made by SATURN. The fuel subassemblies in the above two regions are
characterized by high power densities and low radial power gradients. In the
outer region, on the other hand, the fuel subassemblies have low power densi-
ties and large radial power gradients. Here, the temperatures predicted by
COBRA for the peak channel are considerably lower than those predicted by SA-
TURN. The peak channels in this region occur at the edges of fuel subassem-
blies. The enhanced cooling effect of cross flow for the edge pins can be
taken into account in COBRA calculations but cannot be included in SATURN cal-
culations. Hence, the results obtained by SATURN for the outer region are
overly conservative. Improved modeling of the peak channel in the outer re-
gion, to achieve better agreement with COBRA-IV, will result in a higher mixed-
mean coolant temperature at the core exit.

2.5 URANIUM RESOURCE REQUIREMENTS

Table 2.7 lists the natural uranium needs for the 30-year life of the
(CM)FMSR. The natural uranium needed for the startup reactor is by far the
largest part of the total requirement, i.e., 2055 T. Most of the natural ura-
nium is converted to enriched uranium prior to use. It is assumed that the de-
pleted uranium tails in the enrichment plant contain 0.2% (J-235. During the 30
years, 11 subzones of natural uranium are fed into the reactor. The amount of
natural uranium for this totals 70 tonnes. At the end of the third burnup cy-
cle four subzones of 11.26% enriched uranium fuel are fed into the reactor.
This requires 375 T of natural uranium. The total natural uranium requirement
over the life of the reactor is 2500 T.

At the time of discharge many of the fuel subzones still contain signifi-
cant amounts of U-235, for which credit may be taken. The U-235 content of the
fuel for which credit is taken varies from 1% to 3.7%, the average being 2.2%.
This credit is equivalent to 370 T of natural uranium. After 30 years of oper-
ation, when the FMSR is decommissioned, the outer region of the reactor (sub-
zones 1-13) can be used in a second FMSR. These subzones have low burnups but
significant amounts of fissile fuel. This transfer does not significantly
alter the fuel cycle of the second reactor. This arrangement would reduce the
amount of uranium needed for the second reactor by an amount corresponding to
the first 13 subzones. The credit for this is equivalent to 292 T of natural
uranium. The total credit over the 30 years is 662 T of natural uranium.
Hence, the net amount of natural uranium required over the life of the sodium-
cooled (CM)FMSR is 1838 T. This represents a significant resource saving rel-
ative to that required for generation of the same amount of energy by a LWR.
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TABLE 1.1

rjajtural "Jranium Resource Requirements of the (CK)F?'SR

Natural Uranium for the Startup Reactor = 2C55 T

Natural Uranium Feed for the 30-Year L i fe = 70 T

Natural Uranium for Four Enriched (11.26)
Fuel Subzones (Needed at EOC 3) = 375 T

Total Natural L'ranium Requirement = 25QC T

Credrts

Credit for U-235 in Discharged Fuel = 370 T

Credit for Subzones 1-1 i at EOL = 292 T

Total Credits = 662 T

Net Requirement for Natural Uranium = 2500-662
= 1838 T
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3. THE EXTENDED FULL CYCLE FMSR [(EC)FMSR] CONCEPT - PHVSICS ANALYSIS

3.1 INTRCDl'CTIOH

The Extended Fuel Cvcie F!'SR [(EC)F?'«SR] is a nev; design concent wtrici of-
fers the potential for excellent performance and cost characteristics while
also providing attract ive nuclear weapons prol i ferat ion resistance and najor
resource u t i l i za t ion advantages. Like the Centrally-Moderated FVSR,1*' metal
fuel is used in this sorrium-cooled reactor to take advantage of i t s hi oh den-
s i ty of f e r t i l e atoms as well as i t s excellent burnup characterist ics. A fuel
desiqn based larqely on the EBR-II reactor MARK-11 fuel is used in order to
achieve extensive f iss ion product qas release and therefore excellent burnup
performance. A noderator is used to enhance desion f l e x i b i l i t y and improve
safety characterist ics.

The principal design strategy is to exploit the inherently hioh conver-
sion rat io of metal-fueled breeders by addinq suf f ic ient moderator, in th is
case BeO, so that the react iv i ty gain result ing from breeding new f i s s i l e ma-
ter ia l s l iqht ly exceeds the react iv i ty losses <iue to f ission product buildup
at the start of the fuel cycle, '.inder these conditions there is a very small
react iv i ty change over a very lonq fuel cycle, unt i l losses due to f iss ion
products doninate and the fue1 cycle is ended. A very long fuel cycle has im-
T^diate operatino advantaq^s for the nperatino u t i l i t y and leads to reduced
fuel cycle costs.

fajor safety advantages of this design approach, which result fron em-
ployment of some moderator, are a relat ively low sodium void react iv i ty worth
and a s igni f icant ly larger (approximately a factor of 3) Doppler feedback.
These two factors enhance the safety of the plant without compromising either
performance or economics.

The proliferation-resistance advantage of an (EC)FHSR stems from the fact
that the reactor has to be refueled only once or twice over i t s 30-year plant
l i f e . In this way fuel handling, fuel reprocessing, fabr icat ion, or enrich-
ment are minimized. Each of these steps would offer some potential for diver-
sion. I f the nation which operated an (EC)FMSR would agree to buy i t s fresh
fuel dr\(\ f e l l i t s spent fuel to an internationally managed agency, then the
nation would not need to have within i t s borders fuel reprocessing, fuel en-
r ich ing, of fuel fabrication f a c i l i t i e s . An (EC)FHSR has been designed and
shown to operate for 30 years with excellent neutronic and thermal-hydraulic
performance. The sodium void react iv i ty gain at end of l i f e of the core, how-
ever, was found to be in the range of that of a conventional oxide-fueled
LMFBR, such as the French Super-Phenix Reactor or the Br i t i sh Commercial Fast
Reactor. Since there is a considerable licensing advantage for reactors with
smaller sodium void react iv i ty gain, an important design objective of the
(EC)FMSR is to achieve long fuel cycle l i fet imes with minimum end-of- l i fe so-
dium void worths.

Analytic and design studies to more fu l l y understand the origins of reac-
t i v i t y changes associated with sodium voiding are now under way at Brookhaven
National Laboratory. These tend to indicate that modest changes in geometry
and composition rat ios as well as improved f iss ion product cross sections can
lead to a considerable reduction of the computed sodium void reactivity gain
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for the (EC)FMSR. Thus, further design studies for the 30-year FMSR may lead
to improved sodium void characteristics. The present report wi l l focus on
those studies for (EC)FMSR fuel cycles of shorter length (around ten years)
which offer major advantages.

The particular design described in the present report is only one of the
many design options which can he achieved through the judicious use of metal
fuel and moderator. Primary emphasis in the design studies reported here was
directed toward achieving a design which had a long fuel cycle with excellent
thermal hydraulics and neutronic performance, low fuel cycle costs, and en-
hanced safety features. Other desiqns are equally feasible which could empha-
size, as examples, very short doubling times or symbiotic operation to gener-
ate U-233 for HTGR needs, i f these should be in the national interest. Other
fuels are now being examined for use in FMSR-type designs. These should be
capable of providing many of the above objectives, but probably at a somewhat
reduced level of performance.

The (EC)FMSR has been conceived to achieve as far as is practicable the
following objectives:

a. an extended fuel cycle (presently 10 years),

b. a small reactivity change over the fuel cycle,

c. small power density changes over the fuel cycle, locally and region-
a l ly ,

d. competitive fuel cycle costs,

e. a low sodium void reactivity gain,

f. strong Doppler effect feedback safety coefficients,

g. proliferation resistance through use of one or possibly two core
loadings over fu l l plant l i fetime (three for present study),

h. use of conventional breeder reactor technology as far as possible.
The balance-of-plant outside of the core should be identical to that
of any other fast breeder, use essentially the same core radius,
pressure drop, same in let and outlet temperatures, etc. The metal
fuel should operate in the manner of the MARK-Ii fuel used in EBR-II
as far as possible. The scale-up of the fuel to prototypical 1000-
MW(e) reactor dimensions represents a concern to be resolved by ex-
perimental testing and design studies.

The extended fuel cycle objective has a number of implications with re-
gard to design decisions. Since metal fuel has very roughly somewhat less
than twice as many heavy metal atoms per unit volume as an oxide or a carbide
fue l , the same total number of fissions would require a proportionately small-
er fractional heavy metal burnup for the same core volume, same fuel volume
fract ion, etc. This is a major advantage i f core size is to be minimized in
order to reduce reactor capital costs and when the allowable heavy metal burn-
up is a major concern. An (EC)FMSR which operates on carbide or oxide fuel
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may be feasible, although some degree of compromise, such as a reduced fuel
cycle length or larger core volume, may be necessary.

The core radius of the (EC)FMSR has been designed to be close to that of
a typical heterogeneous oxide-fueled LMFBR with the objective of having an
(EC)FMSR core someday operate as a replacement core in a demonstration 1000-
MW(e) LMFBR. The core radius is kept to reasonable dimensions by increasing
the core height. This change automatically improves the breeding performance
of the reactor but i t also worsens the sodium void effect by lowering the neg-
ative axial neutron leakage react iv i ty component on voiding. For the (EC)FMSR,
larger core heights are possible since the BeO moderator provides an alterna-
t ive means for reducing the sodium void react iv i ty gain. In addit ion, a re la-
t ive ly modest power density for the metal f ue l , along with a correspondingly
generous sodium f ract ion, tends to keep the pressure at the core mid-height
down, and thereby also reduce the distor t ion of the duct due to pressure-driv-
en creep over the long fuel cycle.

Small i n i t i a l differences in the f i s s i l e enrichment and moderator-to-fuel
rat ios tend to maintain the conversion ratios of the two core zones, and
therefore, to preserve the radial dependence of the power density across the
core over the years of operation. Control requirements and attendant control
rod location problems are consequently minimized. Since there is no region in
the (EC)FMSR in which there are any strong changes in power density over ex-
tended periods of t ime, thermal-hydraulics design problems are also greatly
reduced. A thermal-hydraulics evaluation for the ten-year (EC)FMSR is provided
in Section 4.

Most of the current section is devoted to the reactor physics and fuel
cycle aspects of the (EC)FMSR, which are the subjects of Section 3.4, which
also includes the results of a preliminary study of the control and shutdown
rods design.

Fuel cycle cost studies which were performed in cooperation with the Mas-
sachusetts Inst i tu te of Technology are summarized in Section 5.

The metal fuel and materials aspects of the (EC)FMSR design are not d is-
cussed in th is report. These have been described to some degree in two previ-
ous repor ts * 1 ' 6 ' and w i l l not be repeated here. An advantage of the (EC)FMSR
design is that the anticipated peak fuel burnup can now be made s igni f icant ly
less than that required for the (CM)FHSR and close to that which has already
been achieved with about 1000 metal fuel pins in EBR-II. The expected peak
fluence damage to the steel of the duct and cladding may be brought within the
range of capabil i ty of the near-term D-9 steel and well within the capabil i ty
of f e r r i t i c steels now under i r rad ia t ion . Safety aspects of the (EC)FMSR de-
sign are not discussed in th is report, in spite of their importance, but were
br ie f l y discussed in the same two previous reports. Since i t i s anticipated
that the safety analysis of the (EC)FMSR and related safety experiments with
metal fuel could lead to at t ract ive safety conclusions, some near-term ef for ts
in th is area are needed.
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3.2 (EC)FMSR DESIGN CONSIDERATIONS

Design of the (EC)FMSR core requires the determination of the moderator
to fuel ratio and the geometrical arrangement of the moderator in the core.
The radial power peaking factor within the subassembly as well as the swing in
radial and axial power over the full fuel cycle are principally controlled by
these decisions. Other design concerns relate to the radial blanket manage-
ment over the long fuel cycle as well as the design and location of control
and safety rods.

Experience gained from the Feasibility Study of the (CM}FMSR^e) indicated
that the optimal value of the moderator to fuel volume ratio is near 1:3. In
core optimization studies two parameters were varied: the moderator volume
fraction and the moderator density. The maximum amount of moderator which can
be used is determined by the minimum conversion ratio needed to sustain reac-
tor criticality over the fuel cycle, so that enough fissile plutonium is bred
to compensate for fission product buildup. Use of a dense moderator will cause
power peaking at the fuel-moderator interface while utilization of a low den-
sity moderator requires an increase of moderator volume at the expense of a
decrease in fuel volume. Other constraints which affect the design are the
maximum fuel power density, fuel and coolant volume fractions, and allowable
core pressure drop.

Two configurations were considered along with different geometrical ar-
rangements of the moderator, namely configuration A and configuration B (see
Figures 3.1 and 3.2). In configuration A, the moderator occupied the entire
subassembly and was symmetrically surrounded by subassemblies filled entirely
with fuel, such that the volume ratio of 1:3 was achieved. In configuration B
the moderator was placed in the center of each fuel subassembly and occupied
about 25% of the total volume, to yield the same 1:3 ratio.

Preliminary calculations for both configurations indicated some advan-
tages of configuration B over configuration A. The radial power peaking near
the fuel-moderator interface of configuration A was significantly higher than
for configuration B, for which the moderator lumps have smaller widths. In
order to decrease the peaking factors, the moderator density employed in con-
figuration A was lowered, resulting in a higher sodium worth and smaller Dopp-
ler coefficient; these effects are undesirable from a safety point of view.

Most of the following discussion and results relate to configuration B,
which was selected for the reference design studies. However, it should be
noted that since the peripheral fuel pins are typically overcooled, modest
power peaking near the fuel-moderator interface may be tolerable. This sug-
gests that the overall core performance of configuration A should be compared
with that of configuration B, and a final choice of core layout should be made
at a later stage. There are also some practical design and economic advantages
in favor of configuration A.

The design of the (EC)FMSR core and fuel subassembly followed, as closely
as possible, conventional LMFBR design strategy. The (EC)FMSR core, however,
is designed for a very long fuel cycle, somewhat higher burnup and a higher
fast neutron fluence damage to steel than conventional LMFBRs. The smeared
density of the metal fuel was taken to be exactly that used in the MARK-II
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desiqn employed for the metal driver fuel used in EBR-II. The MARK-II fuel
has already demonstrated that irradiations of 100,000 MWD/MT are attainable
through irradiation of about 1000 pins to or beyond this l imit- Failure at
about 160,000 MWD/MT tends to occur as a result of a design feature of the
EBR-II fuel which can be removed without any operating drawbacks. Therefore,
concerns about performance of the proposed FMSR metal fuel are more often re-
lated to the dimensional changes required to bring the (EC)FMSR metal fuel to
dimensions which are prototypical of 1000-MW(e) LMFBR designs. Particular duct
designs may allow specification of the near-term D-9 steel for the (EC)FHSR
ducts. The advanced fer r i t i c steels currently under irradiation offer signif-
icantly greater swelling and creep resistance, but may not be needed for
(EC)FMSR objectives. For the present design, the gap between subassemblies is
set unusually large and wi l l be redefined in future work.

Core and fuel subassembly design data are summarized in Tables 3.1 and
3i2 along with comparable data for* a typical heterogeneous LMFBR design." '
The proposed (EC)FMSR subassembly design is shown in Figure 3.3.

The fuel subassembly design shown in Figure 3.3 contains 240 fuel pins
with an outer diameter of 0.776 cm and a cladding thickness of 0.035 cm. The
wrapper wire has a diameter of 0.13 cm. The outer subassembly wall thickness
is 0.318 cm and the inner duct, surrounding the moderator zone, is 0.250 cm
thick. The fuel pin theoretical density was chosen as 0.75, in agreement with
the design convention of the MARK-II fuel employed in the EBR-II reactor by
ANL. This density provides the means for extensive fission gas release and
reduction of fuel swelling. The need to cool the moderator was taken into ac-
count: a sintered block of BeO is anticipated for purposes of enhanced helium
gas release, reduced swelling, and good thermal conductivity. Previous work
at other laboratories indicates that i f the temperature of the BeO can be kept
above 900°C by means of a large temperature drop across the helium bond to
the moderator duct wall , the BeO wi l l have an excellent irradiation
s tab i l i t y I 8 ' .

3.3 CALCULATIONAL METHODS

3.3.1 Cross-Section Generation

The 1DX code^) was used to generate multigroup cross-section sets from
the LIB-IV cross-section l i b ra ry , i2 ) which i s based on ENDF/B-IV data. 1DX
calculations were performed in cyl indr ical geometry for a two-region "un i t -
assembly" c e l l . The "unit-assembly" cel l dimensions were chosen to represent
a single hexagonal subassembly with inner moderator region. Reflective condi-
tions were imposed on the l e f t and r ight boundaries of the c e l l . Heterogene-
ous corrections were introduced to take into account "p in -ce l l " heterogeneity
and "assembly-cell" heterogeneity. The "inverse fue l " correction, with moder-
ator inside and fuel on periphery, was introduced into the 1DX code, following
Reference (9) .

Burnup calculations were performed in 20 groups whose group structure is
presented in Table 3.3. Collapsing of the LIB-IV cross sections (50 groups)
to 20 groups was performed for both the moderator and fuel regions using re-
gion-averaged f luxes. For the sodium-void react iv i ty and Doppler coef f ic ient
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TABLE 3.1

General Core Data

Power, MW(e)

No. of rings in core
(including radial blanket)

Initial fissile inventory
(Pu-239 + Pu-241), kg

Core height, cm

Core radius, cm

Fuel volume fraction

Steel volume fraction

Sodium volume fraction

Number of fuel subassemblies

Number of radial blanket
subassemblies

Number of internal blanket
subassemblies

Total:

Number of control rod positions

Heterogeneous LMFBR
(EC)FMSR (TC-CC40-36)

1000 1000

14 17

7260
160

243

.43

.20

.37

468

78

- — .

546

42 (tentative)

4268
81

254

.44

.19

.37

354

210

169

733

24

Moderator core fraction, %

(BeO) moderator density, % T.D.

Inner Core

Outer Core

25*

65

57

*First 4 rings of subassemblies have moderator volume fraction of 35%.
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TABLE 3.2

Fuel Subassembly Data

(EC)FMSR

18

.318

Heterogeneous LHFBR
(TC-CC40-36)

15

.282

Lat t ice p i t c h , cm

Duct wall thickness, cm

Sodium gap between
subassemblies, cm .800 .500

Number of fuel pins

per subassembly 240 271

Fuel pin 0D, cm 0.776 0.711

Fuel p in p i t ch , cm 0.908 0.839

Pitch/OD ra t io 1.17 1.18

Fuel densi ty, % T.D. 75 88
Fissile fraction,
% fissile Pu

Inner Core 7.4 17.7

Outer Core 7.8 18.1

Moderator duct thickness, cm 0.25
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TABLE 3.3

BNL 20-Group Structure

Group LIB-IV
Groups

Energy Range Lethargy
Width, AU

Fission Source
Fraction

1

2
3

4

5
6

7

8
9

10

11
12

13
14

15

16
17
18
19
20

1-2

3-4
5

6-7

8-13

14-16

17-23

24-26

27

28

29
30

31-34

35-39

40-43

44
45
46-47

48-49

50

(2)

(2)

(1)
(2)

(6)

(3)

(7)

(3)
(1)

(1)

(1)
(1)
(4)
(5)

(4)

(1)
(1)
(2)
(2)

(1)

20 MeV-6 MeV

6 MeV-2.2 MeV
2.2 MeV-1.3 MeV

1.3 MeV-0.49 MeV

0.49 MeV-0.11 MeV

0.11 MeV-52 keV

52 keV-9 keV

9 keV-4.3 keV

4.3 keV-3.3 keV

3.3 keV-2.6 keV

2.6 keV-2.0 keV

2.0 keV-1.5 keV

1.5 keV-582 eV

582 eV-101 eV

101 eV-13.7 eV

13.7 eV-8.3 eV

8.3 eV-5.0 eV

5.0 eV-1.8 eV

1.8 eV-0.68 eV

0.68 eV-10"5 eV

1
1
0

1

1

0

1

0,

0.

0.

0.

0.

1.

1.
1.

0.

0.

1.

1.

11.

.192

.0

.5

.0

.5

.75

.75

.75

.25

.25

.25

.25

,0

,75

,5

,5
5
0

0

31

0

0

0

0

0

0

0,

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

.035058

.331826

.222367

.282496

.112383

.010589

.004898

.000264

.000040

.000027

,000019

,000013

000022

000005

0

0

0

0

0

0
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calculations, a 50-qroup l ibrary was generated by the 1DX code for the fuel
and moderator regions without collapsing. The LIB-IV group structure is shown
in Table 3.4. A separate cross-section set was generated for the blanket fuel
composition. In addit ion, cross-section sets were generated for d i f ferent
fuel temperatures (465 K and 1400 K), as well as a reference temperature of
875 K, and for fuel compositions with voided sodium.

The f ission product treatment includes three lumped f iss ion products in
addition to Xe-135 and Sm-149. These f ission lumps are Slowly Saturating Fis-
sion Products (SSFP), Rapidly Saturating Fission Products (RSFP) and Non-Satu-
rating Fission Products (NSFP), a l l from the LIB-IV l i b ra ry . Neutron capture
by a rapidly saturating f ission product atom transformed that atom into a
slowly saturating f iss ion product atom. SSFP atoms transform into NSFP atoms
and NSFP atoms do not transform on capture. Separate f ission product y ie ld
sets were used for plutonium and uranium isotopes.

3.3.2 Hexagonal and R-Z Models of the (EC)FMSR Core

(4)The principal neutronic calculations were carried out with the 2DB code. '
2DB is a two-dimensional (X-Y, R-Z) di f fusion theory code with a tr iangular
mesh capabi l i ty . Both R-Z and hexagonal X-Y geometries were used in the pre-
sent work. Hexagonal geometry calculations were performed to obtain the c r i t -
ical plutonium concentrations and radial power shapes within each subassembly.
Because the (EC)FMSR layout was planned with a twelve-fold symmetry, these
calculations could be performed economically using only a 30° sector of the
core to represent the whole core. This allowed increased de ta i l , with each
hexagonal subassembly being divided into 24 tr iangular mesh points. Duct ma-
te r ia l and stagnated sodium (between subassemblies) were smeared over the fuel
region, and the material of the duct surrounding the moderator was smeared
over the moderator region.

Because of the 30° symmetry, each fuel zone represents 12 hexagonal
subassemblies. The numbered zone map is shown in Figure 3.4. The calculational
procedure included two steps. F i r s t , a c r i t i c a l plutonium concentration search
was performed by the 2DB code in HEX geometry for the two zones of enrichment.
In the second step the c r i t i c a l plutonium concentration is used in R-Z fuel
cycle calculations. The core is represented in the R-Z model, with ref lect ive
conditions imposed on the l e f t (core center) and mid-height boundaries, and
with vacuum on the top and r ight boundaries. An R-Z representation of the core
is necessary for depletion calculations, where the axial component of the
power d ist r ibut ion is important, as well as for sodium void effect calcula-
t ions. On the other hand, the correct radial power shape across the core and
within the fuel subassembly can be determined only from HEX-geometry calcula-
t ions . Summarizing, HEX and R-Z modeling was used for determining the core
parameters as follows:

BOL c r i t i c a l Pu concentrations - HEX
Radial power shape, radial peaking factors - HEX
Doppler coeff icients - HEX,R-Z
Sodium void effect - R-Z
Fuel cycle calculations - R-Z
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Group

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Energy

1.9971+7
1.0000+7
6.0653+6
3.6788+6
2.2313+6
1.3534+6
8.2085+5
4.9787+5
3.8774+5
3.0197+5
2.3518+5
1.8316+5
1.4264+5
1.1109+5
8.6517+4
6.7379+4
5.2475+4
4.0868+4
3.1828+4
2.4788+4
1.9305+4
1.5034+4
1.1709+4
9.1188+3
7.1017+3
5.5308+3
4.3074+3
3.3546+3
2.6126+3
2.0347+3
1.5846+3
1.2341+4
9.6112+2
7.4852+2
5.8295+2
4.5400+2
3.5358+2
2.7536+2
1.6702+2
1.0130+2
6.1442+1
3.7267+1
2.2603+1
1.3710+1
8.3153+0
5.0435+0
3.0590+0
1.8554+0
1.1254+0
6.8256-1

TABLE

LIB-IV Group

Range (eV)
1.0000+7
6.0653+6
3.6788+6
2.2313+6
1.3534+6
8.2085+5
4.9787+5
3.8774+5
3.0197+5
2.3518+5
1.8316+5
1.4264+5
1.1109+5
8.6517+4
6.7379+4
5.2475+4
4.0868+4
3.1828+4
2.4788+4
1.9305+4
1.5034+4
1.1709+4
9.1188+3
7.1017+3
5.5308+3
4.3074+3
3.3546+3
2.6126+3
2.0347+3
1.5846+3
1.2341+3
9.6112+2
7.4852+2
5.8295+2
4.5400+2
3.5358+2
2.7536+2
1.6702+2
1.0130+2
6.1442+1
3.7267+1
2.2603+1
1.3710+1
8.3153+0
5.0435+0
3.0590+0
1.8554+0
1.1254+0
6.8256-1
1.0000-5

3.4

Structure

Lethargy

0.692
0.5
0.5
0.5
0.5
0.5
0.5
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

11.31

Fission Source
Fraction

2.66500-3
3.23930-2
1.21445-1
2.10381-1
2.22367-1
1.72323-1
1.10173-1
3.60350-2
2.65500-2
1.92630-2
1.38100-2
9.80900-3
6.91600-3
4.84900-3
3.38500-3
2.35500-3
1.63400-3
1.13100-3
7.82000-4
5.45000-4
3.72000-4
2.57000-4
1.77000-4
1.22000-4
8.40000-5
5.80000-5
4.00000-5
2.70000-5
1.90000-5
1.30000-5
9.00000-6
6.00000-6
4.00000-6
3.00000-6
2.00000-6
1.00000-6
1.00000-6
1.00000-6
0.
0.
0.
0.
n
0.
0.
0.
0.
0.
0.
0.
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Figure 3.4 Zone Map of the (EC)FMSR Core, HEX-Representation
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The HEX-qeometry search calculations were usually performed with axial
leakage evaluated by introducing a geometrical buckling (axial). In order to
validate this approximation, the GA version of the PERT-V code*10' was used
to calculate group- and zone-dependent bucklings. The R-Z calculated fluxes
were used as input for the PERT-V run. Then the HEX calculation was repeated
with the calculated group-dependent bucklings for each zone. The cr i t ical
concentration of plutonium was then compared with that resulting from a calcu-
lation with geometrical buckling. This procedure was performed for a refer-
ence (EC)FHSR design. I t was found that both cr i t ical compositions of pluto-
nium were close (less than 0.1% difference), and that use of geoinetrical buck-
ling at this stage was adequate.

A heterogeneous arrangement of the moderator lumDS in the core presents a
special problem in the R-Z modeling of the core. The amount of moderator, ge-
ometrical form, i .e . , optical thickness of the moderator regions, total sur-
face, etc., determines the amount of moderation, and eventually, the neutron
spectrum and i ts spatial dependence. This, in turn, determines values and
spatial variations of the conversion rat io, Ooppler reactivity coefficient and
sodium void effect, as well as the local power shape across the core. A "cor-
rect" R-Z representation means that the above-mentioned core parameters are as
close as possible to the hexagonal geometry values, which are considered "ex-
act" for present purposes. Plutonium buildup and i ts spatial distribution de-
pend upon values of the local conversion ratio and power level and their spa-
t ia l shape across the core. Fuel and moderator zones in the hexagonal core
must be properly modeled by the arrangement of fuel and moderator in the cir-
cular rings used in the R-Z model of the core. As a means of defining the
moderator and fuel ring dimensions, the fuel and moderator from every hexagon-
al row of fuel (see Figure 3.4) were projected on the R-axis as rings of e i -
ther fuel or moderator while conserving their respective volumes. Conserva-
tion of the total fuel and moderator volumes is achieved in this model. All
fuel and moderator ring thicknesses are approximately the same, except the
f i r s t moderator ring. In order to avoid overmoderation of the central part of
the fuel as a result of the thick moderator zone, that particular moderator
ring was spl i t into two rings.

I t was observed that the zonal conversion rat io, as calculated in hexa-
gonal geometry, followed a spatial dependence corresponding to the spectral
shift from the center of the core (harder) to the periphery of the core (soft-
er) because of greater leakage of higher energy neutrons. The same effect was
achieved in the proposed ring geometry uti l ized in the R-Z model. The conver-
sion ratio and power fraction values for the inner core, outer core and radial
blanket, as calculated by the hexagonal and R-Z geometry, were compared to as-
sure a close match between the two representations. Comparison between effec-
tive multiplication factor calculations showed differences of up to 0.5* AK,
which are attributed to the approximation of the axial component of the leak-
age by the geometrical buckling.

The R-Z representation of the half-core is shown in Figure 3.5. There
are 15 rings, including 9 rings of the inner core, 4 rings of the outer core,
a radial blanket ring and a radial shield r ing. In the axial direction, each
radi?l ring was divided into two parts of equal length. The axial blanket is
followed by the plenum and axial shield. Note that zone numbers in the HEX
and R-Z representations are related but not identical. The relation between
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HEX and R-Z zones identification numbers (Figs. 3.4 and 3.5) may be interpret-
ed as follows:

HEX Zone Number R-Z Zone Number
half of 1 1 and 10
half of 1 and 2 2 and 11
half of 2 and 3 3 and 12
4 and 5 4 and 13

40 27 and 28

3.4 RESULTS OF THE (EC)FMSR PHYSICS ANALYSES

The physics performance of the (EC)FMSR core is summarized in this sec-
tion. The identification of the zone numbers for HEX and R-Z geometry repre-
sentations was given in the previous section and zone maps were shown in Fig-
ures 3.4 and 3.5 of that section.

3.4.1 Reactivity Swing and Plutonium Concentrations During
the Fuel Cycle

One of the most important advantages of the (EC)FMSR core is its very low
reactivity swing over a very long fuel cycle. The time dependence of the ef-
fective multiplication factor, conversion ratios and plutonium inventories is
presented in Table 3.5. The Keff change over the 10-year irradiation is less
than 1%AK. The time behavior of the effective multiplication factor, conver-
sion ratios and fissile plutonium inventories is responsible for meeting one
of the design objectives of the (EC)FMSR concept. Plutonium buildup is limited
to that which is necessary to sustain criticality of the core. In particular,
the reactivity gain of the added plutonium compensates for the reactivity lost
due to fission product buildup.

Utilization of the moderator in the core provides sufficient design flex-
ibility to control plutonium buildup in the core and its spatial distribution.
This is achieved by varying the density and geometry of the moderator, which
leads to variations in the conversion ratios and power levels for different
parts of the core. It should be noted that depletion calculations at this
stage were performed without control rods. Control rods would be utilized as
an additional tool for flattening the power shape across the core. For the
present design, taking into account a very small reactivity swing over the
fuel cycle, the BOL excess reactivity is only about 1% AK, so that the amount
of poison material needed to control it will be very small. A description of
the proposed control system is presented in Section 3.4.6.

It was found that in order to achieve a flat power shape across the core
at the beginning of life (BOL), the initial fissile plutonium fractions {Pu-
239 and Pu-241) should be 7.4% HM and 7.8% HM for the inner and outer cores,
respectively. The gain in the fissile inventory of the fuel after 10 years of
operation is 2000 kg (or ̂ 28% of the initial fissile inventory). The plutonium
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in
O

Full Power
Days

(Years)

n

550(2)

825(3)

1375(5)

1650(6)

2200(8)

2750(10)

Keff

1.0072

1.0072

1.0072

1.0072

1.0057

1.0027

TABLE 3.5

Multiplication Factor, Fissile

Inner
Core

i ^rn

1.277

1.194

1.139

1.117

1.079

Inventory

as a Function of Time

Conversion Ratios

Outer
Core

1 9~\n

1.199

1.185

1.158

1.146

1.123

Radial
Blanket

21.2

14.6

9.2

7.9

6.2

Axial
Blanket

14.0

9.6

6.1

5.2

4.1

and Conversion Ratios

Fissile Pu

Inner
Core

3340

3416

3534

3578

3640

3672

Outer
Core

4110

4190

4226

4286

4312

4356

4390

Inventory

Radial
Blanket

94

138

220

258

332

404

(239 + 241),

Axial
Blanket

178

264

426

504

654

796

kg
Total

7?fi?

7782

8044

8466

8652

8982

9262



isotopic composition for the in i t ia l f iss i le loading was that of discharged
LWR fue l * 1 1 ' :

Pu-239 - 57.7%
Pu-240 - 22.8%
Pu-241 - 13.9%
Pu-242 - 5.6%

The change of plutonium isotopic composition with fuel burnup is presented
in Table 3.6 and shown in Figure 3.6. The results indicate that while the
total plutonium concentration in the core is increasing with irradiation, the
Pu-241 fraction is decreasing. This effect influences significantly such core
parameters as the conversion ratio and the sodium void reactivity effect.

3.4.2 Power Shape and Power Swing

In addition to the requirement of a flat radial power profile across the
core, another design objective was to minimize the power swing in each assem-
bly over the 10-year fuel cycle. The larger the change in assembly power, the
greater the penalty in the thermal performance of the reactor due to overcool-
ing during the low power density portion of the fuel cycle. In addition, sod-
ium flow adjustments to compensate for power peaking lead to overcooling of
many of the rods within the subassembly. It was found that a certain tradeoff
exists between the flatness of the power shape across the core and the minimum
power swing of each subassembly. Flattening of the power shape is achieved by
increasing the fissile fraction of the fuel in the outer core. This increase
leads to a lower conversion ratio in that part of the core. In order to avoid
a decrease in power density with time due to the lower conversion ratio, the
moderator density in the outer core was decreased, and thus, the conversion
ratio was increased once more.

Values in Table 3.7 demonstrate a relatively low power density swing in
the inner and outer core; the maximum change in power density for any individ-
ual subassembly is about 11% of maximum, while most of the subassemblies have
power density swings under 10%. The high power density swings in the radial
and axial blankets are due to the significant plutonium buildup from zero at
BOL (natural uranium) to about 2% fissile fraction at EOL. The power swing in
the radial blankets will not result in a significant penalty in thermal effi-
ciency because the power fraction in both the radial and axial blankets is
only about 7% of the total power at EOL.

Another important characteristic parameter of core performance is the
peaking factor for each subassembly, i.e., ratio of maximum to average power.
Maximum power density occurs at the fuel-moderator interface due to the in-
creased fission rate in the vicinity of the moderator. The increase in the
fission rate is due to an increase in the effective fission cross sections of
the fissile isotopes caused by the softening of the spectrum. This softening
also causes a reduction of the conversion ratio near the moderator surface. A
combination of those two factors, an increase in power density and a decrease
in conversion ratio, was investigated by performing depletion calculations in
HEX geometry. The spatial distribution of the plutonium buildup and its ef-
fect on time dependence of the subassembly peaking factors was evaluated. For
this purpose, configuration A geometry (see Figure 3.1) was employed in order
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TABLE 3.6

Plutonium Isotopic Composition of (EC)FMSR Fuel

Full Power
Days(Years)

0 (0)

825 (3)

1650 (6)

2750 (10)

Inner Core
% HM

Pu-239

6.0

7.1

7.7

8.0

Pu-240

2.4

2.7

3.0

3.4

Pu-241

1.4

1.0

0.8

0.6

Outer Core
% HM

Pu-239

6.2

7.1

7.5

7.9

Pu-240

2.5

2.7

2.9

3.1

rPu-241

1.6

1.2

0.9

0.7

Radial Blanket
% HM

Pu-239

0.

0.6

1.2

1.9

Pu-240

0.

0.

0.

0.

Pu-241

0.

0.

0.

0.

Axial Blanket
% HM

Pu-239

0.

0.7

1.4

2.2

Pu-240

0.

0.

0.

0.1

Pu-241

0.

0.

0.

0.
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TABLE 3.7

Zone-Averaged Power Densities (MWT/L)

R-Z Representation

sv£ull Power

R^^Jyears
Zone No.^x^

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27
28

29
30

0

.267

.270

.291

.302

.307

.286

.269

.263

.256

.160

.161

.174

.181

.184

.171

.160

.157

.153

.249

.210

.159

.100

.148

.125

.095

.060

.007

.005

.010

.006

1375
(5)

.287

.283

.293

.296

.301

.293

.285

.277

.260

.172

.171

.178

.181

.184

.177

.170

.165

.155

.235

.193

.144

.091

.141

.116

.086

.054

.012

.006

.023

.010

2750
(10)

.268

.262

.267

.270

.m.276

.274

.268

.252

.175

.172

.178

.179

.184

.181

.177

.172

.160

.225

.187

.141

.090

.142

.116

.087

.055

.016

.008

.036

.014

{%)
A = pmax ~pmin

^max

7
7
9
11
10
6
6
5
3
9
6
2
1
0 Core
2
10
4
4
?.O
11
11
10
5
7
9
10

56 Radial
38 Blanket

72 Axial
57 Blanket
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to stress the effect of the spatial spectrum shi f t . Values of the power den-
sities for each mesh point within the subassembly are shown in Figure 3.7 for
BOL and EOL fuel compositions. Each triangular node was evaluated as a sepa-
rate fuel zone. The combined effect of the spatial distributions of the power
density and conversion ratio leads to a lower buildup of plutonium, as well as
a greater buildup of fission products near the moderator interface, and conse-
quently, to a flattening of the power shape within the subassembly during the
fuel cycle. An example of the power shape within the fuel subassembly of the
reference core (configuration B) is shown in Figure 3.8.

Power distributions in the axial direction for BOL and EOL are shown in
Figure 3.9. The buildup of plutonium in the axial blanket and shif t of power
is explicit ly demonstrated. I t should be noted that the shift of power toward
the axial blanket results in the flattening of the axial power shape and a de-
crease in the axial peaking factor.

The radial power shape for the mesh points along the riqht boundary of
the segment of the core shown in Figure 3.4 is given in Figure 3.10 and repre-
sents BOL power distributions calculated in HEX geometry without control rods.
The power shift during the 10-year fuel cycle (R-Z geometry and average power
distributions) is shown in Figure 3.11 and presents the radial power shape for
BOL, mid-life (5 years) and EOL calculated in R-Z geometry, again without con-
trol rods.

3.4.3 Burnup and Fast Fluence Damage

The (EC)FMSR fuel cycle does not employ any shuffling of the fuel, so
that every subassembly remains in place for the fu l l 10-year cycle. As a re-
sult, the accumulated burnup level and fast fluence value for each zone fo l -
lows the spatial power distribution and spatial spectrum shif t in the core.
Tables 3.8 and 3.9 summarize the burnup and fast fluence levels for each zone
during the whole fuel cycle. The higher values of burnup and fast fluence oc-
cur in zones 1 to 5, i .e . , the central part of the core. The highest value of
the burnup for any zone is 137,000 MWD/T, and taking into account the axial
peaking factor of 1.1 for any zone, i t can be concluded that the maximum burn-
up level in the core for any point in the reactor is 150,000 MWD/T. Similarly,
the maximum fast fluence for any point in the reactor is about 3.4 x 1023.
These values are subject to reduction with further design study. For instance,
since the total amount of power generated at any radius of the core varies
with the square of that radius, a modest increase in power density at the out-
er core radii (see Figure 3.11) wi l l allow a large corresponding reduction in
power density at the current location of the burnup and fluence peak. (The
zones are not of equal volume.)

3.4.4 Reactivity Coefficients

The Doppler reactivity coefficient was calculated using effective multi-
plication factors at two temperatures. The Doppler coefficient, o , is defined
as

_ dK
a = " T dT '
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TABLE 3.8

Zone-Averaged Burnup Increments (MWD/kg), R-Z Representation

>. Zone

Power X .
Days(y) \

0

550(2)

825(3)

1375(5)

1650(6)

2200(8)

2750(10)

TOTAL

1
(10)

26

(16)

14

( 8)

27

(17)

14

( 8)

28

(17)

28

(18)

137

( 84)

2
(11)

25

(15)

C
O

 
C

O
I—

1

26

(16)

13

( 8)

26

(16)

25

(16)

128

( 79)

3
(12)

27

(16)

14

( 8)

27

(16)

14

( 8)

27

(17)

26

(17)

135

( 82)

4
(13)

28

(17)

14

( 8)

27

(17)

14

( 8)

27

(17)

26

(17)

136

( 84)

5
(14)

28

(17)

14

( 8)

28

(17)

14

( 8)

27

(17)

26

(17)

137

( 84)

6
(15)

26

(16)

ro
 

co
r—

1

27

(16)

13

( 8)

27

(17)

26

(17)

132

( 82)

7
(16)

25

(15)

i—
•

O
O

 
C

O

26

(15)

13

( 8)

26

(16)

26

(16)

129

( 78)

8
(17)

24

(14)

13

( 8)

25

(15)

13

( 8)

25

(15)

25

(16)

125

( 76)

9
(18)

23

(14)

12

( 7)

24

U4)

12

( 7)

24

(14)

23

(15)

118

( 71)

19
(23)

22

(13)

11

( 7)

22

(13)

11

( 6)

21

(13)

21

(13)

108

( 65)

20
(24)

19

(11)

9

( 5)

18

(11)

9

( 5)

17

(11)

17

(11)

89

(54)

21
(25)

14

( 9)

7

( 4)

13

( 8)

7

( 4)

13

( 8)

13

( 8)

67

(41)

22
(26)

9

( 5)

4

( 3)

8

( 5)

4

( 2)

tn
 

03

8

( 5)

4t

(25)

Core
Average

20

( 2)

10

( 6)

20

(12)

10

( 6)

21

(12)

O
 

C
M

C
M

 
i—

l

101

(60)

NOTE: Integers with parenthesis refer to the outer axial region.
Integers without parenthesis refer to the inner axial region.



TABLE 3.9

Zone-Averaged Fast F luence Increments ( 1 0 ^ 3 n/cm2 > 0 . _ l M e V ) , R-Z

o

\Zone
FuvK°"
Power\

550(2)

825(3)

1375(5)

1650(6)

2200(8)

2750(10)

TOTAL

1
(10)

.63

(.37)

.32

(.18)

.64

(.38)

.32

(.19)

.62

(.39)

.60

(.39)

3.13

(1.90)

2
(11)

.63

(.32)

.32

(.19

.63

(.38)

.32

(.19)

.62

(.39)

.60

(.39)

3
(12)

.59

(.35)

.30

(.18)

.59

(.36)

.29

(.18)

.57

(.36)

.55

(.36)

3.12 12.89

a . 9 1 ) | (1 .79)

4
(13)

.57

(.34)

.29

(.17)

.57

(.34)

.28

(.17)

.55

(.35)

.53

(.34)

2.79

(1.71)

5
(14)

.57

(.34)

.29

(.17)

.57

(.35)

.28

(.17)

.56

(.35)

.54

(.35)

2.81

[1.73)

6
( 1 5 )

.61

(.32)

.31

(.18)

.61

(.37)

.31

(.18)

.61

(.38)

.59

, (.38)

3.04

(1.85)

7
(16)

.62

(.35)

.30

(.19)

.63

(.23)

.j?

(.19)

.63

( . .9)

.62

(.39)

3.12

(1.91)

8
(17)

.60

(.35)

.30

(.18)

.61

(.36)

.31

(.18)

.61

(.38)

.60

(.38)

3.03

(1.83)

9
(18)

.57

(.33)

.28

(.17)

.b/

(.33)

.28

(.17)

.56

(.34)

.56

(.35)

2.82

(1.69)

19
(23)

.52

(.31)

.26

(.15)

.51

(.30)

.25

(.15)

.50

(.30)

.50

(.31)

2.54

(1.52)

20
(24)

.44

(.26)

.22

(.13)

.43

(.25)

.21

(.13)

.42

(.25)

.42

(.26)

2.04

(1.28)

21
(25)

.33

.16

(.10)

.32

(.19)

.16

(.09)

.31

(.19)

.31

(.19)

1.59

(0.96)

22
(26)

.20

(.12)

.10

(.06)

.20

(.12)

.10

(.06)

.19

(.12)

.20

(.12)

0.99

(0.60)

Core
Average

.47

(.29)

.24

(..14)

.48

(.2«)
.24

(.14)

.48

(.2..)
.47

(.28)
2.38

(1.41)

NOTE: Integers with parenthesis refer to the outer axial region.
Integers without paronthesis refer to the inner axial region.



where T is temperature in K. After integrating and rearranging,

K(T2) -

where K(T^) and K(T2) are effective multiplication factors at temperature Tj
and T?. K(Tj) and KJT2) were calculated for both R-Z and HEX geometries, and
it was found that values of the Doppler coefficients were in satisfactory
agreement (difference less than 5%). Similar Doppler coefficient calculations
were performed for EOL compositions, as well as for sodium voided cores.

Results of the Doppler coefficient calculations are presented in Table
3.10. The temperatures Tj and T2 were taken as 875 K and 1400 K, respectively.

The values of the Doppler coefficient indicate a significant decrease of
the Doppler coefficient with fuel depletion due to the replacement of the U-
238 atoms by the atoms of fission products. In addition, the Doppler coeffi-
cient is about 30% smaller for the sodium voided core due to hardening of the
neutron spectrum in the absence of sodium. Both of these results were as ex-
pected. Generally, the (EC)FHSR Doppler coefficient is about 3-4 times larger
than for conventional LMFBRs. This can be attributed to the relatively softer
neutron energy spectrum of the (EC)FMSR.

Calculations of the sodium void reactivity effect were performed in ft-Z
geometry by voiding all sodium from the core, as well as the radial and axial
blankets. It is important to note that in the present calculations the stag-
nated sodium between subassemblies was smeared with flowing sodium over the
fuel region, and both types of sodium were removed. In some evaluations of
the sodium void effect, only the flowing sodium is removed. The values of the
sodium void effect reported here would be reduced if this practice were fol-
lowed.

Results of the calculations with fully voided core, radial and axial
blankets are presented in Table 3.11 where £Kna.v. is the reactivity shift
due to sodium voiding.

An increase of the sodium void reactivity shift with fuel depletion may
be attributed to (1) an increase in the positive spectral contribution due to
the fission products formed during the fuel cycle, (2) changes in plutonium
isotopic composition, i.e., a decrease in the Pu-241 fraction and an increase
in the Pu-239 fraction, and (3) decrease of the negative leakage contribution
due to buildup of plutonium in the radial and axial blankets. The effect of
plutonium buildup in t.ie axial and radial blankets was evaluated by repeating
the EOL composition calculations with BOL radial or axial blanket compositions
(i.e., natural uranium). Results of these calculations indicated that the
"sodium void reactivity worths" of plutonium buildup in the radial and axial
blankets are SO.2 and S0.1, respectively. The time dependence of the sodium
void effect and Doppler coefficients are shown in Figures 3.12 and 3.13.

The sodium void calculations reported here are preliminary. A more in-
tensive study of this effect has begun and will be reported in the following
progress report.
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TABLE 3.10

Doppler Coefficients

BOL BOL EOL EOL
(Sodium In) (Sodium Voided) (Sodium In) (Sodium Voided)

0.0270 0.0180 0.0175 0.0110

TABLE 3.11

Sodium Void Reactivity Effect

($1 = 0.0041 AK)

BOL A*Na.V. = 51 .8

Mid-Life (5y) AKNa.v. = $3.7

EOL (lOy)
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10 12

Figure 3.12 Irradiation Dependence of Sodium Void
Reactivity Gain

0.030

0.025 -

0.020 -

0.015 -

0.010 -

0.005 -

Figure 3.13 Irradiation Dependence of Doppier Effect
Feedback Coefficient
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3.4.5 Radial and Axial Blankets

The sizes of the radial and axial blankets in the reference design of the
(EC)FMSR were chosen by considering two factors: (1) the reactivity gain due
to the plutonium buildup in the blankets and (2) the contribution of the plu-
tonium buildup in the blankets to the sodium void reactivity effect as a re-
sult of the decreased leakage component of the sodium void reactivity shift.
Calculations performed in R-Z geometry for different values of the axial blan-
ket height indicated that no significant reactivity penalty occurs at EOL when
the height of the axial blanket (upper and lower) is decreased from 40 cm
(usually accepted for LMFBRs) to 25 cm. Similarly, the radial blanket was de-
creased from 2 rings (162 subassemblies) to 1 ring (78 subassemblies). The re-
activity penalty for the decrease in the blanket sizes did not exceed 0.3% AK
at EOL. The sodium void reactivity effect was decreased by $0.3 at BOL for the
decreased size blankets. The main advantage of smaller blankets will be real-
ized in the decrease of the core volume and fuel fabrication and reprocessing
requirements. Further (EC)FMSR core analyses, with economic optimization and
doubling time sensitivity analyses, will lead to later decisions for radial
and axial blanket design.

3.4.fi Reactivity Control Systems

Two independent reactivity control systems are utilized in the reference
design (EC)FMSR core. The primary system serves both a safety and a control
function. This system must have sufficient reactivity worth at any time in the
reactor cycle, assuming one stuck primary rod, to shut down the reactor from
any operating condition and to maintain subcriticality down to the refueling
coolant temperature. In addition, the primary system is designed to compensate
for the cold startup reactivity loss, provide the excess reactivity needed at
BOL, and provide for criticality and fissile content uncertainties.

The secondary control system must have sufficient worth at any time in
the reactor cycle, assuming one stuck secondary rod, to independently shut
down the reactor from any operational condition to the hot shutdown tempera-
ture of the coolant (hot standby tenperature). These are conventional LMFBR
design requirements.

The primary and secondary control systems operate independently, such
that the capability of either system to fulfill its functions is not dependent
on the operation of the other system.

The control and safety rod design calculations reported here are in the
nature of a preliminary evaluation. In future studies the number of control
and safety rods, for instance, probably will be significantly reduced.

A set of fuel temperatures was adopted in order to represent the working,
refueling and hot standby conditions of the core. The refueling and hot stand-
by temperatures for all the fuel of the core were assumed to be 460 K and 560
K, respectively. These values are usually used in calculations of the control
requirements due to the Doppler effect. The average fuel temperature for full
power condition was taken as 875 K. The AK values needed to bring the core
from 465 K and 560 K to 875 K were calculated from direct Keff calculations.



The control requirements were calculated by the 2DB code in R-Z geometry.
Burnup calculations provided the BOL excess react iv i ty value and direct Ke f f
calculations at d i f ferent temperatures provided cold-to-hot react iv i ty sh i f t s .
I t should be noted that the Doppler effect decreases with depletion so the BOL
cold-to-hot react iv i ty shi f ts calculated are conservative.

The control rod react iv i ty worths were calculated using the 2DB code HEX
geometry. The absorber used in the control and shutdown rods (B4C) was homoge-
nized over the moderator region; th is approximation leads to an overestimation
of the react iv i ty worth of the control rods. Al l control rods were grouped
according to their locat ion, i . e . , radial position of the r ing . Therefore, a t
this stage the mutual shadowing of the control rods in the same ring was ne-
glected. A number of calculations, representing di f ferent combinations of the
control rods inserted, were performed in order to evaluate mutual shadowing of
the control rods located in di f ferent r ings.

Radial and axial expansion of the fue l , as well as subassembly bowing,
were neglected at th is preliminary stage.

Due to the number of approximations made and effects neglected, the i n d i -
vidual uncertainty in the hot-to-cold react iv i ty swing was taken as ±35%;
c r i t i c a l i t y uncertainty and f i s s i l e tolerance were taken as 0.3% AK each.

Control requirements calculations were performed by the 2DB code in R-Z
geometry. Direct Ke f f calculations were performed for three temperatures:
875 K - working temperature, 560 K - hot standby, and 465 K - refueling tem-
perature. Those calculations gave hot-to-cold react iv i ty shi f ts for primary
and secondary control systems requirements. The item-by-item react iv i ty re-
quirements for the primary and secondary control systems are l i s ted in Table
3.12.

The maximum react iv i ty requirements, including uncertainties, are 3.87%
AK and 1.63% AK for primary and secondary control systems, respectively. Hot-
to-cold requirements for the primary and secondary systems are 1.58% AK and
1.12% AK, respectively. Those values are re lat ive ly high compared with homo-
geneous and heterogeneous LMFBRs due to the higher Doppler coeff ic ient of the
(EC)FMSR core.

In the control subassembly the moderator volume fract ion was increased
from 25% to 37% of the total volume compared with the basic fuel subassembly.
The control rod is located in the center of the subassembly {see Figure 3.14).

The control rod neutron absorber is a cyl indrical metal tube containing
B4C (92% B-10 enriched). A summary of the tentative control subassembly de-
sign is given in Table 3.13. The primary control system consists of 24 rods
and the secondary system of 18 rods. Control rod assignments are summarized
in Table 3.14. This preliminary design feature should change as a result of
future studies.

The layout of the core with control rod locations is shown in Figure
3.15. The available control rods react iv i ty worths were calculated for a vari-
ety of control rod positions by performing direct Keff calculations. Axial
movement of the control rod was represented by the equivalent changes in ab-
sorber number densit ies.
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TABLE 3.12

Control Systems Reactivity Requirements

Primary System Secondary System

1. Hot-to-cold shift 1.58 ± 0.55 1.12 ± 0.39
(Doppler only)

2. Max. reactivity fault 0.12 0.12

3. BOL excess reactivity 1.02

4. Crit ical i ty uncertainty ±0.30

5. Fissile tolerance ± 0.30

Total 2.72 1.24

+ Uncertainties 3.87 1.63
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MODERATOR /

ALL DIMENSIONS IN cm

Figure 3.14 Control Subassembly Configuration
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TABLE 3.13

Control Sttbasserobly Design Data

Moderator volume, cm
Moderator flat-to-flat, cm
BeO volume, cm2

Control rod volume, cm2

(including guide tube)
Guide tube outer D, cm

Guide tube thickness, cm

Gap, cm
Absorption rod outer D, cm

2
Volume B^C, cm

102.5
10.88

61.73
42.09

7.32
0.15

0.25

6.25

30.89

(37% of v T 0 T )

(*22% of VT 0 T)

Rin£
3

5

7
11

Total

TABLE 3.14

Control Rod Assignments

Primary System

6

6

12

24

Secondary System

12

6

18
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RADIAL BLANKET
PRIMARY CONTROL
ROD

S.C. SECONDARY
CONTROL ROD

Figure 3.15 Spatial Distribution of Primary Control (PC) and
Safety (SC) Rods for (EC)FMSR (Tentative)
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Results of the calculations are summarized in Tables 3.15 and 3.16. The
reactivity worth of each ring of control rods was evaluated as well as the
total reactivity worth available for primary and secondary control systems. A
maximum reactivity worth of one control rod was calculated for each r ing, ne-
glecting mutual shadowing of the control rods from the same ring. Finally, the
total reactivity worth for the primary control system was calculated as 6.29%
AK versus 3.87% required, and for the secondary control system, 2.75% AK
available versus 1.63% AK required.

Average power densities and peaking factors for each subassembly for BOL
and EOL compositions, and with control rods inserted, are shown in Figures
3.16-3.20. I t should be noted that EOL HEX calculations were performed with
number densities from R-Z depletion calculations. Therefore, the material com-
position was smeared over every radial ring of the subassemblies.

The main conclusion of this section is the feasibi l i ty of the control
system for the (EC)FMSR core with the proposed design. Though reported calcu-
lations are of a preliminary nature and include a number of approximations,
the results indicate the possibility of a design in which the control rods do
not occupy the whole fuel subassembly, but are located in the moderator region
of the subassembly. Proposed design and geometrical patterns of the primary
control system show f la t radial power distribution in the presence of the con-
trol rods.
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TABLE 3.15

Multiplication Factor as a Function of Control Rod Position

Run
Number

1

2

3

4
5

7

8

9

10

11

12

13

14

15

16

17

18

19

20

R3
out

100%

10%

out
out
out
out
out

out

out
out

50%

10%

5%

50%

10%

5%

5%

100%

Control Rods Position
R7
out

i n out

in out

6 rods,

6 rods,

out

out
12 rods,

12 rods,

out
out

50%

10%

5%

50%

10%

5%

6 rods,

6 rods,

100%

10%

100%

10%

5%

100%

6

6

12

12

(% Insertion)
Rll
out

out

out

out
out

rods, 100%

rods, 10%

out

out

rods, 100%

rods, 10%
50%

10%

5%

50%

10%

5%

5%

100%

R5
out
out

out

out

out

out

out

out

out

out
out

out

out

out

100%

100%

100%

out

out

1

1

1

1

1

1

1

0

1

1

1

0

0

0

0

0

0

1

0

Keff

.0147

.0058

.0095

.0019

.0091

.0108

.0129

.9900

.0032

.0040

.0097

.9684

.9906

.9981

.9587

.9771

.9832

.0023

.9518
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TABLE 3.16

Control Rod Reactivity Worths

(R3 + R7 + Rl l ) 50% insertion AK = 4.63%

(R3 + R7 + Rl l) 10% insertion AK = 2.41%

(R3 + R7 + Rl l ) 5% insertion AK = 1.66%

(R3 + 6 rods R7 + Rl l ) 5% insertion AK = 1.24%

(R3 + 6 rods R7 + Rl l) 100% insertion AK = 6.29%

(R5) with (R3 + R7 + Rl l) inserted 5% AK = 1.56%

(R7) 6 rods with (R3.R11) inserted 5% AK = 1.19%

Maximum Reactivity Worth of 1 Rod:

R3 AK/rod = 0.15% = $.37

R5 AK/rod = 0.21% - $.50

R7 AK/rod = 0.21% = $.50

Rll AK/rod = 0.07% « $.20

Primary control system react iv i ty worth AK = 6.29% AK

Primary control system required worth AK = 3.87% AK

Secondary control system react iv i ty worth AK = 2.75% AK

Secondary control system required worth AK = 1.63% AK
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Figure 3.16 Average Subzone Power Density for (EC)FMSR BOL Core
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Figure 3.17 Average Subzone Power Density for (EC)FMSR MOL Core
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Figure 3.18 Average Subzc.ie Power Density for (EC)FMSR EOL Core
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Figure 3.19 Power Peaking Factors for {EC)FMSR BOL Core

- 76 -



Figure 3.20 Power Peaking Factor for (EC)FMSR EOL Core
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4. THERMAL-HYDRAULIC ANALYSIS OF THE (EC)FMSR

4.1 GENERAL DESIGN CONSIDERATIONS

The thermal-hydraulic design of the (EC)FMSR core closely follows that of
the conventional LMFBR. The sodium enters the core region fron the lower ple-
num, flows through the core inlet section, including the orifice, and then
flows upward along the fuel rod bundles. The fuel rods are assumed to be hel-
ically wire wrapped along their entire length. Axial shielding is assumed both
above and below the core, within the subassembly. The present study focuses on
thermal-hydraulic computations for the core region only. Heat transport pro-
cesses in the intermediate loop and steam-water loop are not included. Be-
cause the (EC)FMSR is designed to operate with essentially the same pressure
drop across the core and the same inlet and outlet temperatures as a conven-
tional LMFBR, the balance-of-plant external to the core may be assumed to he
unchanged. Also, an (EC)FMSR core of this type design could be considered as
being able to replace a conventional core in a lOOO-MW(e) LMFBR.

Metallurgical considerations set the maximum fuel centerline and fuel-
clad contact temperatures at 850°C and 625°C, respectively. Thus, one objec-
tive is to achieve a thermal-hydraulic design consistent with these metallur-
gical limitations. In addition, the mixed mean coolant outlet temperature is
also a major factor in the thermal-hydraulic design; the coolant inlet temper-
ature and the temperature rise in the core region are closely related to the
thermodynamic efficiency of the power plant. For the present design, the cool-
ant inlet temperature was set at 380°C and the temperature rise is, nominally,
150°C. A preliminary study of the overall plant balance has shown that these
temperatures yield good performance for conventional designs of the IHX and
the steam generator, with an achievable thermodynamic efficiency of 36%. The
pressure drop across the core selected for the present study is 90 psi. The
fuel pin design used in the (EC)FMSR employs the same operating principle as
the EBK-II MARK-II fuel pin, which is a sodium-bonded metal fuel. According
to the operating experiences of the EBR-II, the fuel-cladding gap is practi-
cally closed after about 3 atom percent burnup, at which time a state of in-
terconnected porosity is achieved. Fission product gas is released through
this porosity from that point onward, and fuel swelling is correspondingly
greatly reduced. A closed fuel-cladding gap is assumed in the present design
calculations. The thermal impedance of the porosity was taken into account.

The rod bundle of the core is divided into four axial sections: the lower
axial blanket (25 cm), the active core [160 cm), the upper axial blanket (25
cm) and the upper vented plenum (30 cm). It is one of five thermal-hydraulic
regions defined below which make up the full core segment of the hydraulic
loop.

4.2 METHOD OF CALCULATION

The thermal-hydraulic design evolved from several iterations which were
interfaced with physics and materials requirements. Thermal-hydraulic computa-
tions were performed with the SATURN code which is a flexible, one-dimension-
al, multichannel, steady-state code for thermal-hydraulic design analysis of
sodium-cooled fast reactors developed at BNL for the FMSR Program. The code
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uses the same radial and axial zoning for heat generation as those used in the
fuel cycle calculations. The SATURN code first establishes the pin geometry
b' computing fuel and clad dimensions and hydraulic parameters based on the
input design specifications. With these initial conditions established, the
code then computes individual channel coolant flow rates to achieve a speci-
fied temperature rise, using the same pressure drop for all radial zones. The
total pressure drop consists of pressure drops due to friction, gravity, ac-
celeration and flow area changes. Detailed pressure drops in five axial re-
qions are computed for each channel. The five regions are the core support
module, inlet nozzle, orifice plate and shield, rod bundle, and assembly out-
let. To achieve a consistent pressure drop for all radial zones, an iteration
procedure is used in the code to adjust the loss coefficient of the orifice
plate in each zone.

ANL has shown that the thermal conductivity of the metal fuel depends on
the fuel temperature, fission product content, and porosity.I14' Empirical
correlations of the thermal conductivity, which were developed by ANL, were
used in this design study. The physical properties of sodium, such as enthal-
py, density, viscosity and thermal conductivity, as functions of temperature,
are taken from Reference 13. The correlation of frictional pressure drop for
turbulent flow in triangular rod bundles developed by Novendstern"^' is
adopted in the SATURN code. These correlations are well developed for LMFBRs
and are given In Appendix A of Reference 6.

The detailed temperature distributions in fuel and clad, as well as the
pressure and temperature of the coolant in each axial node, are computed in
SATURN for all radial channels. The computations are for the average and hot
pin in each channel under the nominal operating conditions. Hot spot and hot-
channel calculations are also performed.

The impact of uncertainties on the thermal-hydraulic performance is rep-
resented by the application of hot spot factors. The hot spot factors were
defined according to conventional LMFBR practice.d°' These factors repre-
sent the statistical and other uncertainties of theoretical and experimental
analyses, instrumentation accuracy, manufacturing tolerances, physical proper-
ties and correlations. Descriptions of the hot spot factors are given in Ap-
pendix B of Reference 6. The hot spot analysis was applied to the peak power
channel only. It is referred to as the hot channel. The hot channel represents
the hot pin in the peak power assembly affected by the simultaneous occurrence
of all uncertainties. Preliminary results for the (EC)FMSR calculation are
presented in the following section.

4.3 THERMAL-HYDRAULIC PERFORMANCE

To perform the multichannel thermal-hydraulic analysis, the 40 radial
subzones, (Figure 3.4), for which two-dimensional power density d istr ibut ions
were determined by physics computations, viere used in th is study. Each channel
represented the average fuel pin of twelve subassemblies. The computed results
are summarized in Table 4 . 1 . The (EC)FMSR is designed to operate at a rated
power level of 2776 MW(t), which yields 1000 MW(e) for a 36% therniodynamic ef-
f ic iency. I t i s noted in Table 4.1 that Zone 1 (marked by an * ) i s the peak
power channel. The average l inear power and maximum power density of Zone 1
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are 6.01 kw/ft and 301.6 w/cm3, respectively. The hot channel peak centeriine
temperature of the fuel is 728°C and of cladding 625°C (Table 4.3).

Detailed thermal-hydraulics results for Zone 1, a high power zone under
nominal conditions, are given in Table 4.2. The coolant temperature and pres-
sure distributions, fuel and clad temperatures, heat transfer rate, friction
factor and Reynolds numbers are listed for all axial nodes. The coolant enters
the core region at 38Q°C; its temperature rapidly increases in the active core
region, reaching 556°C at the core exit. The inlet temperature is an input
parameter. The clad outer surface temperature is slightly higher than the
coolant temperature along the entire length of the fuel pin. This small tem-
perature difference is due to the high heat transfer rate possible with sodi-
um. Inspection of the temperatures at the clad inner surface and in the fuel
region shows that the radial temperature variation of the fuel pin is rela-
tively small; this is due to the high thermal conductivity of the metal fuel
and the low contact resistance at the sodium-bonded fuel-clad interface. Us-
ing the cosine-type axial power profile obtained from the physics calculations
for the average pin in Zone 1, the maximum fuel centerline temperature (653°C)
occurs 30 cm above the core mid-height position. The maximum clad temperature
(562°C) at the clad inner surface occurs near the top of the active core.
The coolant saturation temperatures based on the local pressure were computed
in SATURN and are also included in Table 4.2. Comparison of the saturation
temperature with the coolant temperature indicates that the sodiun is highly
subcooled, as is common in LMFBR design. The highly subcooled sodium provides
a large temperature margin for1 safety considerations.

The above discussion and the results shown in Tables 4.1 and 4.2 corre-
spond to the average pin under nominal conditions. To account for the design
uncertainties, the hot spot factors were applied to the peak power channel,
i.e., Zone 1. In general, a reasonable estimate of hot spot factors requires
a complete knowledge of the reactor core and subassembly design and the inter-
action of the heat transport systems. Since these data are not presently
available for the FMSR, the hot spot factors used in this preliminary study
were largely based on a modification of CRBRP hot channel factors. This treat-
ment is discussed in Appendix B of BNL-51225 (Reference 1). The computed max-
imum clad and fuel temperatures are given in Table 4.3.

The main conclusion which can be drawn from this initial study is that
for the reference (EC)FMSR design, fuel and clad temperatures can be main-
tained below the current maximum temperature limits even when hot spot factors
are included in computations. The mixed mean outlet temperature of 530°C can
be achieved, thereby assuring a 36% thermodynamic efficiency using convention-
al components.
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5. (EC)FMSR FUEL CYCLE COST ANALYSIS

5.1 INTRODUCTION

A preliminary study has been made of the economic performance of the
(EC)FMSR fuel cycle. The initial results indicate that the (EC)FMSR fuel cy-
cle costs are smaller than those calculated for the conventional fast breeder
reactors. This is mainly due to the long residence times for the fuel and
blanket assemblies. Although these results are preliminary and nore detailed
economics calculations are necessary, the potential for low (EC)FHSR fuel cy-
cle costs is an attractive advantage of this fast breeder reactor concept. In
this section the basis for the fuel cycle cost calculations, including the
fuel cycle cost model and the assumed economic environment, will be discussed.
This will be followed by a presentation of results, followed by some conclu-
sions.

5.2 FUEL CYCLE COST MODEL AND THE ECONOMIC ENVIRONMENT

develope
The fuel cycle cost calculations were performed using the simple model

(17)d by AbbaspounL/ > which was a follow-on to ear l ier work by

In this model the levelized fuel cycle cost e(miTis/kwhe) is represented
by the relation:

where

E = total electricity generated by a batch of fuel (or blanket) during
its residence in the reactor, (MWhe),

M-j = the mass flow in stream i, (kg),

Cj = the unit cost of the material in step i, (S/kg),

F-j = a "financial weighting factor," and

G-j = the escalation factor.

The combined financial weighting and escalation factor is calculated from
the relation

(FG)

(FG).
(x-y)T J

where
T = the tax rate, 0< x < 1,
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x = the discount rate, and is given by x = ( I - T ) ^ ^ + rsfs,

rjj = the rate of return to the bondholders,

fD = the fraction of the total investment from bonds,

rs = the rate of return to the stockholders,

fs = the fraction of the total investment from stocks; f^ + f = 1.0,

t-j = the lag or lead time for transaction i, measured from the begin-
ning of the batch irradiation, (yr),

T = the total residence time for a batch of fuel (or blanket) in the
reactor (yr),

y-j = the escalation rate for transaction i,

y = the escalation rate allowed by the rate commission for the price of
electricity.

It should be noted that this relationship is derived for the front end of the
fuel cycle (plutonium purchase and fabrication) where transactions are depre-
ciated, !r? the back end of the fuel cycle (spent fuel shipping, reprocessing,
waste storage and plutonium credit), the transactions are more customarily ex-'
pensed rather than depreciated, although some controversy exists about the
choice of the method. For the expensed transactions, the tax rate T in the
combined financial factor must be set equal to zero. Thus, the factor reduces
to

c-(x-y-)t-
e 7 "

This model has been checked against a more sophisticated fuel cycle cost code,
MITCOST,^9' with the results showing good agreement."''

For the reference economic and financial environment a set of values em-
ployed in the recent NASAP study''"' was adopted. These are given in Table
5.1. It should be noted that these values are for oxide fuel. No values for
metal have been provided in the NASAP report.

The only unit cost not shown in Table 5.1 is the unit price of plutonium.
Currently there is a considerable uncertainty on the correct method of calcu-
lating the unit price of plutonium. There are several methods that can be used
to calculate a unit price for plutonium in a nuclear economy that includes a
mixture of light water and breeder reactors. In one method the cost of pluto-
nium is assumed to be equal to the cost of the recovery of fissile plutonium
from light water spent fuel with no additional value attached to the plutoni-
um. Table 5.2 shows the price of plutonium based on the recovery costs from
typical PWR discharge fuel as a function of reprocessing cost. Note that based
on this approach, once the breeder reactors constitute a sizable fraction of
the total nuclear power installed, the unit cost of plutonium might logically
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TABLE 5.1

Unit Cost and Financial Parameters Used in the

Fuel Cycle Cost Calculations

Transaction Unit Cost
($/kg HM)

Fuel Assembly Fabrication

Radial Blanket Assembly Fabrication

Spent Fuel Shipping

Fuel Assembly Reprocessing

Blanket Assembly Reprocessing

Waste Shipping and Storage

Financial Parameters

Bond Rate of Return

Bond Fraction

Stock Rate of Return

Stock Fraction

Income Tax Fractions

Discount Rate, x**

*Based on an inflation rate of 5.5% per year
**x = (l-r)fbrb + fsrs

650
140

90

450

390

125

Uninflated

2.5

0.55

7.0

0.45

0.5

3.83

%/yr

%/yr

%/yr

8

12

8

Actual*

.1

.9

.03

%/yr

%/yr

%/yr
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TABLE 5.2

Unit Cost of F iss i le Plutonium Based on the

Recovery Costs from PWR Spent Fuel

Unit Cost of Unit Price of
Reprocessing Source Fissi le Plutonium*

(S/kg HH) ($/gr)

150

250

370

Ref. 21

Semi-Remote
"AGNS" Type Facility

Ref. 20

Fully Remote
"Canyon" Type Facility

Ref. 20

23

38

57

.11

.51

.00

*Based on a f i s s i l e plutonium concentration of 0.6556% in
the LWR discharged fuel and 1% reprocessing losses.(2°)
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be based on recovery charges from breeder reactor irradiated fue l ; th is would
reduce the cost of plutonium to 5-10 $/gr due to the high f i s s i l e piutoniurn
concentration (on the order of 7-10?, including the axial blanket) in the
breeder's spent f ue l .

A second method of calculating the unit price of plutonium is based on
the indifference value of plutonium in l i gh t water reactors. The indifference
value of plutonium in l i gh t water reactors is the value of plutonium that re-
sults in equal fuel cycle cost between a plutonium-fueled LWR and a conven-
tional low enrichment U-235-fueled LWR. In other words, at the indifference
price of plutoniun a u t i l i t y owning a l i gh t water reactor can either use low
enrichment U-235 to operate the reactor, or buy plutonium at the indifference
value (instead of low enrichment U-235) and end up with the same levelized
fuel cycle cost. Based on a U3O8 unit price of 40 S/lb and a separative work
unit (swu) unit price of 100 S/kg, the indifference value of the plutoniun i s
equal to 27 S/gr.

Final ly , in view of the uncertainties in the price of plutonium and lack
of an acceptable method of pricing the plutonium, i t has been suggested that
in the economics analysis no value should be assigned to plutonium. The argu-
ment in favor of the exclusion of plutoniun price is that in a nuclear economy
consisting of a mixture of l i gh t water and breeder reactors, the same u t i l i -
t ies that own the l i gh t water reactors w i l l also own the breeder reactors.
Thus, in ef fect , the plutonium transactions between l i gh t water reactors and
breeders, or vice versa, w i l l not go beyond the accounting boundary of a u t i l -
i t y that owns the mixture of fast and thermal reactors. This argument i s val id
i f one assumes that a l l u t i l i t i e s own a mixture of thermal and fast reactors
and they are individual ly large enough to be se l f -su f f ic ien t with respect to
plutoniuni needs. I f th is is not the case, then the price of plutoni^m would be
at least equal to the indifference value of plutonium in l i g h t water reactors,
since i f reprocessing and recycling of plutonium in LWRs is permitted, a u t i l -
i t y owning LWRs should be w i l l ing to buy plutonium at i t s indifference value
and to run the LWRs on the plutonium cycle. I f recycling of plutonium in l i gh t
water reactors is not permitted by the government due to safeguards or re-
source-requirement considerations, then the plutonium would he available for
breeder use, and the argument favoring a low value of plutonium would be va l -
i d . With these uncertainties in the price of plutonium in mind, the levelized
fuel cycle cost of the (EC)FMSR was calculated for two plutonium prices. F i rs t
the indifference value of plutonium (27 $/gr) representing the lower range of
plutonium value and next a plutonium unit price of SlOO/gr suggested in a re-
cent study*7 ' and representing the high range of plutonium value. Similar
calculations were also performed for a homogeneous I " ) and a heterogeneous^7^
LMFBR. The results are discussed in the next section.

5.3 RESULTS AND CONCLUSIONS

The detailed cash flow associated with the core and blanket assemblies of
the (EC)FMSR is shown in Table 5.3. The cash flow is for a uni t plutonium
price of $27/gr. The most interesting point in Table 5.3 worth noting is the
importance of the assumed price of plutonium and i t s large impact on the lev-
elized fuel cycle cost. This point indicates the need for a comprehensive
study of the current methods of calculation of the price of plutonium which
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TABLE 5.3

Cash Flow Associated with Core and Blanket

3
I

1.

2.

3.

4.

5.

6 .

Transaction

Fissi le Pu Purchase
Inner Core
Outer Core

Fuel Fabrication
Inner Core
Outer Core
Radial Blanket
Axial Rlanket

Spent Fuel Shipping

Reprocessing
Inner Core
Outer Core
Blankets

Waste Shipping and
Storage

Pu Credit
Inner Core
Outer Core
Blankets

TOTAL

Fuel

Time
(years)

-1.0
-1.0

-0.5
-0.5
-0.5
-0.5

11.0

11.5
11.5
11.5

13.0

11.5
11.5
11.5

Assemblies of

Unit Cost
(S/kg)

27,000
27,000

650
650
150
140

90

450
450
450

125

27,000
27,000
27,000

(EC)FMSR

Mass Flow
(kg)

3,150
4,110

42,360
51,110
10,591
35,948

140,009

4?, 360
51,110
46,539

140,009

3,672
4,390
1,200

(FG)i

Financial
Factor

1.5852
1.5852

1.5355
1.5355
1.5355
1.5355

0.8569

0.8461
0.8461
0.8461

0.8146

0.8461
0.8461
0.8461

C^ tFG) . *106

(S)

134.821
175.909

42.278
M.O l l

;: .439
7.727

10.798

16.128
19.460
17.339

14.256

- 83.885
-100.029
- 27.414

280.890

E = 6.57 x 10 1 0 kwhe



would result in a unified method of plutonium pricing. As was mentioned earli-
er, similar calculations were also performed for homogeneous and heterogeneous
LMFBRs. The cash flows for these cores are shown in Tables 5.4 and 5.5. Note
that the masses given for the homogeneous LMFBR (Table 5.4) are for a 1200-
MW(e) core, whereas the masses for the (EC)FMSR and the heterogeneous core are
for 1000-MW(e) cores.

The levelized fuel cycle cost for the (EC)FMSR and the homogeneous and
heterogeneous LMFBRs is given in Table 5.6. The fuel cycles shown are based
on a capacity factor of 0.75. A higher capacity factor might be expected for
the (EC)FMSR due to its long fuel cycle length. This would result in a lower
fuel cycle cost for the (EC)FMSR compared to the values shown in Table 5.6.

It can be seen that at low plutonium values the levelized fuel cycle cost
of the (EC)FMSR is lower than those of both the homogeneous and heterogeneous
LMFBRs. At high plutonium prices the levelized fuel cycle cost of the (EC)FHSR
is comparable to that of the homogeneous LMFBR but is still lower than that of
the heterogeneous LMFBR. It is also interesting to note that the lower the
price of plutonium the more favorable the (EC)FMSR looks compared with conven-
tional LMFBRs. As was discussed earlier, once a sizable fraction of nuclear
electricity is generated by fast reactors, the cost of plutonium based on re-
covery from spent fast reactor fuel could be as low as 5-10 $/gr. In this sit-
uation the (EC)FMSR fuel cycle costs would look very attractive economically
compared to conventional LMFBRs.

The basic conclusions of the economic analysis can be summarized as fol-
lows:

a) The FMSR fuel cycle cost is competitive with that of the conventional
homogeneous LMFBR and lower than that of the more probable heteroge-
neous LMFBR.

h) Longer cycle cores are economically attractive. If the price of plu-
tonium falls below the LWR-based value of $27/gm in a breeder econo-
my, the FMSR would be even more attractive.

c) There are large uncertainties in fuel cycle cost calculations, pri-
marily due to uncertainties in the unit price of plutonium and the
lack of cost data for metal fuel when that fuel is of 1000 MW(e) di-
mensions. Significant improvements can be made with modest further
studies.
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TABLE 5.4

Cash Flow Associated w i t h Core and Blanket Fuel Assemblies

I

1 .

2 .

3.

4 .

5.

6 .

Transact ion

F i s s i l e Pu Purchase

Fuel Fabr ica t ion
Core
Radial Blanket
Axial Blanket

Spent Fuel Shipping
Core & Axial Blanket
Radial Blanket

Reprocessing
Core
Radial Blanket
Axial Blankte

of a Homogeneous LMFBR

^ i

Time
(years)

-1 .0

-0 .5
-0.5
-0 .5

3.0
6.0

3.5
6.5
3.5

Waste Shipping 4 Storage
Core 4 Axial Blanket 5.0
Radial Blanket 8.0

Pu Cred i t
Core
Radial Blanket
Axial Blanket

TOTAL

3.5
6.5
3.5

c i
Un i t Cost

(S/kg)

27,000

650
150
140

90
90

450
450
450

125
125

22,000
22,000
22,000

(1200 MW(e))

M,

Mass Flow
(kg)

2009.5

15760.5
4979.6

11820.0

27580.5
4979.6

15760.5
4979.6

11820.0

27580.5
4979.6

1939.2
114.8
174.5

(FG)i

Financial
Factor

1.2066

1.1552
1.3031
1.1552

0.9505
0.9145

0.9386
0.9030
0.9386

0.9036
0.8649

0.9386
0.9030
0.9386

65.465

11.834
0.973
1.911

2.3593
0.4098

6.656
2.023
4.992

3.115
0.538

-49.144
- 2.798
- 4.422

43.912

E = 7.884 x 109 kwhe



TABLE 5.5

Cash Flow Associated with Core and Blanket Fuel Assemblies

VO

to

1 .

2.

3.

4.

5.

6 .

Of

Transaction

Fissi le Pu Purchase

Fuel Fabrication
Core
Axial Blanket
Internal Blanket
Radial Blanket

Spent Fuel ^hipping
Core 4 Axial Blanket
Internal Blanket
Radial Blanket

Reprocessing
Core & Axial Blanket
Internal Blanket
Radial Blanket

Waste Shipping & Storage
Core 8 Axial Blanket
Internal Blanket
Radial Blanket

Pu Credit
Core
Axial Blanket
Internal Blanket
Radial Blanket

TOTAL

a Heterogeneous LMFBR

Time
(years)

-1 .0

-0.5
-0.5
-0.5
-0.5

3.0
3.0
6.0

3.5
3.5
6.5

5.0
5.0
8.0

3.5
3.5
3.5
5.5

c i
Unit Cost

(S/kg)

27,000

650
140
150
150

90
90
90

450
"50
450

125
125
125

22,000
22,000
27,000
27,000

(1000 MW(e)

Mi

Mass Flow
(kg)

1852.9

10606.5
18290.2
13780.5
5636,3

27580.5
13780.5
5636.3

28896.7
13780.5
15636.3

28896.;
13780.5
5636.3

1704.1
80.7

275.9
90.7

Core)

(FG) i

Financial
Factor

1.2066

1.1552
1.1552
1.1552
1.3031

0.9505
0.9505
0.9145

0.9386
0.9386
0.9030

0.9036
0.9036
0.8649

0.9386
0.9386
0.9386
0.9030

1 M)1

60.364

7.964
2.958
2.387
1.101

2.3593
1.178
0.463

12.205
5.820
2.290

3.263
1.556
0.609

-43.185
- 2.045
- 6.991
- 2.211

50.197

E = 6.57 x 109 kwhe



TABLE 5.6

Comparison Between the Lcveiized Fuel Cycle Cost of the (EOFMSH

and a Homogeneous

Core

(EC)FMSR (10 yr core)

Homogeneous LMFBR^22)

Heterogeneous LMFBR^7)

and Heterogeneous

Fuel Cycle Cost

LMFBR

(Mills/kwhe)

Pu (27S/gr) Pu (lOOS/gr)

4.27

5.56

7.64

8.36

8.69

10.08
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6. THE 30-YEAR (EC)FMSR

6.1 PRELIMINARY RESULTS OF THE 30-YEAR (EC)FMSR

As an extension of the 10-year (EC)FMSR, a preliminary study was done on
the design and performance of a 30-year (EC)FMSR. The most noticeable advan-
tages of such a core would he its long fuel cycle length, which results in a
core that would be loaded only once during the life of the reactor.

To be able to design such a core with acceptable burnup and fluence, it
was necessary to lower the power density compared to that of tha 10-year FMSR
core by increasing the volume of the core. After several design changes, it
was decided that the design should start with a 70% increase in the core vol-
ume. This 70% increase in volume was accomplished by adding three rows of fuel
assemblies to the outer core boundary of the 10-year FMSR and increasing the
core height from 160 en to 180 cm. The core was divided into two sections of
inner and outer core with equal volumes but different enrichments and BeO con-
centrations to keep the power peaking to a minimum. To be able to keep the
power shape relatively flat throughout the 30-year life of the core, it was
found that the conversion ratio in the outer core should be comparable to the
conversion ratio in the inner core. This was accomplished by a decrease in BeO
concentration and a slight increase in the enrichment in the outer core com-
pared to the inner core. These are gross preliminary changes. Further refine-
ment of the design will occur in the future.

Table 6.1 compares the general characteristics of the 10-year and 30-
year (EC)FMSR. As can be seen in the table, the inner core fissile plutoniutn
enrichment is 7.0%. The BeO in the inner core assemblies which takes 25% of
the volume of the assembly has a density equal to 70% of the theoretical den-
sity of the BeO.

The outer core's fissile enrichment is 7.3%. To increase the power pro-
duction from the outer core and also boost the conversion ratio in this re-
gion, the fraction of the assemblies occupied by fuel was increased from 0.75
with characteristics of the inner core to 0.85. The BeO density in these as-
semblies is 50% of the theoretical BeO density. Also BeO was removed from the
last row of the outer core.

The radial blanket consists of one row of 3% enriched assemblies. There
is no BeO in the radial blanket assemblies. The inclusion of 3% fissile plu-
tonium in the radial blanket helped to decrease the power buildup from begin-
ning of life to the end of life in the radial blanket. It also has reduced
the neutron leakage from the outer core to the radial blanket, thereby in-
creasing the power production in the outer core. The new fission product
treatment developed at BNL was used in these calculations.

Figure 6.1 shows variation of the power profile over the life of the
core. As can be seen, the power peaks in the boundary of the inner and outer
core. The increase in the conversion ratio in the outer core region has re-
duced the power shift from the outer core region to the center of the core,
consequently reducing the peak burnup and fluence.



TABLE 6.1

Comparison Between 10- and 30-Year (EC)FMSR Cores

Core Height, cm

Core Radius + Radial Blanket, cm

Enrichment (% Fissi le Pu)

- Inner Core

- Outer Core

Fiss i le Mass (239 + 241) kg

Number of Fuel Subassemblies

Number of Blanket Subassemblies

Fissile Inventory Gain

Doppler Coeff icient

10-Year
FMSR

160

243

7.1

7.6

7800

469

78

1.31

0.027

30-Year
FMSR

180

270

7.0

7.3

12964/13844*

721

96

1.30

0.0216

* Fissile inventory of the core plus radial blanket.
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0.20

0.10

B.C.L.

16 yrs

•30yrs

0.0
0.0

I,

I s

1 I
45.0 90.0 135.0 180.0

R(cm)
225.0 270.0 300.0

Figure 6.1 30-Year FMSR Radial Power Distribution
(Zone Average, R-Z)
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Table 6.2 shows the variation in Keff, conversion rat io, peak burnup
and peak fluence as a function of time. The peak burnup and fluence (£>0.1
MeV) are 18.49% and 5.2 x 1023 n/cm2 respectively. Both of these values
can be considered acceptable from the point of view of metal fuel and advanced
alloy capability, although both are larger than might be desired. Although no
actual sodium void calculation has been performed at this stage of the design,
since the basic neutronic characteristics of this core, including burnup, are
not much different from those of the 10-year FMSR, the sodium void is not ex-
pected to be very different from the values reported for the 10-year FMSR.

To see the effect of the larger core used for the 30-year FMSR on the ec-
onomics of this core, the levelized fuel cycle cost was calculated for this
core, using the same cost assumptions. Table 6.3 shows the cash flow for the
30-year FMSR based on a plutonium unit price of 27 $/gr. Table 6.4 compares
the levelized fuel cycle cost of the 30-year FMSR to that of the 10-year FMSR
and a heterogeneous LMFBR. The levelized fuel cycle cost was calculated for
two plutonium prices of 27 $/gr and 100 $/gr. The $27/gm represents a price
which a LWR would be will ing to pay for the plutonium i f i t were on a Pu recy-
cle and U-235 were available at 35 S/gm. SiOO/gm is an arbitrary very large
price which has no relation to any presently conceived market situation. The
levelized fuel cycle cost of the 30-year FMSR, at a plutonium price of 27 $/gr
representative of the low range of plutonium price, is 5.17 mills/kwhe. This
is higher than the 10-year FMSR but lower than the heterogeneous LMFBR. At a
plutonium price of 100 $/gr the levelized fuel cycle cost of the 30-year FMSR
is higher than both the 10-year FMSR and the heterogeneous core. This is main-
ly due to the large f iss i le inventory of this core.

The major advantages and disadvantages of the 30-year FMSR are l isted in
Table 6.5. The advantages of this core include a strong nonproliferation
characteristic due to the need for transportation and reprocessing of only one
batch of fuel for the fu l l 30-year l i f e of the reactor. In a conventional
heterogeneous LMFBR with a f iss i le inventory of 3000 kg of f iss i le plutonium
and with annual refueling of one half of the core, the total f iss i le plutonium
transportation and reprocessing is four times higher than f iss i le plutonium
transportation and reprocessing requirements of the 30-year FMSR. Also, the
need for only one batch of fuel is very attractive to u t i l i t i es since there
would be a saving in the refueling downtime (hence higher capacity factor) and
lack of need for an annual refueling license. With respect to safety, the
large Doppler coefficient of this core, which is similar to that of the 10-
year core, is very attractive.

The fuel cycle cost of the 30-year FMSR is fa i r ly low at low prices of
plutonium, but due to i ts high f iss i le inventory the fuel cycle cost increases
rapidly with higher plutonium prices. The disadvantages of the 30-year FMSR
include a large sodium void at the EOL. I t is possible with further design
changes to reduce the sodium void in the 30-year FMSR, but overall, the value
wil l remain higher than that of the 10-year FMSR. The peak burnup and fluence
damage of the 30-year FMSR are high. There have been many irradiations of
MARK-11 metal fuel to at least 16% heavy metal burnup; about 1000 pins have
reached this state without failure. While there have been no irradiations of
advanced alloys to beyond approximately 2 x 1023 nvt, the performance to
that point of several alloys gives good reason to believe that a fluence
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TABLE

30-Year FMSR

Conversion Ratio
Inner Core

1.374

1.287

1.216

1.160

1.118

1.086

1.061

1.042

1.034

Outer Core

1.369

1.295

1.231

1.179

1.136

1.101

1.071

1.047

1.036

6.2

Performance

Peak Burnup
% HM

0

2.69

5.38

8.02

10.58

13.04

15.38

17.43

18.49

Peak Fluence
x 1023 (>o.i MeV)

0

0.71

1.43

2.16

2.89

3.60

4.27

4.90

5.20



TABLE 6.3

Cash Flow Associated with Core and Blanket Fuel Assemblies of the 30-Year FMSR

1

VO

Transaction

1 . F iss i le Pu Purchase
Inner Core
Outer Core
Radial Blanket

2. Fuel Fabrication
Inner Core
Outer Core
Radial Blanket
Axial Blanket

3. Spent Fuel Shipping

4. Reprocessing

5. Waste Shipping and
Storage

6. Pu Credit
Inner Core
Outer Core
Blankets

Total

Time
(Years)

-1
-1
-1

-0.5
-0.5
-0.5
-0.5

31

31.5

32

31.5
31.5
31.5

Ci
Unit Cost

($/Kg)

27000
27000
27000

650
650
150
140

90

450

125

27000
27000
27000

Mi-
Mass Flow

(Kg)

5799
7165
880

82234
97144
56290
78331

313999

313999

313999

6989
8228
4367

(FG)i
Financial
Factor

2.4169
2.4169
2.4169

2.3659
2.3659
2.3659
2.3659

0.6513

0.6431

0.6350

0.6431
0.6431
0.6431

Ci Mi Fi Gi* 106 ($)

378.421
467.561
57.425

126.462
149.391
19.976
25.945

18.405

90.869

24.923

-121.354
-142.868
-75.827

1019.330

E = 1.971 x kwhe



IABLF 6."«

Comparison Between the :. evelized Fuel Cycle Cost of the

10- and 30-Year FMSR and a Heterogeneous LMFBR'

Fuel CycTe Cost ; " i _^_^

CORE PU (? / S/gr) ?u (100 S^gr'j'

1Q-Vear FMSR 4.27 8.36

30-Year rrtSR 5.17 12.99

Heterogeneous LMFRR(22, 7^4 IL'.L1^

* Al l fuel cycle costs !>ased on a 0.?^ capacity factor.

T.ABLF 6.5

Advantages and Disadvantages of the 30-Year FMSR Jesiqn

Advantages

1. One batch of fue^ over olant l i fe t i f??.

A. Stronq nonprcl i ferat ior character ist ic.

B. Very at t ract ive to u t i l i t i e s .

2. Hiqh plant capacity factor.

3. Larqe Dopnler Coefficient.

4. Low fuel cycle cost.

5. Refuelinq equipment desigr. can fce si~p1if:ed, reducing
plant capita] costs.

Disadvantages

1. EOL sodium void coefficient relatively large.

2. High burnup and fluence.

3. High f iss i le plutonium inventory.

4. Long doubling t ine.
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damage level of the order of 5 x 10^3 can be sustained, with tolerable swel-
ling and creep. Other disadvantages of this core include a high fissile in-
ventory due to the low power density and large core volume and long doubling
time. This might lead to an undesirably long doubling time for sowe projected
power need scenarios.

Overall it seems that there are enough interesting characteristics and
advantages in this concept to encourage further work on the core design and
optimization of this reactor concept. Most importantly, because of the par-
ticularly small design effort which this concept has received, to the present,
there is a very large potential for design improvement.
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

The FMSR design has changed greatly in one year. There remains a consid-
erable potent ia l for fur ther design improvement in the fu tu re . The major con-
clusions of th i s study are as fo l lows:

For the Centrally-Moderated FMSR (CM)FMSR:

1 . The actual operation of the (CM)FMSR, from the spec i f i ca t ion of the
f i r s t core through the management of a l l subsequent fuel cycles, fo r
the f u l l p lant l i f e t i m e , has been calculated and shown to be f u l l y
acceptable. Equal fuel cycles o f more than two calendar years per
cycle are used throughout. The resource u t i l i z a t i o n advantage of
th is reactor re la t i ve to the LWR is approximately a factor of th ree.

2. While many performance parameters such as r e a c t i v i t y change or local
power density var ia t ion over the fuel cycle are acceptable, the peak
fluence damage to the steel of the clad and duct remains h igh , as
previously. The peak fuel burnup also remains higher than might be
desired. Both resul ts can be reduced through changes in the fuel
management st rategy, but a t a cost in reduced resource advantage.
Thus a design compromise i s ava i lab le , and can be applied as
needed, according to the degree of success of advanced material
i r r ad i a t i on programs.

3. While the operating performance of the Extended Cycle FMSR (EC)FMSR
is pa r t i cu la r l y a t t r ac t i ve and superior to that of the (CH)FMSR,
weighting of the re la t i ve pro l i fe ra t ion- res is tance merits of the two
designs may j u s t i f y fur ther (CM)FMSR design development.

4. The sodium void reac t i v i t y gain of the (CM)FMSR, on the basis of pre-
l iminary ca lcu la t ions , appears to be bet ter than that of a homogene-
ous oxide-fueled LMFBR and worse than that of a well-designed hetero-
geneous LMFBR. Possible i n t r i n s i c safety advantages of the metal fuel
proposed fo r the (CM)FMSR may o f f e r valuable compensation in th i s
area. Thus, safety studies for the (CM)FMSR could s i g n i f i c a n t l y a f -
fec t conclusions in t h i s area.

For the Extended Cycle FMSR (EC)FMSR:

1 . The performance of the (EC)FMSR, from the point o f view of a poten-
t ia l operating u t i l i t y , is exceptionally attractive. In particular,
a ten-year fuel cycle seems to be readily feasible and possesses
only small variations in local or regional power, has only modest re-
activity changes over the entire fuel cycle, and has greatly improved
and acceptable peak fuel burnup and steel fluence damage. The fuel
cycle cost appears to be a t t rac t ive, while the sodium void reactivity
gain is in the range of that of the heterogeneous LMFBR. The Doppler
effect feedback coefficient is particularly strong.
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2. Except for the proposed use of metal fuel, in a mode analogous to
that of the Mark-II fuel extensively irradiated in EBR-II, and a BeO
moderator, all of the technology on which the (EC)FMSR would depend
is a straightforward application of base LMFBR technology. Thus, the
technological needs for the (EC)FMSR would be very close to base
LMFBR development needs and not in conflict with them.

3. An adaption of the (EC)FMSR design to employ a carbide (or oxide)
fuel would put research requirements for the FMSR development stra-
tegy into even greater coincidence with current LMFBR research re-
quirements. The possible performance penalty which may occur will be
evaluated with care.

7.2 RECOMMENDATIONS

For the (CM)FMSR:

1. Further design studies on the (CM)FMSR should depend on a decision
on the desirability of the proliferation-resistance advantages of
the (CM)FMSR relative to those of the (EC)FMSR. If it is judged that
the (EC)FMSR can adequately serve this objective, then further FMSR
design efforts should strongly concentrate on that design. Low level
work on the (CM)FMSR might continue to provide a backup strategy.

2. If continued, the (CM)FMSR design could be improved with a new design
iteration. Such changes as use of improved fission product cross
sections, redesign of duct spacing and new choices for fuel volume
fractions would result in significant improvements.

For the Extended Cycle FMSR (EC)FMSR:

1. A major effort should be made to evaluate the potential of a carbide
(or oxide) fueled (EC)FMSR. The metal-fueled (EC)FMSR should ba
evaluated in parallel to the extent that the same performance design
criteria should be applied to both designs.

2. Because the apparent licensing safety of an LMFBR is an important as-
pect of its particular design, carefully executed sodium void calcu-
lations should be performed for the (EC)FMSR. Because of the sensi-
tivity and uncertainties of these calculations, particularly for this
LMFBR with an unusually soft neutron energy spectrum, zero power re-
actor type critical experiments should be planned for the future.

3. Design optimization, design sensitivity, and cost studies should be
pursued as aids in rapid and economical design improvement.

4. Safety studies, at least analytical studies, should be started as
soon as funding permits. These should concentrate on the carbide-
fueled (EC)FMSR design if that design variation appears to be fea-
sible. Otherwise basic understanding of metal fuel performance
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in severe transient conditions should be sought in close collabor-
ation with metal fuel safety studies for the EBR-II safety program.

5. The engineering specification of the metal fuel for the FMSR reactor
represents an important area of design uncertainty, largely because
of the change from EBR-II fuel dimensions to those more prototypical
of a lOOO-MW(e) LMFBR. I f metal fuel were to remain the preferred
fuel for the FMSR, then a design effort to specify this fuel and i t s
irradiation response history would be important. This study would
lead to specification of proposed fabrication and in-pile and out-
of-pile testing programs for the future.

I f a carbide (or oxide) fuel could be shown to be acceptable for the
FMSR, then a much reduced fuel design effort would only examine dif-
ferences between conventional carbide fuel operating conditions and
those proposed for the FMSR. The compatability of the fuel , clad,
duct, and grid spacers or wire wrap over the long irradiation times
should be assured.
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