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FOREWORD

The Department of Energy (DOE) Nonproliferation Alternative Systems Assess-
ment Program (NASAP) is a planned program of studies of nuclear power systems,
with particular emphasis on identifying and then evaluating alternative nuclear
reactor/fuel-cyc.e systems that have acceptable proliferation-resistance character-
istics and that offer practical deployment possibilities domestically and internation-
ally. The NASAP was initiated in 1977, in response to President Carter's April 1977
Nuclear Power Policy Statement.

The NASAP objectives are to (1) identify nuclear systems with high proliferation
resistance and commercial potential, (2) identify institutional arrangements to increase
proliferation resistance, (3) develop strategies to implement the most promising alterna-
tives, and (4) provide technical support for U.S. participation in the International Nuclear
Fuel Cycle Evaluation (INFCE) Program,

The NASAPis not anassessment of all future energy-producing alternatives. Rather,
it is an attempt to examine comprehensively existing and potentially available nuclear
power systems, thus providing a broader basis for selecting among alternative systems.
The assessment and evaluation of the most promising reactor/fuel-cycle systems will
consider the following factors: (1) proliferation resistance, (2) resource utilization,
(3) economics, (4) technical status and development needs, (5) commercial feasibility
and deployment, and (6) environmental impacts, safety, and licensing.

The DOE is coordinating the NASAP activities with the U.S. Nuclear Regulatory
Commission (NRC) to ensure that their views are adequately considered at an early stage
of the planning. In particular, the NRC is being asked to review and identify licens-
ing issues on systems under serious consideration for future research, development
and demonstration. The Preliminary Safety and Environmental Information Document
(PSEID) is the vehicle by which the NASAP will provide information to the NRC for its
independent assessment. The PSEID contains the safety and environmental assessments
of the principal systems. Special safeguards measures will be considered for fuel cycles
that use urarium enriched in U-235 to 20% or more, uranium containing U-233 in con=-
centrations of 12% or more, or plutonium. These measures will include the addition
of radioactivity to the fuel materials (i.e., spiking), the use of radioactive sleeves in
the fresh fuel shipping casks, and other measures. The basis for the safeguards review
by the NRC is contained in Appendix A.

The information contained in this PSEID is an overlay of the present safety,
environmental, and licensing efforts currently being prepared as part of the NASAP.
It is based on new material generated within the NASAP and other reference material
to the extent that it exists, The intent of this assessment is vo discern and highlight
on a consistent basis any safety or environmental issues of the alternative systems
that are different from a reference LWR once-through case and may affect their licens-
ing. When issues exist, this document briefly describes the research, development,
and demonstration (RD&D) requirements that would help resolve them with the normal
engineering development of a reactor/fuel cycle system.

The preparation of this document takes into consideration NRC responses to the
DOE preliminary safety and environmental submittal of August 1978. Responses to
these initial comments have been, to the extent possible, incorporated into the text.
Comments by the NRC on this PSEID were received in mid-August 1979 and, as a result of
these comments, some changes were made in this document. Additional comments were



incorporated as Appendix B. Comments that are beyond the scope and resources of
the NASAP may pe addressed in research, development, and demonstration programs on
systems selected for additional study. The intent of this document (and the referenced
material) is to provide sufficient information on each system so that the NRC can
independently ascert: in whether the concept is fundamentally licensable.

This PSEID was prepared for the DOE through the cooperative efforts of the
Argonne National Laboratory, the Oak Ridge National Laboratory, and NUS Corporation.
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Chapter |
GENERAL DESCRIPTION

1. GENERAL OVERVIEW OF LIGHT-WATER PREBREEDER AND BREEDER
S

The water-cooled breeder reactor would be fueled with thorium and uranium
dioxide fuel and could us : either light- or heavy-water coolant. The concepts con-
sidered in this preliminary safety and environmental information document (PSEID)
discuss only light-water breeder reactors (LWBRs) because there is more technical
information available on the light-water systems than for the heavy-water systems and
the light-water breeder reactor concepts are further developed. Thorium is plentiful
and has no present major energy-related use. The LWBRs could be operated in existing
pressurized-water reactor (PWR) power plants but because the power density would be
lower than that of a conventional PWR, the principal application would be in new
plants specifically designed to accommodate the breeder concept. The operation of
the LWBR core in the Shippingport Atomic Power Station in Shippingport, Pennsylvania,
is expected to confirm that breeding can be achieved in a PWR using the thorium/
uranium-233 fuel system in a seed-blanket core configuration. This reactor is de-
signed to breed more new uranium-233 from thorium than it consumes to produce
electrical energy. This means that, once on the breeding cycle, an LWBR replacement
core could be produced without requiring further mining or enrichment of uranium
ore. Development work to date indicates that LWBR cores could be used in any PWR;
furthermore, although no specific work has been performed, no inherent limitations
are known that would prevent application of the LWBR concept to boiling-water
reactors (BWRs).

The ! .BR program is developing the basic technology required to use thorium
as an energy source, basing this development on the well-established technology of
LWRs, which is also the basis of the present commercial nuclear industry. At pres-
ent, thorium cannot be effectively exploited to anywhere near its full potential for
power production. To do so requires the capabilities of a breeder reactor.

To operate a breeder reactor on the uranium-233 thorium fuel cycle, it is neces-
sary to have enough uranium-233 for the initial fuel loading. Because uranium-233
is not available in nature, the initial loading must be produced from thorium by irra-
diating it in a reactor. The LWBR core for the Shippingport reactor was built with
uranium-233 produced in the U.S. Department of Energy (DOE) production reactors.
This approach was chosen to test directly whether it was possible to breed in an LWR
with the thorium/uranium-233 system. Uranium-233 fuel for commercial LWBR
breeders, however, would have to be produced in large commercial power-producing
reactors fueled initially with thorium and the naturally occurring uranium-235 or
with plutonium from other reactors. Such reactors producing uranium-233 have been
designated "prebreeders."

Since the LWBR prebreeder and breeder concepts utilize light water as the coolant,
it would be possible to backfit either prebreeder or breeder cores based on the LWBR
concept into existing PWR plants as well as to operate such cores in a new PWR desig
optimized for use as a prebreeder or in a new plant intended for eventual use as a
breeder reactor. While no studies have been made, there is no known inherent reason
why LWBR prebreeders could not also be backfitted into existing BWRs. Prebreeder
cores would generate electrical power by the fissioning of uranium-235 (or plutonium)

1-1



while producing uranium-233, The rate of buildup of uranium-233 in prebreeder cores
would depend on the fuel strategy chosen, but calculations indicate that, under optimum
conditions in a new plant designed for use as a prebreeder, enough uranium-233 for
a commercial-size breeder core might be produced in about 10 years of operation
with prebreeder cores,
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1.2 SUMMARY OF THE CONCEPTS DISCUSSED IN THIS REPORT

Chapters 2, 3, and 4 discuss three differing design concepts for LWBR prebreeder/
breeder systems. Thrse concepts consist of prebreeders and breeders operating in
the range of 700-1,300 MWe. The prebreeder would be operated until sufficient uranium-
233 has been produced to supply an accompanying breeder.

The first concept (Chapter 2), the prebreeder and breeder with LWBR type I
modules, is based on an array of fuel modules that are geometrically identical with
the type I modules of the Shippingport LWBR core (Ref. 1), which is now in operation
at the Shippingport Atomic Power Station in Shippingport, Pennsylvania. The NRC
has completed its review of the safety analysis report for this breeder reactor and
has issued its safety evaluation report which concluded that the LWBR core may be
operated in the Shippingport Atomic Power Station without undue risk to the health
and safety of the public (Ref. 2).

The second concept (Chapter 3), in which a light-water backfit prebreeder would
supply an advanced breeder, i; based on a prebreeder that could be directly backfitted
into an existing commercial reactor; the breeder reactor would be a new plant and
would be an advanced version of the Shippingport seed-blanket LWBR. The breeder
concept would have less neutron-absorbing structure, a more uniform power distribution,
and a higher average power density than does the Shippingport-type LWBR core. In
addition, the fuel loading and reactivity control would be modified.

The third concept (Chapter 4), also i vased on a prebreeder which could be
backfitted into an existing commercial reactor; the breeder would be an advanced
seed-blanket concept. In this concept the prebreeder would use a thorium-based fuel
containing highly enriched uranium instead of the low-enrichment uranium-dioxide
duplex-pellet fuel used in the prebreeders of concepts | and 2.
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Chapter 2

PREBREEDER AND BREEDER REACTORS BASED ON LIGHT-WATER-
BREEDER (LWBR) TYPE | MODULES

2.1 GENERAL DESCRIPTION OF THE CONCEPT

The prebreeder and breeder concepts discussed here are based on an array of
fuei modules that are geometrically identical with the type I modules of the Shipping-
port LWBR core, except that the seed lattice of the breeder module has been altered
to reduce the Zircaioy content,

The Shippingport LWBR core and the principles of its operation are briefly du-
scribed below. This description also applies to the present prebreeder and breeder
concepts with the exceptions noted. Tables 2-1 through 2-4 list the parameters for
the breeder and prebreeder concepts.

The Shippingport LWBR core has 12 hexagonal seed-blanket fuel modules surrounded
by 15 reflector-blanket modules to form a nearly circular array. The three central
modules are of type I. They mea ure 17 inches across the flats of their hexagonal
shape and have an active (i.e., containing uranium-233) fuel length of 84 inches; in
addition they have axial reflector blankets of thoria measuring about 10 inches at
top and bottom. Each of the 12 seed-blanket modules consists of a central movable
seed assembly surrounded by a stationary blanket assembly.

The module arrangement of the present orebreeder and breeder concepts is shown
in Figure 2-1, and the arrangement of fuel rods in a type I module is shown in
Figure 2-2. The cores would consist of 109 seed-blanket modules, surrounded by 54
reflector-blanket modules to form a nearly circular array. Each of the 109 seed-blanket
modules would be geometrically identical with the LWBR type I Shippingport module.
The prebreeder and breeder cores would fit into a pressure vessel with a 238-inch
inside diameter.

In the Shippiny vort LWBR seed-blanket modules, the fuel in both the movable
seed assemblies and ‘he fixed blanket assemblies consists of natural thorium oxide
or a binary mixture of uranium-233 oxide and thorium oxide. The average enrichment
(ratio of uranium-232 to total heavy metal) is higher in the movable seed assemblies
than in the fixed blanket assemblies. In the present prebreeder concept, the fuel
would consist of natural thorium oxide (containing no uranium) and of moderately
enriched uranium oxide (performing the same function as the binary mixture of uranium-
233 oxide and thorium oxide). The geometric arrangement of the fuel is shown in
Figures 2-3 and 2-4.

2.1.1 FUEL DESCRIPTION

The fuel material in the Shippingport LWBR is thorium dioxide with up to 5.9%
of uranium-233 dioxide. The fuel-rod support grids are made from AM-350 steel.
These are the only materials used in the Shippingport LWBR that are not used in current
commercial light-water reactor (LWR) cores. Thorium dioxide and highly enriched
uranium dioxide were used successfully in the first Indian Point core, and many in-
reactor and out-of-reactor tests were made on the Shippingport LWBR fuel and AM-350
grids before the Shippingport LWBR core went into operation. For the present pre-
breeder and breeder concepts it is assumed that Zircaloy grids will be used. Although
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Zircaloy grids are being used in commercial PWR cores, their use in a close-packed
hexagonal array characteristic of a breeder reactor has yet to be proven.

The fuel for the Shippingport LWBR core is in the form of cylindrical ceramic
pellets inside Zircaloy-4 rods. The pellets are either a high-density solid solution of
uranium-233 oxide in thorium oxide or pure high-density thorium oxide. The fuel for the
present breeder concept would be similar to the Shippingport LWBR fuel. The present
prebreeder concept also uses Zircaloy-4 rods, but the pellet configuration would be
different. All of the thorium would be present in the form of cylindrical pellets of
thoriumoxide. However, the moderately enriched uranium would be in the form of annular
pellets containing a high-density ternary solid solution of uranium oxide, zirconium
oxide, and calcium oxide. The core of the annulus would contain a pellet of thorium
oxide. Figure 2-5 shows this arrangement, which is called a duplex fuel pellet. The
purpose of this pellet design is to permit the separation during fuel reprocessing of
uranium-233 bred in thorium from the uranium (primarily 235, 236, and 238) resulting
from the initial fissile charge.

2.1.2 REACTIVITY CONTROL

Reactivity control in the Shippingport LWBR is achieved by lifting or lowering
the movable seed assemblies (see Figure 2-3). There are no control rods, soluble poison,
or fixed burnable poisons for reactivity control during normal operation or shutdown.
Changing the axial position of the movable seed assembly relative to the fixed blanket
assembly changes the relative rates of neutron absorptions in fissile (uranium-233)
and fertile (thorium) material and thereby changes the reactivity. This method of
reactivity control eliminates neutron losses to control poison; in the Shippingport LWBR
and in the present breeder concept it is necessary if breeding is to be achieved. In
the present prebreeder concept where the fissile fuel would be uranium-235 and the
fertile fuels would be thc-ium and uranium-238, this method of reactivity control
would lead to a relatively high annual production rate of uranium-233,

2.1.3 ACCOMMODATION IN EXISTING PHYSICAL PLANTS

The Shippingport LWBR core was designed to be backfittad into the existing
pressure vessel at the Shippingport Atomic Power Station. A new pressure-vessel
head and new control-drive mechanisms were required, but the remainder of the plant
needed no modification to accommodate the core. Some features, such as flywheel
generators were added to provide ample margin for a loss-of-coolant-flow accident.
If a plant were built to accommodate the present concepts, only the reactor vessel,
closure head and control-drive mech.nisms would be significantly different from those
in a conventional PWR plant with the same thermal output as the conceptual prebreeder
or breeder. The remaining components would be very similar to those in the reference
plant, although the containment, pumps, and pressurizer might have to be larger than
those of the reference plant because of the larger core.

2.1.4 FUEL MANAGEMENT AND FUELING ALTERNATIVES

For the present prebreeder concept, the mass flows are based on unloading and
reloading the entire core every 3 years. A fuel-management plan similar to current
commercial practice would also be possible. For the present breeder concept, a more
conventional fuel-management scheme would be used: one-third of the core is assumed
to be replaced each year,
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2.1.4.1 Prebreeder Concept

A prebreeder fueling alternative that is possible in principle but has not been
studied is to refuel one-third of the core annually. This plan might improve the power
distribution and permit operation at higher power. Other refueling strategies, such
as semiannual refueling, could also be used. However, it is expected that there would
be very little effect on resource utilization because with movable-fuel reactivity con-
trol there would be no loss of neutrons to control poisons; hence changing the refueling
strategy would not change the number of neutrons available for capture in fertile atoms.

2.1.4.2 Breeder Concept

For the breeder concept the possible fueling alternatives would be as follows:
reduction in fissile inventory, operation at a higher power density, and operation to
a higher fuel burnup. Since any or all of these alternatives would reduce the conversion
ratio, breeding may no longer be achieved, in which case the core would operate as
a high-gain converter. In comparison to the breeder, a high-gain converter would in
some cases reduce short-term (30 years) mining requirements but would in all cases
increase long-term (100 years or more) requirements. A reduction in short-term require-
ments would result from a reduction in fissile loading.

2.1.5 FUEL CYCLES ‘

The prebreeder and breeder concepts would be based on an array of hexagonal
fuel modules each of which would be geometrically identical with the Type I modules
of the Shippingport LWBR core, except that the seed lattice of the breeder module
would be altered to reduce the Zircaloy content. The core modules would be surrounded
by reflecting blanket modules. Reactivity control would be achieved by lifting or
lowering movable fuel assemblies. The prebreeder and breeder phases would have
the same physical arrangement except for the movable fuel assembly.

2.1.5.1 Prebreeder Concept Based on LWBR Type I Modules

The prebreeder would use less than 20% enriched uranium-235 fuel in the form
of UO7-ZrO2-CaO (ternary) duplex pellets alternating with thorium dioxide pellets
in the fuel rods. The duplex pellet would consist of a ternary annulus around a cylin-
drical thorium dioxide center. The spent fuel would be reprocessed in two stages
to recover uranium, plutouium, and thorium. The first stage would recover the uranium-
235 remaining in the UO2-ZrO2-Ca0 annulus. The second stage would recover the
bred uranium-233 from the thoria. The uranium-235 would be recycled. The plutonium
and the bred uranium-233 would be sent to secure storage and the thorium would be
sent to l0-year interim storage. A diagram of a typical cycle is shown in Figure 2-6,

2.1.5.2 Breeder Concept Based on LWBR Type I Modules

The breeder would be fueled with a binary solid solution of highly enriched (>84%
uranium-233) urania and thorium dioxide in the form of pellets. The spent fuel would
be reprocessed to recover the uranium-233 which would be recycled to remote fuel
fabrication. The thorium would be separated and also recycled to remote fuel fabrication.
A flow diagram for a typical cycle is shown in Figure 2-7.
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2.1.5.3 Quantitative Fuel Inventories

Table 2-5 summarizes the overall fuel-management information, including the
separative-work requirements typical ot this concept. Table 2-6 shows the calculated
isotopic makeup of cycle 6 of a typical prebreeder core, Table 2-7 show; the calculated
isotopic makeup of the equilibrium cycle for a possible breeder, anc Tables 2-8 and
2-9 show the calculated overall isotopic makeup of the typical system over its 30-year
history. Figures 2-6 and 2-7 indicate the isotopic mass flows for the prebreeder and
breeder concepts, respectively, if scaled to 1,000 MW=, The quantities of isotopes in
Tables 2-8 and 2-9 have been multiplied by the factors 1,000/721 and 1,000/711!, respec-
tively, to obtain the values shown in Figures 2-6 and 2-7. (The quantities 721 and
711 would be the net electrical powers for the prebreeder and breeder, respectively, as
given in Table 2-1.)

2.1.5.4 Fuel Reprocessing and Refabrication

The reprocessing of LWBR fuel would be similar to the reprocessing of LWR fuel
in that high-grade fissile material of high toxicity would be generated and handled,
although the fission-product concentration in the breeder fuel would be lower than
that in the LWR fuel. The uranium-233 recovered from LWBR fuel would contain about
2,500 to 4,500 ppm of uranium-232 whose daughter products emit a more penetrating
radiatior, than do the transuranic isotopes of the LWR fuel cycle and would require
more highly automated and shielded fabrication equipment for breeder fuel. Fabrication
equipment for prebreeder fuel would differ little, if at all, from that of LWR fuel.
Although the penetrating radiation from the uranium-232 accompanying uranium-233
would present difficulties in fabrication, it would also deter diversion.
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Table 2-1. Generalized performance specifications:
prebreeder and breeder concepts based on LWBR Lype I modules

Parameter Prebreeder core Breeder core?

Power plant performance parameters

Reactor thermal power output, MWt 2,026 2,026
Net electrical power output, MWe 721 711
Plant heat rate, Btu/kW-hr 9,590 9,720

Performance parameters

Core heat output, MWt 2,026 2,026
Core volume, litersP 38,600 38,600
Core loading (first core), kg
Heavy metalP 148,000 164,000
Fissile fuel 4,388 3,528
Conversion ratio (cycle average)® 0.72 ~1.02
Fissile inventory ratio® 0.90 ~1.01
Average discharge burnup, MwWd /MTHMS » D 11,200 10,100
Peak discharge burnup, MWd/MTHMd,D 51,100 ~ 46,000
Fuel type ThO7 core with Binary
U049 /Zr0y /Cal U02 /ThO7
annulus
Reactor inlet temperature, °OF 582 585
Reactor outlet temperature, °F 613 610

possible technological advances over the Shippingport LWBR design have
been factored into the breeder core concept.

becluding axial and radial reflectors.

€Includes fissile plutonium production in prebreeder; breeder values
are for equilibrium cycle and do not include plutonium production.

dHeavy metal charged.



Table 2-2. Reactor concept data:

prebreeder and breeder concepts based on LWBR type I modules

Parameter

Prebreeder core?

Breeder core@

Geometric information

Core height, cm@ 213 213
Number of core enrichment zones 5 5
Number of assemblies? 109 109
Equivalent diameter, cm? 478 478
Number of pins per assembly® 619/444 325/ 444
Pin pitch-to-diameter ratiob 1.21/1.10 1.234/1.102
Overall assembly length, cm 366 366
Lattice pitch, cm 0.94/1.60 1.313/1.600
Assembly material Machined Machined
Zircaloy-4 Zircaloy-4
grids grids
Cladding parameters
Cladding outside diameter, milsP 306/571.5 419/571.5
Cladding wall thickness, milsb»¢ 22/27.75 21/28
Cladding material Zircaloy=-4 Zircaloy-4
BOC6/BOEC fissile inventory, kg€ 4,453 4,610
External fissile inventory, kg9r® 4,453/4,453 1,563/3,125
Fissile gain or loss, kg/cycled 471 (loss) 12 (gain)
Specific power, kW/kg fissilef 455 574
Specific power, kW/kg HM 13.7 12.3
Power density, kW/liter 52.4 52.4

AExcluding axial and radial reflectors.
bpairs of values indicate seed rods/blanket rods.

cB0C® means beginning of the sixth 3-year prebreeder cycle; BOEC means
beginning of an equilibrium cycle in the breeder.
dBreeder value for equilibrium cycle.
®Inventories are for 1 year out-of-core time/2 years ocut-of-core time.
Breeder value for initial cycle.



Table 2-3. Fuel-assembly volume fractions:
prebreeder »nd breeder concepts based on LWBR type I modules

Initial-cycle prebreeder core Equilibrium-cycle breeder core

Component? Seed Blanket Seed Blanket
Fuelb 0.330 0.546 0.384 0.566
Coolant® 0.39% 0.285 0.407 0.265
Structure 0.276 0.169 0.209 0.169

Total 1.000 1.000 1.000 1.000

8Reactivity control obtained by movable seed assembly.
bIncludes pellet velume only.
€Includes coolant between modules.

Table 2-4. Core-region volume fractions:
prebreeder and breeder concepts based on LWBR type I modules

Initial-cycle Equilibrium-cycle
Component? prebreeder coreb breeder coreP
Fuel® 0.473 0.500
Coolantd 0.315 .317
Structure 0.212 0.183
Totzl 1.000 1.000

8Reactivity control obtained by movable seed assembly.
PExcludes radial reflector.

€Includes pellet volume only.

dIncludes coolant between modules.
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Table 2-5. Fuel-management information for prebreeder and breeder concepts
based on LWBR type I modules

Parameter Prebreeder core Breeder cor=

Average capacity factor, % 75 75
Approximate fraction of core replaced 1.0 1/3
Lag time assumed between fuel discharge and recycle reload 3 yr 1 yr/2 yr
Fissile material loss fractions (2

Fabrication loss fraction 0.01

Conversion loss fraction 0.005

Reprocessing loss fraction 0.01
Requirements (ST/GWe) U308 ThO, ThO,

Initial core 1,556 295 425

Cycle 5 or equilibrium reload requirement 575 8.3 2.6

30-year cumulative requiremeatsbsc,d 3,063/3,788 1,288/1,299 (e)

50-year cumulative requirements 3,063/3,788 1,288/1,299 (e)

100-year cumulative requirements 3,063/3,788 1,288/1,299 (e)
Separative— ork requirements,f 103 MTSWU/GWe

Initial core 1,405 0

Cycle 5 reload 548 )

30-year cumulative requirementd 2,910/3,599 0

50-year cumulative requirement 2,910/3,599 0

100-year cumulative requirement 2,910/3,599 0

3Fissile losses during recycle are assumed to be 2% for the first 40 years of operation and 1%
thereaftet, reflecting improved recycle technology in later generation recycle plants.

bpabrication and reprocessing losses are assumed to be 1% each for first 40 years of operation
and 0.52 thereafter, reflecting improved recycle technology in later generation recycle plants.

€Assumed thorium oxide out-of-core time is 10 years during prebreeder operation and 1 or 2 years
for breeder operation. At the end of prebreeder operation nearly all the thorium oxide mined for
prebreeder use would be available for recycle into a breeder reactor. Breeder thorium oxide re-
quirements are shown independent of this thorium oxide source.

dprebreeder requirements are given for 1 year out-of-core time/2 years out-of-core time.

©The 1,244 short tons of thorium dioxide recovered from prebreeder is sufficient for 200 to
250 years of breeder operation.

Uranium hexafluoride conversion losses are assumed to occur during -~onversion of uranium dioxide
to uranium hexafluoride. No losses are assumed for reconversion from uranmim h_..z2fluoride to uranium
dioxide.



Table 2-6.

core concept

Fuel inventory for cycle 6 prebreeder

Quantity (kg)

Isotope BOCA EOCP
Thorium=232 126,015.0 124,608.0
Protactinium-233 0.0 74.0
Uranium=-232 0.0 2.5
Uranium=-233 0.0 843.0
Uranium-234 0.0 67.0
Uranium=-235 4,452.8 2,886.7
Uranium-236 403.0 642.0
Uranium-238 17,408.2 17,064.0
Plutonium=-239 0.0 155.4
Plutonium=240 0.0 30.7
Plutonium=-241 0.0 20.4
Plutonium=242 0.0 2+3

3Beginning of the sixth 3-year prebreeder cycle.
End of the sixth 3-year prebreeder cycle.

Table 2-7.

Fuel inventory for equilibrium cycie:

breeder concept based on LWBR type I modules?@

Quantity (kg)

Zone 1 Zone 2 ”-ne 3
Isotope BOEC EOEC BOEC EOEC BOEC EOEC
Thorium=232 79,961.0 79,751.1 77,595.7 77,399.7 77,399.7 77,210.2
Protactinium=-233 0.0 22.8 75 22:1 T3 22.0
Uranium=232 33 3:1 3.0 3.0 3.0 ¢ i
Uranium-233 1;321.5 1,306.6 1,285.9 1,274.4 1,288:9 1,273.7
Uranium=-234 597.0 600.6 584.4 585.7 585.7 585.4
Uranium=-235 238.0 239.4 233.0 233.5 233.5 233.4
Uranium=-236 163.5 164.4 160.0 160.4 160.4 160.3
Fission products 0.0 196.9 191.5 383.1 383.1 574.6

Abbreviations:
equilibrium cycle.
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Table 2-8. Reactor charge data

Reactor charge (kg)

01-Z

Year Th-232 U-232 U-233 U-234 U-235 U-236 U-238 Total
0.0 168,100.0 0.0 0.0 0.0 4,388.3 0.0 17,553.2 190,041.5
3.0 168,100.0 0.0 0.0 0.0 4,388.3 0.0 17,553.2 190,041.5
6.0 168,100.0 0.0 0.0 0.0 4,426.7 239.9 17,466.9 190,233.5
9.0 168,100.0 0.0 0.0 0.0 4,426.7 239.9 17,466.9 190,233.5

12.0 168,100.0 0.0 0.0 0.0 4,452.8 403.0 17,408.2 190,364.0

15.0 168,100.0 0.0 0.0 0.0 4,452.8 403.0 17,408.2 190, 364.0

18.0 168,100.0 0.0 0.0 0.0 4,470.5 513.6 17,368.4 190,452.5

19.8 238,496.0 14.3 3,481.3 331.4 47.1 3.5 0.0 242,373.6

20.8 80,957.4 4.9 1,181.7 112.5 16.0 1.2 0.0 82,273.6

21.8 80,957.4 4.9 1,181.7 112.5 16.0 1.2 0.0 82,273.6

22.8 80,931.1 4.8 1,183.8 127.5 24.6 2.0 0.0 82,273.9

23.8 80,905.1 4.7 1,185.9 142.4 33.1 2.9 0.0 82,274.1

24.8 80,879.2 4.7 1,187.9 157.3 41.6 3.7 0.0 82,274.4

25.8 80,879.2 4.7 1,187.9 157.3 41.6 3.7 0.0 82,274.4

26.8 80,879.2 4.7 1,187.9 157.3 41.6 3.7 0.0 82,274.4

27.8 80,851.7 4.6 1,194.3 174.3 45.6 4.2 0.0 82,274.6

28.8 80,824.2 4.6 1,200.6 191.2 49.6 4.7 0.0 82,274.9

29.8 80,796.8 4.5 1,206.9 208.1 53.5 5.2 0.0 82,275.1




Table 2-9. Reactor discharge data

Reactor discharge

| 4

(kg)

“Fission

Year Th-232 Pa-233 U-232 U-233 U-234 U-235 U-236 U-238 Pu-239 Pu-240 Pu-241 Pu-242 Total products
3.0 166,654.0 75.8 2.6 869.7 68.6 2,823.0 299.9 17,206.1 156.7 31.0 20.6 2.3 188,210.8 1,800
6.0 166,654.0 75.8 2.6 869.7 68.6 2,823.0 299.9 17,206.1 156.7 31.0 20.6 a3 188,210.8 1,800
9.0 166,654.0 75.8 2.6 869.7 68.6 2,861.4 503.8 17,121.5 155.9 30.8 20.5 2.3 188,367.4 1,800
12.0 166,654.0 75.8 2.6 869.7 68.6 2,861.4 503.8 17,121.5 155.9 30.8 20.5 2:3 188,367.4 1,800
15.0 166,654.0 75.8 2.6 869.7 68.6 2,887.5 642.0 17,064.0 155.4 30.7 20.4 2.3 188,473.5 1,800
18.0 166,654.0 75.8 2.6 869.7 68.6 2,887.5 642.0 17,064.0 155.4 30.7 20.4 2.3 188,473.5 1,800
19.8 167,151.5 77.4 1.5 581.5 35.1 3,447.2 674.6 17,190.8 90.7 17.9 11.9 1.3 189,281.4 1,050

20.8 80,724.5 26.2 4.8 1,167.2 128.5 24,8 2.0 0.0 0.0 0.0 0.0 0.0 82,078.2 196.6

21.8 80,505.1 26.0 4.8 1,172.4 143.6 33.2 p 4% | 0.0 0.0 0.0 0.0 0.0 81,887.9 387.9

80,291.2 25.8 4.7 1,172.2 157.9 41.5 3.7 0.0 0.0 0.0 0.0 0.0 81,697.7 579.3

80,290.5 25.8 4.7 1,172.8 158.3 4i.8 3.7 0.0 0.0 0.0 0.0 0.0 81,697.7 579.3

80,289.3 25.8 h.7 1,172.8 158.7 42.0 3:7 0.0 0.0 0.0 0.0 0.0 81,697.7 579.3

80,261.9 25.7 4.7 1,179.5 175.8 46.0 4.2 0.0 0.0 0.0 0.0 0.0 81,697.7 579.3

80,234.8 25.6 4.6 1,186.0 192.5 49.9 4.7 0.0 0.0 0.0 0.0 0.0 81,698.1 579.3

80,207.7 25.5 4.6 1,192.3 209.2 53.8 5.2 0.0 0.0 0.0 0.0 0.0 81,698.3 579.3

80,207.0 25.5 4.6 1,192.5 209.6 53.9 - % 0.0 0.0 0.0 0.0 0.0 81,698.3 579.3

80,206.3 25.5 4.6 1,192.7 210.1 54.0 $.2 0.0 0.0 0.0 0.0 0.0 81,698.3 579.3

80,178.6 25.4 4.5 1,199.1 217.3 58.0 L 0.0 0.0 0.0 0.0 0.0 81,698.5 579.4




Figure 2-1.  Full core cross
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2,2 FUEL MECHANICAL, NUCLEAR, AND THERMAL-HYDRAULIC
CONSIDERATIONS

Since the Shippingport LWBR design was supported by an extensive program
of in-reactor and out-of-reactor testing, and the core has operated satisfactorily for
over 12,000 hours as of the end of September 1979 effective ful!-power hours, the
mechanical and thermal-hydraulic design features and the material applications con-
stitute proven concepts. The mechanical and thermal-hydraulic design of the present
prebreeder and breeder concepts and the materials used (except for the grids) are
therefore assumed to be similar to, if not identical with, those of the LWBR.

2,2, MECHANICAL CONSIDERATIONS

2.2.1.1 Fuel-Ro acing Grids and Subassembly Structural Rigidity

In the Shippingport LWBR type | module, the fuel rods are held in place laterally
by a system of AM-350 steel grids. In the present prebreeder and breeder concepts
the grids are assumed to be Zircaloy. The technical capability to substitute Zircaloy
for AM-350 grids will have to be confirmed by development and testing.

The seed assembly would be contained in a Zircaloy shell. Another Zircaloy
shell (the guide tube) would be located inside the annular blanket assembly and provide
a path for lifting and lowering the movable seed assembly. Both shells would provide
structural rigidity for the assemblies. Zircaloy support posts for the grids would also
be present along the outer boundary of the blarxet assembly,

2.2.1.2 Module Suspension

In the Shippingport LWBR core, each of the 12 movable seed assemblies is sus-
pended by a lead screw from the control-drive mechanism, which in turn is attached
to the pressure-vessel head. The stationary assemblies are also suspended from the
head. In the present prebreeder and breeder concepts, the mechanical arrangement for
lifting and lowering the movable seed assemb!ies would be similar to that in the Shipping-
port LWBR; the support and holddown arrangement for the stationary blanket assemblies
in the present concepts has not been specified but could also be similar to that used
in the Shippingport LWBR.

2.2.2 VALIDATION OF CALCULATIONS

Nuclear calculations have been performed by Bettis Atomic Power Laboratory
(Bettis) to estimate reactivity levels, loading requirements, lifetime, and mass flows
for the core. Sufficient calculations were performed to estimate the time-dependent
effects of fuel recycle on these parameters. Nuclear cross sections for use in depletion
calculations were generated by methods that explicitly represent the space and energy
effects on neutron resonance capture. Resource requirements were estimated from
the time-dependent mass-flow data. In addition, thermal and hydraulic calculations
have been performed by the DOE to estimate core power capability.

2.2.2.1 Nuclear Calculations for the Prebreeder

The nuclear performance of the LWBR type | module prebreeder concept was deter-
mined by Bettis from three-dimensional diffusion theory (PDQ) module calculations
using four neutron-energy groups with breakpoints at 0.8 MeV, 5.53 keV, and 0.625 eV.
In these calculations, the height of the movable-fuel section of the module was
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adjusted throughout depletion to provide a critical configuration. Neutron cross sections
for these calculations were determined by means of the PAX03 computer program.

Microscopic cross sections for all important isotopes were obtained with the
PAXO03 program, which combines calculations for fast spectrum, resonance effects,
thermal spectrum, and self-shielding. Geometric input to PAX03 consists of physical
descriptions of the components of the module (e.g., a fuel cell comprised of a fuel
pellet, cladding, and associated water, and a metal-water cell comprised of a guide tube
and associated water) and the relative volumes of these components within the module.
Heterogeneous resonance integrals are determini:d in PAX0? by a collision-probability
method based on the integral Boltzmann equation under the assumption of isotropy in
both the laboratory and center-of-mass systems. All scattering and slowing-down
sources are assumed to be flat over an individual region of the cell. Thermally, spatial
shielding of the cross sections s treated using the Multiple-Sauer method. A point-
depletion capability in PAX03 was used to obtain cross-section behavior as a function
of time. The depletion model used in PAX03 was the same as that used in PDQ. In
this four-energy-group model, «quations describing the depletion behavior ~f all impor-
tant heavy elements and of the predominant fission products were solved. The treatment
of the behavior of fission products used |l major decay chains (28 fission-product
isotopes) and a twelfth fictitious chain to account for the remaining nuclides.

The methods used in calculating the nuclear performance of the conceptual pre-
breeder are refinements of the methods developed and validated in the Shippingport
PWR and LWBR programs, which is the major validation of these methods.

2.2.2.2 Nuclear Calculations for the Breeder

The nuclear performance of the breeder concept was determined by Bettis from
point-depletion calculations utilizing four neutron-energy groups with breakpoints
at 0.8 MeV, 5.53 keV, and 0.625 eV. The neutron cross sections used in these calculations
were obtained from detailed Monte Carlo calculations for representative fuel assemblies.
The point-depletion results were used to estimate reactivity levels, lifetime, breeding
performance, and mass flow for the core.

Effective few-group microscopic cross sections were generated by means of
the RCPOl Monte Carlo program. The Monte Carlo model used 31 energy intervals
to describe neutron energies between 0 eV and 10 MeV, with each interval being further
divided into as many as 1,000 subintervals to permit accurate representation through
all resonances. The primary source of basic cross-section information wcs the ENDF/B
data libraries,

Detailed hexagonal fuel assemblies were represented in the RCPO| calculations,
including explicit geometric representations of the fuel pellet, cladding, moderator,
and, where appropriate, guide tube for each fuel-bearing and non-fuel-bearing rod
in the assembly. The calculated isotopic reaction rates were used to generate highly
accurate few-group microscopic cross sections, appropriate for an entire assembly,
for use in the point-depletion model. To facilitate the ra,id examination of a number
of design concepts, several different RCP0O1 calculations were made to span the range
of fuel temperature, moderator temperature, and fuel-to-coolant ratio anticipated
for the breeder. In addition, heavy-metal isc opic mixes characteristic both of initial
and of equilibriumn-cycle loadings were represented.

Few-group microscopic data from the RCPOl calculations wr-e employed in
the four-neutron-energy group survey depletion model. In this model, equations
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describing depletion chains for all important heavy-metal isotopes and the dominant
fission-product chains for xenon and samarium were solved. Additional fission-product
“hsorption was incorporated via a residual-fission-product nuclide. The point-deple-
Lon results were used to estimate core reactivity levels and lifetimes and to calculate
the ratios of heavy-metal isotopes as a function of fuel depletion. In using this model
to evaluate breeding performance, appropriate adjustments were made to the calculated
conversion ratios to account for leakage and noncritical reactivity levels in the compu-
tations. The estimates of breeding performance and isctopic ratios as a function of
fuel depletion were then combined to obtain the desired estimates of core mass flow.

The method used in calculating the nuclear performance of the breeder evolved
from the methods developed and validated by analysis of the operating LWBR core
at Shippingport.

2.2.2.3 Resource Requirements

The requirements for yellowcake, thorium dioxide, and separative work were
estimated from the prebreeder and breeder mass flows normalized to 1,000-MWe reactors.
The prebreeder is assumed to operate continuously until sufficient uranium-233 has
been generated to supply both in-core and out-of-core inventories for the breeder
as well as the small amount of makeup required through 100 years of operation.

The resource requirements for the conceptual prebreeder-breeder system were
estimated on a cycle-by-cycle basis from the previously calculated mass flows. Integral
results for 30, 50, and 100 years of operation were obtained as sums of the cycle-by-
cycle results normalized to an integrated-system capacity of 1,000 MWe,

2.2.3 THERMAL-HYDRAULIC TONSIDERATIONS

2.2.3.1 Core-Coolant Flow

A common feature of all seed-blanket reactor concepts is that the power density
in the seed assemblies is higher than that in the blanket assemblies. In the Shipping-
port LWBR core, the available flow is apportioned by the use of flow orifice plates
located in the tor and the bottom of ¢ach blanket assemblv., The details of the orificing
arrangement were dictated in part by certain specific features of the Shippingport
plant, such as pumping power. However, the use of orificing would be desirable in
the present prebreeder and breeder concepts to minimize pumping power.

2.2.3.2 Bypass Inlet Flow Balance System

In the Shippingport LWBR core, the bypass inlet flow balance system is used
o counteract the upward hydraulic force on each movable fuel assembly and to insure
that the weight of the assembly is an effective net downward force on the movable
fuel assemblies whenever they are released from the control-drive mechanism. The
net downward force is, in turn, required to insure that the movable fuel assemblies
move downward to subcritical positions when safety shutdown (scram) is signaled by
the plant operating instrumentation and the control-drive mechanism is unlatched
from the lead screw.

The bypass inlet flow balance system consists of a hydraulic piston connected

to the top of each movable seed assembly and associated piping. The piping trans-
mits fluid from the pressure-vessel inlet at the bottom of the pressure vessel to the
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hydraulic piston; the pressure on the hydraulic piston i essentially the core inlet
pressure,

The present prebreeder and breeder concepts also require a system for balancing
the upward hydraulic force on the movable seed assemblies. A system similar to that
used for the Shippingport LWBR could be used.

2.2.3.3 Thermal Analysis Parameters

Thermal performance has been analvzed by Bettis with a simpliiied calculational
model. This model has been qualified by performing detailed module calculations
allowing for the transfer of two-phase fluid properties in three dimensions to predict
local fluid conditions and the critical heat flux. These detailed calculations were
made with the computer program HOTROD, which was used for the thermal analysis
of the Shippingport LWBR core.

The simplified model relates the steady-state overpower thermal performance of
the proposed concept to that of a reference commercial design, such as the Babcock &
Wilcox Standard 205 design (Ref. 1). The difference in total reactor flow between
the proposed concept and the reference design is determined from changes in parameters
that affect the flow, such as the core hydraulic diameter. total core flow area, fuel-
rod length, and the number and type of grids. Mass velocity and inlet temperature
are calculated from the flow for a specified core-average temperature. The hot-channel
critical-heat-flux performance is then determined by factoring in changes in the param-
eters that affect the critical heat flux, such as mass velocity, hydraulic diameter,
inlet temperature, power-peaking factors, and channel length.

Commercial design procedures, methods, hot-channel factors, and critical-heat-
flux correlations provided the basis for the analysis. The peak linear power would
be maintained at a level that results in acceptable fuel element and loss-of-coolant
accident (LOCA) performance,
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2.3 ENVIRONMENTAL CONSIDERATIONS

2.3.1 SUMMARY ASSESSMENT

The thermal effluents from the conceptual breeder and prebreeder based on
L. WBR type | modules would be slightly lower in quantity than those from the reference
LWR. The chemical and biocidal releases would be similar. The radiological impacts
from normal operation are predicted to be about one-third to two-thirds (depending
on which dose component is considered) of those from the reference LWR.

2.3.2 REACTOR AND STEAM-ELECTRIC SYSTEM (R.G. 4.2/3.2)

The prebreeder and breeder concept described in this chapter is one LWBR scheme
that may be capable of meeting current regulations, including the requirements of
Appendix 1 to 10 CFR 50. This scheme would consist of a prebreeder and breeder based
on a fuel-element geometry identical with that of the Shippingport movable-fuel (type
1) LWBR, except that the seed lattice of the breeder is modified to reduce the Zirca-
loy content. The cores would have the same dimensions, thereby allowing the breeder
core to replace the prebreeder core in the same vessel without changes in the mechan-
ical design of the vessel or closure. Typical basic plant parameters are presented
in Table 2-10,

2,3.3 STATION LAND USE

There are no specific features of the LWBR plants that would indicate cifferences
in land use from that of LWR plants.

2.3.4 STATION WATER USE (R.G. 4.2/3.3)

The predominant single use of water is for makeup to the heat-dissipation systems.
Much smaller amounts are required for the plants (after demineralization) as well
as for such uses as laundry, showers, and sanitary facilities (Table 2-11). As shown
in Table 2-1]1 the average annual rate of makeup water required would be 7,900 gpm
at 1,000 MWe. In comparison the LWR reference plant requires 8,500 gpm.

2.3.5 HEAT- ISSIPATION SYSTEMS (R.G. 4.2/3.4)

A 1,000-MWe prebreeder or breeder plant would reject approximately 6.2 x 109
Btu/hr of waste heat. Any of several types of heat-dissipation systems may be used,
depending on site conditions and other factors. One common type is the wet natural-
draft cooling tower. That type of system, with freshwater makeup, was assumed for
this report. The same type of system has been assumed for the reference LWR.

A typical natural-draft cooling tower for a 1,000-MWe unit has a single shell
with a height of about 550 feet and a maximum shell diameter of abovt 410 feet,
Heat is dissipated to the atmosphere by evaporation and by sensible-heat transfer.
Evaporation predominates, but the balance between the two depends on air temperature
and humidity. The average rate of water use therefore varies from month to month.
Blowdown is required to limit the concentration of solids in the circulating water.
For the plants discussed here, a maximum concentration factor of 5 is assumed, although
other values are frequently found. Data for a typical hea’-dissipation system are
shown in Table 2-12 for a site in the north-central United States.
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Circulating water would be periodically chlorinated to control algae and other
slime-forming microorganisms. Typically, chlorine would be added as required to
achieve a residuai chiorine content of 0.5 to 1.0 ppm for | to 2 hours per day. The
cooling-tower blowdown may have a small residual chlorine content during periods
of chlorination,

2.3.6 RADWASTE SYSTEMS AND SOURCE TERMS (R.G. 4.2/3.5)

This section briefly describes sources of radioacti.ity, release paths, and
typical radioactive-waste-processing systems in commercial PWRs. It also presents
estimates of the quantities of radioactivity which might be released. These quantities
are based on releases from a typical PWR (Ref. 2); they are normalized to 1,000 MWe
and adjusted to account for differences in the PWR and LWBR concepts. No specific
attempt has been made to reduce these releases below those for a typical PWR and
no specific plant concept has been selected for the LWBR. Since LWBR cores are
PWR cores, this presents a representative but not exclusive case for review as part
of this effort,

The main differences accounted for are fuel compositioi, reactivity-control
systems, and rates of burnup. The fuel in a typical PWK is a low-enrichment uranium
oxide. In the breeder based on the LWBR type | module concept, the fuel would consist
of a natural thorium oxide or a binary mixture of uranium-233 ox.de and thorium oxide
in both the movable seed assemblies and the fixed blanket assemblies, ratio of uranium-
233 to total heavy metal (i.e., enrichment) being higher in the seed assemblies. The
fuel in the prebreeder, consisting typically of naturii thorium oxide (without uranium)
and a moderately enriched uranium oxide, would perform the same function as the
binary mixture of uranium-233 oxide and thorium oxide in the breeder. The result
of these differences would be a slight shift in the percent fission yield as a function
of mass number,

The reactivity-control systems for the PWR and LWBR concepts also differ.
In the PWR reactivity is controlled by the v<e of various neutron poisoning methods,
including neutron-absorbing control rods, burnable-poison rods, and the addition of
boric acid to the reactor coolant. In the prebreeder and breeder based on the LWBR
type I module, on the other hand, reactivity would be controlled by lifting or lower-
ing movable seed assemblies. By changing the axial position of the seed assemblies
relativi to the stationary blanket assemblies, the relative rates of neutron absorption
by the fissile uranium-233 (or uranium-235) 2~d the fertile thorium (or uranium-238)
would also change, thereby changing the reactiv.ty in the core. The result of this dif-
ference would be the elimination of the use of ‘oron in the reactor. Among other
things, this would eliminate a main source of tritium production.

The last major difference between the PWR and LWBR systems accounted for
in the calculated quantities of radioactivity released is the burnup. The average dis-
charge fuel burnup in the PWR is about 30,000 MWd/MT versus 10,000 MWd/MT for
the LWBR concept. This results in a reduction in radioactivity release rates,

2.3.6.1 Source Terms (R.G. 4.2/3.5.1)

The sources of radioactivity in the plants would be fission products and materials
in the reactor core and coolant that become activated by neutron irradiation. Small
amounts of fission products are released to the reactor coolant through defects in
the fuel cladding, while corrosion and wear products of plant and core materials deposit
on the core, become activated, and would be released to the coolant. The estimates
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of radioactivity releases below are based on the same fuel-failure fraction for the
LWBR and for the PWR, Operating experience may show s'gnificantly lower values
for LWBRs than for PWRs, Periodic radiochemical analyses ot the coolant have shown
no indication of fuel-element failure during the first 10,000 EFPH of operation of
the Shippingport LWBR. To establish this, research, development, and demonstration
will be necessary, using data from the Shippingport LWBR and possibly other fuel
irradiations.

Two isotopes of particular interest are carbon-14 and tritium. Carbon-14 is
produced by an (n,p) reaction of nitrogen-14 and by an (n,a) reaction of oxygen-17.
Tritium is produced by ternary fissions. Radioactivity would be removed from the
reactor coolant by cleanup in the chemical and volume control system and by fluid
removal fro- the system by leakage. Figure 2-8 is a block diagram showing potential
paths for the removal of radioactivity from a typical reactor-coolant system. The
leakage paths would serve as sources of radioactivity to other plant systems.

Figure 2-9 shows typical steam and power-conversion system components that are
most important from the standpoint of radioactivity in the system and releases to
the environment. Noble gases and small amounts of iodine that might leak into the
steam generator would be carried out with the steam, pass through the turbine and
condenser, and be removed from the condenser by the air-removal system. A filter
system would remove most of the iodine, leaving the noble gases and a small amount
of iodine to be discharged into the atmosphere. Noble gases and iodine also could
reach the atmosphere directly in a small amount of steam leakage. Nonvolatile radio-
active materials could collect in the steam-generator liquid. They would be removed
in the blowdown stream, which might go to a condenser and there mix with the conden-
sate; alternatively, it might be held in a blowdown-collection tank and not fed into
the condensate steam. In some plants about 65% of the condensate stream passes
through the condensate-polishing demineralizer as it is returned to the steam gen-
erator. Thus, nonvolatile radioactive isotopes may be collected in the condensate-
polishing demineralizers, or held in a blowdown-collection system.

2.3.6.2 Liquid-Radwaste System (R.G. 4.2/3.5.2)

A miscellaneous-liquid-waste system (Figure 2-10) could process liquid wastes
from the sources described above as well as from such other sources as laundries and
showers, equipment drains, and floor drains. Laundry and shower wastes and conden-
sate from the containment coolers vould be collected and monitored. If there is no
significant radioactivity, these wastes would be discharged, with the laundry and
shower wastes being filtered before discharge. If they contain significant activity,
these streams would be routed to the equipment discussed below for processing.

Waste to be processed would be collected in the waste tanks and passed through
particulate and carbon filters to remove oil and other organics. It would then go to
an evaporaiive waste conceniraior. The concenirates {bottoms) would He sent to the
solid-waste-handling system for solidification and disposal. The distillate would be
passed through an ion exchanger and then sorted in a waste condensate tank for mon-
itoring and discharge. Discharges from the miscellaneous-liquid-waste system might
be directed to the river, lake, ocean, or other body of water on which the plant is
sited. The present analysis is based on this assumption, which is worst-case from a
radiation-discharge standpoint.

Approximate quantities of important isotopes making up the typical liquid radio-
active source term are shown in Table 2-13,
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2.3.6.3 Gaseous-Waste System (R.G. 4.2/3.5.3)

A typical gaseous-waste system is shown in Figure 2-11. Compressed storage would
be provided for gases removed from equipment that processes reactor coolant. These
gases are hydrogen or nitrogen possibly containing small amounts (volumetrically)
of fission products, A recombiner would be provided to allow the removal of hydrogen
or oxygen from the stored gases.

Nitrogen cover gas displaced by filling the reactor drain tank would be com-
pressed in the gaseous-waste system. Hydrogen could be removed by recombination
and the nitrogen stored for reuse as a cover gas.

In addition to these potential major sources of radioactive gases, there are the
potential leakage paths discussed earlier. These would be smali leaks from the reactor-
coolant sys*< 2 to the containment, small leaks of reactor coolant to the auxiliary
building, and small leaks from the reactor-coolant system to the steam and power-
conversion svstem,

A typir .1 containment would be equipped wvith an internal recirculating filter
system cont..ning particulate, absolute, and charc »al filters for the removal of par-
ticulates and radioiodines before containment purge. Such a containment would be
vented or purged through similar filter systems.

The auxiliary-building ventilation system may also coritain particulate, absolute,
and charcoal filters. This systera would filter air exhausted from areas that might
become contaminated by reactor-coolant leakage. Most of the gaseous activity leaking
into the steam and power-conversion system would be contained in air removed from
the condenser. This effluent would also be filtered by particulate, absolute, and char-
coal filters. The calculated gaseous releases of radioactivity are shown in Table 2-14
for this iypicai PWR type plant system.

2.3.6.4 So.id-Radwaste Systems (R.G. 4.2/3.5.4)

Materiais transferred to ihe solid-radwaste system for disposal woula include
spent demineralizer (ion-exchange) resins and evaporator concentrates. These would
be solidified for offsite disposal. Other solid wastes (contaminated clothing, paper,
and filters) would also be sent off the site for disposal. A total of 1,050 drums (capa-
city 55 gallons) is estimated to be shipped for offsite disposal each year. This is the
same estimate used for the reference LWR.

2.3.7 CHEMICAL AND BiOCIDAL WASTES

The primary sources of chemical and biocidal wastes would be the cooling-tower
blowdown stream and chemical effluents from the regeneration of demineralizers
(ion-exchanger resins) that treat makeup water, The cooling-tower blowdown stream
would contain dissolved solids that enter the makeup stream and are concentrated
by evaporation during operation of the cnoling towers. This stream would also inter-
mittently contain a small chlorine resicual from chlorination of the condenser cool-
ing water (Section 2.3.5).

Acid and caustic soda solutions wouid be used for demineralizer regeneration,

These wastes would be held up and neutralized before discharge. They would contain
no radioactivity.
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2.3.8 EFFECTS OF OPERATION OF THE HEAT-DISSIPATION SYSTEM (R.G. 4.2/5.1)

The quoted thermal efficiency of the prebreeder concept and of the breeder
concept is slightly higher than that of the reference LWR. The effects are therefore
a fraction of a percent smaller than those for the reference LWR.

2.3.9 RADIOLOGICAL IMPACTS FROM ROUTINE OPERATIONS (R.G. 4.2/5.2)

The radiation-dose contributions from liquid effluents from the typical PWR
plant described above are listed by nuclide in Table 2-15; those from noble gases and
from radioiodines and particulates are shown on Tables 2-16 and 2-17, respectively.
The doses are lower than those for the reference LWR by factors of 0.3 to 0.6. These
values are within the guidelines of Appendix | guidelines (applicable to LWRs) and
therefore should not represent any problem in licensing.

2.3.10 EFFECTS OF CHEMICAL AND BIOCIDAL DISCHARGES (R.G. 4.2/5.3)

The chemical and biocidal discharges would be similar to those from the refer-
ence LWR; therefore the effects will also be similar.

2.3.11 OCCUPATIONAL EXPOSURE

Compilations and studies of historical data show that workers in typical com-
mercial PWR plants are exposed to an integrated radiation dose that averages 400 to
500 man-rem/yr-unit, Since this is related to plant design and is not greatly affected
by the installed core, a backfit prebreeder/breeder system based on LWBR tvpe | mod-
ules installed in a typical commercial PWR plant such as that described here would
yield similar exposure rates. Most of this dose would be incurred in maintenance and
repair activities; much smaller amounts would be received in reactor operation, waste
processing, and refueling. Exposures of this magnitude may be expected for the units
discussed nere, regardless of the type of core installed.
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Table 2-10. Basic parameters describing the prebreeder and
breeder concepts based on LWBR type I modules

Parameter Prebreeder Breeder
Fuel cycle U-Th recycle U-Th breeder
Burnup, MWd/MT 11,000 10,100
Base reactor thermal

output, MWt 2,026 2,026
Electrical output, MWe 721 711
Normalized electrical

output, MWe 1,000 1,000
Heat rate, Btu/kW-hr 9,590 9,720
Heat dissipation rate at

1,000 MWe, Btu/hr 6.2 x 109 6.3 x 109

Table 2-11. Typical station water use for a
1,000-MWe plant

Use Flow (gpm)
Makeup to cooling-tower
system (maximum) 13,400
Makeup to cooling-tower
system (average) 7,900

Input to laundry, hot
showers, sanitary and

potable water 3
Input to demineralized-

water system 140
Demineralized-water-system

waste 10

Table 2-12. Typical heat-dissipation-system design
data for a wet natural-draft cooling tower for a
1,000-MWe plant

Heat-dissipation rate

(maximum, full power), Btu/hr 6.2 x 109
Evaporation and drif:

(maximum, full power), gpm 10,600
Evaporation and drift

(annual average), gpm 6,300
Blowdown (maximum), gpm 2,800
Blowdown (annual average), gpm 1,600
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Table 2~-13.

Liquid radioactive release source terms for a
tyvical commercial PWR plant described here with LWBR-type
core installed

Nuclide (Ci/yr) Nuclide (Ci/yr)
Bromine-82 0.00007 Cesium-138 0.00001
Bromine-83 0.0001 Barium=-139 0.00002
Rubidium-86 0.00002 Barium-140 0.0001
Strontium-89 0.0002 Lanthanum-140 0.00005
Strontium=-91 0.00005 Cerium-141 0.00001
Yttrium=91m 0.00001 Cerium=-143 ———
Yttrium=-91 0.00008 Praseodymium-143 0.00001
Zirconium=-95 0.00001 Cerium=~144 0.00002
Niobium-95 0.00001 Praseodymium-144 0.00001
Molybde num-99 0.0001 Neodymium-147 ———
Technetium-99m 0.0001 Sodiuim-24 0.00005
Ruthenium-103 0.00001 Phosphorus=-32 0.00001
Rhenium=103m 0.00001 Phosphorus=-33 0.00005
Tellurium=125m —— Chromium=-51 0.00007
Tellurium=-127m 0.0001 Manganese~-54 ———
Tellurium=-127 0.0002 Manganese-56 0.0003
Tellurium=129m 0.0002 Iron-55 0.00007
Tellurium-129 0.00009 Iron-59 0.00007
Iodine-130 0.0002 Cobalt-58 0.001
Tellurium=131m 0.0002 Cobalt-60 0.00012
Tellurium=-131 0.00005 Nickel=65 0.00001
lodine~131 0.07 Niobium=92 0.00003
Tellurium=132 0.005 Tin=117m 0.00001
Iodine-132 0.005 Tungsten-185 0.00001
Iodine~133 0.04 Tungsten-187 0.0002
lodine-134 0.00003 Neptunium-239 0.0001
Cesium=-134m 0.00002 Protactinium=-233 0.00001
Cesium-134 0.002 All othersP 0.00005
Iodine-135 0.008 Total® 0.15
Cesium=-136 0.005
Cesium-137 0.005 Tritium 100
Barium=137m 0.005

4Normalized to 1,000 MWe.

bIncludes isotopes with discharges of less than 10-5

Ci/yr-unit.

€Does not include tritium,



Table 2-15,

Table 2-14,

Gaseous radioactive releases for

a typical commercial PWR plant described here
with LWBR-type core installed?

Nuclide (Ci/yr) LWR
Krypton-83m 1 1
Krypton-85m 14 11
Krypton-85 380 380
Krypton-87 2 2
Krypton-88 16 14
Krypton-89 1 1
Xenon=131m 23 44
Xenon-133m 40 80
Xenon-133 2,800 1,200
Xenon-135m 1 1
Xenon-135 62 50
Xenon-137 1 1
Xenon-139 1 1
Icdine~131 0.03 0.05
lodine~133 0.03 0.06
Tritium 175 580
Carbon-14 3.0 6.0
Particulates 0.025 0.05

Normalized to 1,000 MwWe.

Contributions to doses by liquid effluents
for a typical commercial PWR plant described here with
LWBR~-type core installed

Contribution (Z) to organ dose

Adult
Nuclide whole body Critical organ
Tritium 20 2
Cesium-134 27 1
Cesium~-136 9 1
Cesium-137 40 1
Iodine-131 88
Iodine-133 8
Others 4 2
Ratio of dose to that
from reference LWR 0.35 0.49
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Table 2-16. Contribuv’ -ns to doses by noble gases for
a typical commerci ‘ "WR plant descvibed here with
LWBR- cype core installed

Contribution (%) to
organ dose

Nuclide Whole body Skin
Krypton-83m (a) (a)
Krypton-85m 1 1
Krypton=-85 1 22
Krypton-87 1 1
Krypton-88 22 9
Krypton-89 1 1
Xenon-131m (a) 2
Xenon=133m (a) (a)
Xenon-133 62 55
Xenon=135m (a) (a)
Xenon-135 19 9
Xenon=137 (a) (a)

Ratio of dose to that
from reference LWR 0.44 0.46

Less than 1%.

Table 2-17. Contributions to doses by radioiodines and
particulates for a typical commercial PWR plant
described here with LWBR-type core installed

Contribution (%) to organ dose

Nuclide’ Infant thyroid Child thyroid
Iodine-131 97 93
lodine-133 1 1
Carbon-14 1 4
Tritium (a) 2

Ratio of dose to that
from reference LWR 0.60 0.58

ALess than 1%.
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Figure 2-8. Reactor coolant, chemical, and volume-control systems for typical
commercial PWR plant described here with LWBR-type core installed.
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plant described here with LWBR-type core installed.

2-35



2.4 SAFETY_ CONSIDERATIONS

24,0 UNIQUE SAFETY ASPECTS OF THE LWBR CONCEPT

This section discusses the major unique features of the LWBR concept as com-
pared with other PWRs., These features were evaluated in the Shippingport LWBR
safety analysis and were found to be acceptable in the NRC review,

2.4.1.1 Tight Lattice

The rod-to-rod spacing in the LWBR is 60 mils rather than the 120 mils used
in commercial PWRs. The close spacing requires a different fuel-element and grid
design and different fuel-assembly procedures compared with those used in commercial
practice to avoid fuel rod-to-structure and rod-to-rod contact. In setting core oper-
ational limits (specifications of set points and allowable power increase) for the
Shippingport LWBR it was assumed that rod-to-structure contact does occur, Extensive
in-reactor and out-of-recctor tests with rods in contact have been completed. Design
assessments of fuel-rod bowing in the Shippingport LWBR core predict that rod-to-
rod contact is unlikely but ever, if it were to occur, it is calculated to be acceptable,
Bowing analysis of the blanke. has been completed on a worst-case basis, and the rod-
to-rod spacing has been de.ermined as a function of reactor lifetime. These data
demonstrate that adequat: margin is incorporated into the Shippingport LWBR design
and indicate that a commercial-scale reactor of this design should be feasible.

2.4,1.2 Core Thermal Margins

Thermal-analysis programs and correlations for the Shippingport LWBR have
been sroved applicable for thermal-hydraulic analyses under widely ranging axial and
radia! heat-flux distributions in a close rod array, including a coupled-region inter-
face. The critical-heat-flux correlation for the Shippingport LWBR conservatively
predicts the data for the full range of tne Shippingport LWBR geometries and heat-
flux distributions. Additional critical heat flux testing may be required to confirm
the acceptability of the breeder seed lattice modifications mentioned above,

2.4.1.3 Provision for_Accident Prevention

The probability of accident initiation for the Shippingport LWBR is comparable
to that of any other PWR. The safety and protection of the Shippingport LWBR plant
have been designed in accordance with regulatory guidelines and requirements., An
emergency core-cooling system appropriate to an LWBR has been incorporated into
the Shippingport design. No impediment to providing comparable protection features
in a larger plant has been identified.

2.4.1.4 Acceptability of Movable Fuel for Reactivity Control

To date, all reactivity-control functions required by an operating nuclear power
plant have been satisfactorily performed in the Shippingport LWBR by means of the
mnvable fuel. These include control functions required for shutdown, plant heatup,
power operation, and lifetime reactivity changes.

For large-core applications using fuel management, the amount of control required
should be significantly smaller than that available in the LWBR demonstration. However,
since the reactivity increase available from one control assembly during power opera-
tion is greater in the LWPRR than in current LWRs, additional consideration will need
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to be given to control-mechanism design to assure that control-element ejection is
not credible, as was done for the Shippingport LWBR core.

2.4.1.5 Power and Temperature Coefficients

The calculation of temperature and power coefficients usirg the design model
has given good agreement for both critical experiments and the operational configura-
tions of the Shippingport LWBR core. Measured and calculated zero-power temperature
coefficients during initial and periodic testing to date have agreed satisfactorily for
both hot and cold conditions. These same gquantities were compared for single-module
exnerimental configurations and showed good agreement, Measured values of full-
power-range reactivity defects during both initial and periodic testing were reproduced
with good agreement by the calculational model. In addition, a measured power coeffi-
cient near full power was also calculated satisfactorily. Calculations have indicated
that the power and temperature coefficients for the present breeder concept would
be similarly predictable and comparably negative. It is expected that the power and
temperature coefficients for the present prebreeder concept would be in the range
between those of current commercial PWR cores and the Shippingport LWBR core.

2.4.1.6 Control Stability and Adequacy

The LWBR core at Shippingport has successfully operated as part of an integrated
commercial power netwurk. This operation has included long periods at constant power,
several weeks of planned swing-load operations, and controlled startup and shutdown
periods from zero to full power. In addition, special tests were run to demonstrate
the dynamic characteristics and response of the plant to typical load-change rates
common in commercial plants. Performance was satisfactory during both swing-load
and steady-state operation and in the special tests. The results indicate that control
stability and adequacy can be maintained in a core with movable-fuel reactivity control.

2.4.1.7 Nuclear Stability

Analytical studies have examined the stability of large uranium-233/thorium
reactors with high power densities against spatiali xenon oscillations and have
compared it with the stability of uranium-fueled PWRs oi comparable sizes and ratings
(Ref. 3). These studies show that uranium-233/thorium systems are inherently
significantly more stable, primarily because of lower total xenon vields, a larger
fraction of xenon-chain yield direct to xenon, and more negative Doppler coefficients
of reactivity. Initial physics testing at the Shippingport LWBR deinonstrated that
the LWBR module design results in a tightly coupled core and provides confidence
that the present breeder concept would have acceptable stability properties. Since
the conceptual prebreeder would operate at less than half the specific power (kW/kg
fissile) of current PWR cores, it is expected that its stability would be at least as
good as that of a commercial PWR.

2.5.1.8 Prebreeder Fuel

The behavior of the fuel, which would be contained in rods identical in outside
dimensions to those used in the Shippingport LWBR design and would be composed of
thorium dioxide pellets and ternary uranium dioxide/zirconium dioxide/calcium oxide
pellets arranged as shown in Figure 2-5, is a potential uncertainty. Sgecifically, the
uncertainty associated with the depletion-dependent behavior of the ternary-oxide
annulus remains to be resolved. The concept requires that the ternary-oxide annulus
have a peak fuel burnup that is about equal to or siightly higher than that in current
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commercial practice (about 50,000 MWd/MT). Design questions remain, however,
on the structural characteristic, of the annular fuel arrangement and on the effect
of the high-temperature inner annular surface on defected-rod performance. These
matters will have to be investigated before the capabilities of such a syster can be
established, The prebreeder fuel system is being evaluated for possible further develop-
ment under the DOE Advanced Water Breeder Applications program, including analytical
work to extend the scope of present fuel-element modeling and irradiation testing.

Placing the fissile fuel annulus around the thorium dioxide core, which initially
would contain no fissile fuel, would cause most of the lission energy to be generated
close to the cladding and therefore would result in lower average fuel-element tem-
peratures than would be obtained with a solid uranium dioxide pellet. The primary
purpose of this arrangement is to accommodate a volume of thorium dioxide fuel in
the fuel element without derating it and to provide an arrangement whereby selective
fuel dissolution during reprocessing would vield relatively pure uranium-233, In addi-
tion, preliminary calculations indicate that the arrangement may also have the advantage
of reducing the fuel-cladding temperature during a loss-of-coolant accident.

24,2 DESIGN-BASIS CRITERIA
The Shippingport LWBR design has been reviewed by the NRC and by the

Advisory Committee on Reactor Safeguards. There are no known changes that are
required in the design-basis criteria.
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2.5 LICENSING STATUS AND CONSIDERATIONS

2.5.1 STATUS

The prebreeder and breeder core concepts would contain modules similar to the
type 1 modules now being used in the Shippingport LWBR. The conceptual prebreeder
nodule would be is identical with the LWBR type | module with the exception of the
fuel in the fuel elements. The conceptual breeder module would be identical with
the LWRR type | module from a safety standpoint.

Before the Shippingport LWBR started operating, it was reviewed by the NRC,
the Advisory Committee on Reactor Safeguards, and an independent group appointed
by the Commonwealth of Pennsylvania. The reviews uncovered no safety-related
licensing issues for this 60-Mw experimental reactor with a planned 3-year operating
period, indicating any concerns significantly different from those of commercial PWRs.
The NRC has not yet reviewed a large, commercial-size light-water breeder reactor
design, but some issues have been identifiea. These issues can probably be resolved
during the engineering development of commercial plants. The design-basis criteria
reviewed by the NRC for the Shippingport light-water breeder reactor are not expected
to change for the large commercial light-water breeder design, except as these criteria
may be generally changed for all reactors as a result of the ongoing reviews of the
Three Mile Island incident. It is believed that the existing LWBR Safety Analysis
Report, the approximatelv 250 technical reports published to date on LWBR development
and engineering test work, the numerous government agency and public reviews, and the
successful operation of the Shippingport LWBR have greatly minimized the uncertainty
in developing and licensing a commercial-size version.

The LWBR core is now operating in the Shippingport Atomic Power Station with
a core loading of U-233/Th fiel and more than 12,000 effective full-power hours of
operation have been completed as of the end of September 197S. All test and operating
results are satisfactory to date with core behavior being well within the uncertainty
limits provided for in core-performance predictions.

2.5.2 UNRESOLVED ENVIRONMENTAL AND LICENSING CONSIDERATIONS

The principal environmental and licensing issues remaining with respect to the
reactor concepts reported here are those generic to the recycle of fuel from fission
reactors and the management of their wastes, The uranium-232 produced by the
irradiation of thorium fuel has some advantages and some disadvantages relative to
uranium fuel recycle,

2.5.3 PLANT OPERABILITY

As mentioned in Section 2.4.1.6, the Shippingport LWBR has successfully operated
as part of an integrated commercial power network. This operation has included long
periods at constant power, several weeks of planned swing-load operations, and controlled
startup and shutdown periods from zero to full power. In addition, special tests were
run to demonstrate the dynamic characteristics and response of the plant to typical
load-change rates common in commercial plants. Performance was satisfactory during
both swing-load and steady-state operation and in the special tests, The results
indicate that plant operability would not be adversely affected by a core with
movable-fuel reactivity control.
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It was noted that LWBRs are expected to be more stable against spatial xenon
instabilities than are current PWRs, partly because of the more negative Doppler coeffi-
cient of reactivity produced by the thorium. In the case of the prebreeder, which
operates at less than half the specific power of current PWR cores, it is expected
that the stability would be at least as good as that of a commercial PWR.

The maintenance of a plant containing either of the present prebreeder or breeder
concepts would be essentially the same as that of a plant containing a conventional
PWR core.
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2.6 TECHNOLOGY STATUS AND RESEARCH, DEVELOPMENT, AND
DEMONSTRATION REQUIREMENTS

2.6.1 GENERAL

The LWBR core has operated successfully for more than 10,000 effective full-
power hours in the Shippingport Atomic Power Station. Therefore, much of the
technology for both the prebreeder and the breeder cores is now available. How-
ever, the use of a prebreeder-breeder system requires the recycle of fuel and the
research and development necessary to implement reprocessing, refabrication, and
waste management.

The characteristically low average power density in LWBR cores (about 50 kW/liter)
would require the development of large pressure vessels which would be required for
application of the advanced breeder concept in a large (1,000 MWe) plant, Under the
DOE Advanced Water Breeder Applications (AWBA) program, a vendor has completed
a study of the feasibility of manufacturing reactor vessels larger than those currently
operating or planned. However, additional studies and confirmation of manufacturing
capabilities for such large reactor vessels will probably be needed.

The main item of reactor research and development for the prebreeder would
be to determine the performance of the fuel. This fuel system is being evaluated
for possible further development under the DOE AWBA program, including analytical
work to extend the scope of present fuel-element modeling and irradiation testing.

Additional items of research, development, and demonstration would be related
to the desirability of improving breeder fuel utilization by reducing the amount of
Zircaloy in the seed-assembly and blanket-assembly shells and by reoptimizing the
seed and blanket lattice. Reducing the Zircaloy structure would require mechanical
design development, and modification of the lattice might require additional critical-
heat-flux testing.

The research, developmient, and demonstration requirements for this concept
are summarized in Table 2-18.

2.6.2 SPECIFIC CONCERNS NEEDING RESOLUTION

2.6.2.1 Minor Accidents

There is no identified reason to suppose that during LWBR operation the effects
of minor accidents and the potential for radioactivity releases and public exposure
would be significantly different from conventional PWRs. The conceptual prebreeder
and breeder cores and a conventional core would have approximately the same
power per module and the same number of fissions per module at refueling.

2.6.2.2 Major Accidents

"Major" accidents include potential fuel-coolant interactions in the seed-
assembly region and recriticalities. Based on calculations of a hypothetical loss-
of-coolant accident for the Shippingport LWBR, it is expected that satisfactory
LOCA performance can be shown for commercial-scale LWBR cores with lattices and
power densities similar to those of the Shippingport LWBR. These calculations show
that there would be almost no hydrogen generation from the reaction of the cladding
with water or steam. The use of fuel rods containing duplex pellets will have to
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be evaluated; preliminary calculations indicate that the performance of these rods
during a LOCA event would be like that of conventional rods containing monolithic
oxide pellets. Additional development will be required to confirm this,
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Table 2-18., Technological advance requirements
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Chapter 3
LIGHT-WATER BACKFIT PREBREEDER SUPPLYING ADVANCED BREEDER

3.1 OVERALL DESCRIPTION OF THE CONCEPT

The conceptual prebreeder reactor described in this chapter would use a core
that could be backfitted into an existing pressurized water reactor (PWR) vessel with-
out any changes to the plant, The core would operate in essentially the same manner
as the PWR core and with a similar fuel-management strategy. However, while operating
to produce power for generating electricity, this prebreeder would also generate signi-
ficant quantitics of uranium-233 which could be used in light-water breeder reactor
(LWBR). The technology for this concept is essentially the same as that for current
PWR cores, with the exception of the fuel system, which would consist of thorium
dioxide pellets and uranium dioxide pellets within the same fuel rod. Uranium dioxide
fuel is used in PWR cores, and thorium dioxide fuel is used in the LWBR core presently
operating at the Shippingport Atomic Power Station.

Tables 3-1 through 3-4 list the parameters for the conceptual light-water pre-
breeder and the advanced breeder.

The advanced-breeder described here would constitute an advance over the LWBR
core presantly operating at the Shippingport Atomic Power Station because it would
have less neutron-absorbing material in its structure, a more uniform power distri-
bution, and a slightly higher average power density than does the Shippingport LWBR
core. However, the operating characteristics would be very similar to those of the
Shippingport LWBR in that reactivity during power operation would be controlled by
means of movable fuel (lifting and lowering of fuel rods).

Because the power density would be lower than that of a conventional PWR core,
¢ . principal application for the advanced breeder de:cribed here would be in new
plants specifically designed to accommodate the breeder :~-ncept. As the technology
for this concept is very similar to that for the Shippingport LWBR core, the deploy-
ment of this concept would require only modest extensions of LWBR technology and
would entail relatively few new licensing, safety, and environmental issues.

The advanced breeder would be self-sustaining. Once the prebreeder has pro-
duced sufficient uranium-233 to supply the in-core and out-of-core requirement for
the breeder, the breeder would continue to operate without requiring new uranium
fuel. An alternative to the present breeder concept would be to operate a breeder-
like core as a high-gain converter. The converter core would differ from the breeder
core in one or more of the following ways: lower fissile-material loading, higher power
density, or higher fuel burnup. A high-gain converter would require small quantities
of makeup uranium-233, whereas the breeder discussed here would not.

3.1.1 BACKFIT PREBREEDER

The present backfit prebreeder concept would be a 205-module core identical in
mechanical design, hydraulic features, and power rating with a reference commercial
PWR plant and core design--here taken to be the Babcock & Wilcox-205 design (Ref. 1).
A cross section of the core is shown in Figure 3-1. The furl, which would be contained
in Zircaloy rods identical in outside dimensions to those used in the reference commer-
cial PWR design, would be composed of thorium dioxide pellets alternating with duplex
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pellets, The thorium dioxide pellets and the duplex pellets would have essentially
the same outer dimensions. The duplex pellets, shown in Figure 3-2, would consist
of a uranium dioxide annulus with a cylindrical thorium dioxide center. The enrichment
of the uranium would be close to 16%, and the uranium-235 content of the core would
be about 5% of the total heavy-metal (uranium plus thorium) content. The purpose
of this duplex pellet design is to permit the separatio.i of uranium-233 bred in thorium
from the uranium (primarily 235, 236, and 238) derived from the initial fissile charge,

The features of the fuel rods would lead to thermal characteristics that would
be somewhat different from those in the standard commercial core; this point is dis-
cussed later, Reactivity control has been assumed to be the same as for the st .dard
PWR. Soluble boron would be used for reactivity shim during normal operation; poison
shutdown rods would also be provided. Calculations have indicated that the concept
would operate acceptably as a backfit, with no change required in pumping power.
Relative to the reference PWR, some changes might be required in the initial level
of soluble boron in the coolant after a refueling and in the rate at which the boron
is removed during operation at power, since the reactivity characteristics of the pre-
breeder concept during depletion would be slightly different from those of the refer-
ence PWR. Reactivity (temperature and power) coefficients might also be somewhat
different from those of the reference PWR, necessitating minor changes in protection-
system set points and operator actions during normal transients and under accident
conditions. However, it is judged that all of these differences in core behavior could
be accommodated without changes in the reactor plant. The reac’.r plant would there-
fore be identical with the roference PWR plant.

3.1.2 ADVANCED BREEDER

The advanced-breeder concept would be similar to the LWBR core in that the fue!
wou!d be a high-density, solid solution of uranium-233 dioxide and thorium dioxide,
the lattice would be much drier than that of a reference PWR core, and reactivity
would be controlled during operation at power by lifting and lowering movable fuel
rods. Additional similarities to the Shippingport LWBR core would be the hexagonal
modules, thorium dioxide blanket pellets at the top and bottom of the fuel rods, and
a thorium dioxide reflecting blanket around the periphery of the core. One of the
more significant differences between the present breeder concept and the LWBR core
would be the configuration of the movable fuel. In the Shippingport LWBR core, the
movable fuel consists of entire assemblies (seed assemblies) that can be lifted and
lowered; these are surrounded by annular stationary blanket assemblies. In the present
breeder concept, the movable fuel consists of individual rods containing only thorium
dioxide and dispersed more or less uniformly throughout the core. These rods, called
thorium dioxide fingers, would be arranged much like the fingers of poison rods now
being used in commercial PWRs.

Another distinguishing feature of this concept is scram reactivity, which would
be supplied by poison-finger shutdown rods similar to those used in the standard PWR.
Soluble boron would be used for cold shutdown and to compensate for the initial buildup
of fission products after startup. Thus, in the present concept the movable fuel (thorism
dioxide fingers) would provide only the reactivity control required during operation at
power--the reactivity to follow load changes and to compensate for long-term fission-
product buildup. A typical example of the control sequence, starting with the plant
cold after a refueling, would be as follows: Initially, the poison-finger rods would be
fully inserted and the coolant would contain soluble boron. During plant heatup, most
of the soluble boron would be gradually removed from the coolant. With the plant hot,
criticality would be attained by complete withdrawal of the poison-finger rods and
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partial withdrawal of the thorium dioxide fingers. From this point on the movable
fuel would be lifted to compensate for the buildup of long-lived fission products,

I eatures of the module arrangement for the advanced-breeder concept are shown
in Figure 3-3, and features of the movable thorium dioxide finger control concept are
shown in Figure 3-4, 7The core would consist of 157 hexagonal modules, approximately
12 inches across flats. This array of modules would be surrounded by 4% reflector blan-
ket modules to form a nearly circular array. Each hexagonal module would contain fixed
seed rods, movable thorium dioxide finger rods, and poison-finger shutdown rods. The
thorium dioxide finger rods and poison-finger shutdown rods move within Zircaloy-4
guide tubes. The seed rods and the guide tubes would be located on a uniform triangular
pitch,

3.1.3 ACCOMMODATION IN EXISTING PHYSICAL PLANTS

The conceptual prebreeder reactor would use a core that could be backfitted
into an existing PWR reactor vessel without any changes to the plant.

Because the prebreeder-breeder describea here has a lower power density than
does a conventional PWR core, its principal application would be in new plants speci-
fically designed to accommodate the breeder concept. In such a plant, however, only
the reactor vessel, closure head and mechanisms would be significantly different from
those in a reference plant. The containment, pumps, and pressurizer might have to
be larger than those of the reference plant because of the larger core,

3.1.4 FUEL MANAGEMENT AND FUELING ALTERNATIVES

Fuel management for this concept would consist of replacing approximately
one-third of the core annually (excluding peripheral breeder blanket assemblies).
Fresh modules would be installed near the periphery of the core, while the most depleted
modules would be removed from near the center of the core.

For the breeder concept, the possibie fueiing alternatives are as follows: reduc-
tion in fissile-material inventory, operaticn at higher power density, and operation to
a higher fuel burnup. Any or all of these alternatives would reduce the conversicn
ratio, and breeding might no longer be achieved; the core would then operate as a
high-gain converter., Relative to the operation of a breeder, a high-gain converter
would in some cases reduce short-term (30-year) mining requirements but would in
all cases increase iong-term (100 years or more) mining requirements. A reduction
in short-term requirements would result from a reduction in fissile-material loading.

3.1.5 FUEL CYCLES

The prebreeder would consist of a PWR-type core backfitted into a B&W 205
vessel. The fuel would consist of thorium dioxide pellets alternating with duplex
pellets. The duplex pellets would consist of a uranium dioxide annulus 2-ound a cylin-
drical thorium dioxide center, Reactivity control would be the same as that in a stand-
ard PWR.

The advanced breeder would use a PWR-type vessel extrapolated to a larger size
from the present commercial PWRs. The fuel would consist of a high-density solid
solution of uranium and thorium dioxides. Reactivity control would be achieved by
movable thorium dioxide control rods. At equilibrium the advanced breeder would
produce a small surplus of uranium-233 (U(3)).
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3.1.5.1 Backfit Prebreedsr MEU(5)-Th, U(5) Recycle

The prebreeder would utilize 15.4% enriched uranium-235 (U(5)) thorium dioxide
duplex fuel. The spent duplex fuel would first be reprocessec to recover the uranium-
235 from the uranium dioxide annulus and would then be repror-ssed to recover the
bred uranium-233 from the thorium dioxide. The recovered uranium-235 would be
recycled to fuel fabrication, the plutonium and bred uranium-233 would be sent to
a secure storage center and the tliorium would be sent to 10-year interim storage. The
flow diagram is shown in Figure 3-5,

3,1.5.2 Advanced Breeder HEU(3)-Th

The advanced breeder would use a large extrapolated-PWR-type vessel modified
for a tight-lattice, hexagonal fuel bundle and thorium dioxide controi rods. The fuel
would consist of binary solid solution of highly enriched uranium ( 82%) and thorium
dioxides in the form of pellets. The spent fuel would be reprocessed to recover the
uranium-233 which would be recycled to remote fuel fabrication. The fiow diagram
is shown in Figure 3-6,

3.1.5.3 Quantitative Fuel Inventories

Table 3-5 summarizes the overall fuel-management information, including separa-
tive-work requirements typical of this concept. Table 3-6 shows the calculated iso-
topic content of cycle 29 of a typical prebreeder core, Table 3-7 shows the calculated
isotopic content of the breeder equilibrium cycle, and Tables 3-8 and 3-9 show the
calculated overall isotopic charge/discharge data for a typical system over its as-
sumed 30-year history. Figures 3-5 and 3-6 indicate the isotopic mass flows for this
prebreeder and breeder concept if scaled to 1,000 MWe. The isotopic masses of Tables

-8 and 3-9 have been divided by the factors 1,295 and 1.035, respectively, to obtain
the values shown in Figures 3-5 and 3-6. The prebreeder would be rated at 1,295 MWe,
and the breeder at 1,035 MWe (Table 3-1),

3.1.5.4 Fuel Reprocessing and Refabrication

The reprocessing of LWBR fuel would be similar to the reprocessing of light-
water reactor (LWR) fuel in that high-grade fissile material of high toxicity would
be generated and handled, although the fission-product concentration in the breeder
fuel would be lower thar that in the LWR fuel. The uranium-233 recovered from LWBR
fuel would contain about 2,500 to 4,500 ppm of uranium-232 whose daughter products
emit a more penetrating radiation than do the transuranic isotopes of the LWR fuel
cycle and would require more highly automated and shielded fabrication equipment
for breeder fuel. Fabrication equipment for prebreeder fuel would be little different
from that of LWR fuel. The penetrating radiation from the uranium-232 accompanying
uranium-233 would present difficulty in fabrication, and it would also deter diversion.
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Table 3-1. Generalized performance specifications:
light-water backfit prebreeder c/ acept
supplying advanced breeder concept

Parameter Backfit prebreeder Advanced breeder

Power plant performance parameters

Reactor thermal power output, MWt s gt 2,900
Net electrical power output, MWe 1,295 1,035
Plant heat rate, Btu/kW-hr 9,990 9,570

Core performance parameters

Core heat output, MWt 3,800 2,900
Core volume, liters?® 35,400 52,300
Core loading (first core), kg
Heavy metal@® 89,800 235,000
Fissile fuel 3,680 4,498
Conversion ratio, cycle average 0.48° -~
Average for initial cycle - ~1.05
Average for equilibrium cycle - ~1.02
Fissile inventory ratio 0.68b -
Initial cycle - ~1.03
Equilibrium cycle - ~1.01
Average discharge burnup, MWd/MTHMC®»@ 34,800 10,100
Peak discharge burnup MWd/MTHM  »2 54,600 ~26,000
Fuel type Alternating ThO, Binary
and duplex pellets U0,ThO,
Reactor inlet temperature, °F 569 576
Reactor outlet temperature, °F 626 628

8Excluding axial and radial reflectors.
blacludes fissile plutonium production.
CHeavy metal charged.
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Table 3-2.

Reactor concept data:

light-water backfit

prebreeder concept supplying advanced breeder concept

Parameter

Backfit prebreeder Advanced breeder?®

Geometric information
Core height, cm
Number of core enrichment zones
Number of assemblies
Equivalent diameter, cm
Number of pins per llleablyb
Pin pitch-to-diameter ratioP
Overall assembly length, cm
Lattice pitch, cm
Assembly material

Cladding parameters
Cladding outside diameter, milsP
Cladding «all thickness, mils
Cladding material

Beginning-of-cycle fissile
inventory, kg€

External fissile inventory, kgdse

Fissile gain or loss, kg/cycled

Specific power, MW/kg fissilef

Specific power, MW/kg HM

Power density, kW/liter

363

2

205

353

264

1.32

449

1.28

Grid material,
Inconel;
guide tubes,
Zircaloy-4

379

233
Annealed
Zircaloy-4

3,855
1,450/2,900
462 (loss)
993

42

107

366

1

157

427

288/99

1.110/1.196

497

1.61

Machined
Zircaloy-4
grids

571/530
28/35
Zircaloy-4

5,888
1,981/3,962
24.5 (gain)
645

12.4

55:5

JExcluding axial and radial reflectors.

Pairs of values indicate seed rods/blanket rods.

€"Beginning-of-cycle" means beginning of cycle 29 in the prebreeder and
beginning of an equilibrium cycle in the breeder.

Piebreeder value includes uranium-235 makeup requirement,

for equilibrium cycle.

Breeder value

€Inventories are for l-year out-of-core time/2-year out-of-core time.
fBreeder value for initial cycle.
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Table 3-3. Fuel-assembly volume fractions: light-water
backfit prebreeder concept supplying advanced breede- concept

Adva.iced breeder

Backfit prebreeder fuel assembly
Assembly type I Assembly type 2 Safety rods Safety rods
Component Control out Control in Control out out in
Fueld-b 0.295 0.%2.. 0.295 0.417¢ 0.417¢
0.1144 0.114d
Coolant® 0.585 0.549 0,585 0.285 0.269
Structure 0.120 0.120 0.120 0.184 0.187
Control 0.0000 0.036 0.0 - 0.013
Total 1.000 1.000 1.000 1.0C0 1.000

4Includes pellet volume only.

bIncludes coolant between modules.

CSeed assembly.

dBlanket assembly.

©In prebreeder reactivity control obtained via soluble boron and boron
shutdown rods. In breeder control obtained via wovable thoria fingers.

Table 3-4. Core-region volume fractions:
light-water backfit prebreeder concept
supplying advanced breeder? concept

Component Backfit prebreeder Advanced breeder
Fuel® 0.295 0.417¢
0.0874
Coolant® 0.585 0.321
St ucture 0.120 0.175
Total 1.000 1.000

aExcluding axial and radial reflectors.
bIncludes pellet volume only.

CSeed assembly.

dglanket assembly.

€Includes coolant between modules.
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Table 3-5. Fuel-management information: light-water backfit prebreeder
concept supplying advanced breeder? concept

Parameter Prebreeder Breeder
Approximate fraction of core replaced 1/3 1/3
Lag time assumed between fuel discharge
and recycle reloadP 1 yr/2 yr 1 yr/2 yr
Fissile-material loss fractions
Conversion loss fraction 0.01 (e)
Fabrication loss fraction 0.005 (e)
Reprocessing loss fraction 0.01 (e)
Fuel requirements, ST/GWe U308 ThO2 ThO2
Initial core 662 61 391
Cycle 15 or equilibrium reload requirement®,¢,d,e 178 0.95 2.4
30-year cumulative requirements 4,236/5,235 277/283 286/404
50-year cumulative requirements 4,236/5,235 277/283 349/456
100-year cumulative requirements 4,236/5,235 277/283 471/578
Separative-work requirements, 103 SWU/Gwef
Initial core 572 0
Equilibrium re.oad 167 0
3N-year cumulative requirementP,d 3,972/4,912 0
50-year cumulative requirement 3,972/4,912 0
100-year cumulative requirement 3,972/4,912 0

8Average plant capacity factor is assumed to be 75X.

Cumulative time shown starts with initial prebreeder operation for both prebreeder and
breeder; i.e., breeder operation is initiated after prebreeder has produced sufficieit uranium-
233 to fuel the breeder for its initial load and as many reloads as required during out-of-core
time.

CAssumes thorium dioxide out-of-core time is 10 years during prebreeder operaticn and 1 or
2 years for breeder operation. At the end of prebreeder operation nearly all the thorium
dioxide mined for prebreeder use is available for recycle into a breeder reactor. Breeder
thorium dioxide requirements are shown independent of this thorium dioxide source.

umulative requirements are for l-year out-of-core time/2-year out-of-core time.

®Fabrication and reprocessing losses are assumed to be 1% each for first 40 years of
operation and 0.5% thereafter, reflecting improved recycle technology in later-generation
plants.

Uranium hexafluoride conversion losses are assumed to occur during the conversion of

uranium dioxide to uranium hexafluoride. No losses are assumed for reconversion from uranium
hexafluoride to uranium dioxide.
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Table 3-6. Fuel inventory for cycle 29: light-water backfit prebreeder concept?d

Quantity
Zone 1 Zone 2 “Zone 3
Isotope BOC EOC BOC EOC BOC EOC 50C
Thorium—-232 20,590.8 20,458.8 20,458.8 20,229.0 20,229.0 20,025.1 302.2 9.4
Protactinium-233 0.0 18.7 1.8 30.6 2.9 27.0 0.0 0.5
Uranium-232 0.0 L P 0.1 0.5 0.5 1.0 0.0 0.0
Uranium-233 0.0 93.2 110.1 218.2 245.9 296.5 0.0 2ol
Uranium—-234 0.0 3.8 3.8 17.5 17.5 32.0 0.0 0.2
Uranium—-235 1,439.8 1,148.8 1,148.1 783.2 783.2 564.1 10.9 6.8
Uranium=-236 342.7 381.3 377.2 426.4 426.4 445.2 0.0 0.8
Uranium=-238 7,476.4 7,412.3 7,412.9 7,299.6 7,299.6 7,196.5 129.9 128.0
Plutonium—-239 0.0 38.0 38.1 63.4 63.4 69.4 0.0 0.9
Plutonium=-240 0.0 5.0 5.1 15.7 15.7 22.4 0.0 0.2
Plutonium—-241 0.0 I v PN 12.2 2.2 20.1 0.0 0.1
Plutonium=242 0.0 0.1 0.1 - 45 | 9 ° 5.5 0.9 0.0

apbbreviations: BOC, beginning of cycle; EOC, end of cycle.
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Table 3-7.

Light-water advaaced breeder concept:@
fuel inventory for e uilibrium cycle

Quantity (kg)

Zone 1 Zone 2 Zone 3
Isotope BOEC EQEC BOEC EOEC BOEC EQEC
Thorium-232 106,715.7 106,410.8 104,403.0 104,118.6 104,118.6 103,845.9
Protactinium-233 0.0 34.4 118 33.6 11.4 33.6
Uranium-232 4.1 4.2 4.1 4.1 4.1 4.1
Uranium-233 1,686.7 1,667.5 1,658.3 1,642.4 1,664.6 1,641.9
Uranium-234 721.9 728.4 714.7 717.4 717.4 7171
Uranium-235 290.3 292.9 287.4 288.5 288.5 288.3
Uranium-236 196.8 198.6 194.9 195.6 195.6 195.5
Fission products 0.0 280.2 274.9 549.8 549.8 824.8

4Abbreviations:

BOEC, beginning-of-equilibrium cycle; EOEC, end-of-equilibrium cycle.
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Table 3-8. Reactor charge data

Reactor charge (kg)

Year Th~-232 U-232 U-233 U-234 U-235 U-236 U-238 Total
0 62,073.3 0.0 0.0 0.0 3,680.0 0.0 24,046.0 89,799.3
1 20,893.0 0.0 0.0 0.0 1,395.9 0.0 7,661.1 29,950.0
2 20,893.0 0.0 0.0 0.0 1,395.9 0.0 7,661.1 29,950.0
3 20,893.0 0.0 0.0 0.0 1,400.6 29.4 7,656.4 29,979.4
& 20,893.0 0.0 0.0 0.0 1,409.1 82.2 7,647.9 30,032.2
5 20,893.0 0.0 0.0 0.0 1,416.2 126.7 7,640.8 30,076.7
6 20,893.0 0.0 0.0 0.0 1,416.2 126.7 7,640.8 30,076.7
7 20,893.0 0.0 0.0 0.0 1,416.2 126.7 7,640.8 30,076.7
8 20,893.0 0.0 0.0 0.0 1,419.4 146.7 7,637.6 30,096.7
9 20,893.0 0.0 0.0 0.0 1,425.1 182.6 7,631.9 30,132.6
10 20,893.0 0.0 0.0 0.0 1,430.0 212.9 7,627.0 30,162.9
11 20,893.0 0.0 0.0 0.0 1,430.0 212.9 7,627.0 30,162.9
12 20,893.0 0.0 0.0 0.0 1,430.0 212.9 7,627.0 30,162.9
13 20,893.0 0.0 0.0 0.0 1,432.1 226.5 7,624.9 30,176.5
14 20,893.0 0.0 0.0 0.0 1,436.0 250.9 7,621.0 30,200.9
15 20,893.0 0.0 0.0 0.0 1,439.3 271.5 7,617.7 30,221.5
16 20,893.0 0.0 0.0 0.0 1,439.3 271.5 7,617.7 30,221.5
17 20,893.0 0.0 0.0 0.0 1,439.3 271.5 7,617.7 30,221.5
18 20,893.0 0.0 0.0 0.0 1,440.8 280.7 7,616.2 30,230.7
19 20,893.0 0.0 0.0 0.0 1,443.5 297.3 7,613.5 30,247.3
20 20,893.0 0.0 0.0 0.0 1,445.7 311.3 7,611.3 30,261.3
21 20,893.0 0.0 0.0 0.0 1,445.7 311.3 7,611.3 30,261.3
22 20,893.0 0.0 0.0 0.0 1,445.7 311.3 7,611.3 30,261.3
23 20,893.0 0.0 0.0 0.0 1,446.7 317.6 7,610.3 30,266.9
24 20,893.0 0.0 0.0 0.0 1,448.5 328.9 7,608.5 30,278.9
25 20,893.0 0.0 0.0 0.0 1,450.0 338.4 7,607.0 30,288.4
26 20,893." 0.0 0.0 0.0 1,450.0 338.4 7,607.0 30,288.4
27 20,893.v 0.0 0.0 0.0 1,450.0 338.4 7,607.0 30,288.4
28 20,893.0 0.0 0.0 0.0 1,450.7 342.7 7,606.3 30,292.7
29 20,893.0 0.0 0.0 0.0 1,452.0 350.4 7,605.0 30,300.4
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Table 3-8. Reactor charge data (continued)
Reactor charge (kg)

Th-232 U-233 U-234 U-235 Total
319,730.0 18.2 4,437.9 422.4 60.0 4.4 0.0 324,673.1
107,934.3 6.2 1,498.2 142.6 20.3 1.5 0.0 109,603.0
107,934.3 6.2 1,498.2 142.6 20.3 1.5 0.0 109,603.0
107,901.1 6.1 1,502.2 159.9 31.4 2.6 0.0 109,603.4
107,868.1 6.0 1,506.1 177.1 42.6 3.7 0.0 109,603.7
107,835.4 6.0 1,510.0 194.3 53.6 4.8 0.0 109,604.0
107,835.4 6.0 1,510.0 194.3 53.6 4.8 0.0 109,604.0
107,835.4 6.0 1,510.0 194.3 53.6 4.8 0.0 109,604.0
107,796.6 5.9 1,518.9 218.0 59.4 5.5 0.0 109,604.3
107,757.8 5.8 1,527.9 241.9 65.0 6.2 0.0 109,604.7
107,719.0 347 1,536.8 265.9 70.6 6.9 0.0 109,605.0
107,719.0 3.7 1,536.8 265.9 70.6 6.9 0.0 109,605.0
107,719.0 5.7 1,536.8 265.9 70.6 6.9 0.0 109,605.0
107,680.3 5.6 1,545.5 290.0 76.3 7.6 0.0 109,605.3
107,641.7 5.6 1,554.1 314.0 81.9 8.3 0.0 109,605.6
107,604.5 3.5 1,561.9 337.2 87.8 9.1 0.0 109,606.0
107,604.5 5.5 1,561.9 337.2 87.8 9.1 0.0 109,606.0
107,604.5 3.5 1,561.9 337 .2 87.8 9.1 0.0 109,606.0
107,572.8 5.4 1,566.6 356.3 94.5 10.6 0.0 109,606.3
107,541.1 3+3 1,571.3 375.3 101.3 12.1 0.0 109,606.5
107,509.8 $5:3 1,575.9 394.1 108.0 13.7 0.0 109,606.8
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Table 3-9. Reactor discharge data

Reactor discharge (kz)

Fission
Th-232 Pa-233 ©-232 U-233 U-234 U235 U-236 0-238 Pu~239  Pu-240 Pu-241  Pu-242 Total products

i

T g g [ SN R _—

13 ot 4

1 20,758.1 23.3 0.3 90.0 3.9 786.8 36.7 7,938.3 40.9 5.5 2.4 0.2 29,686.1 380

2 20,528.4 25.0 0.7 220.4 17.6 666.6 102.8 7,626.5 66.0 6.3 12.86 2.1 29,285.0 770

3 20,324.5 27.5 1.0 298.7 32.2 516.8 158.4 7,376.6 70.8 2.8 20.3 5.5 28,855.1 1,150

4 20,324.5 27.5 1.0 298.7 32.2 516.8 158.4 7,376.6 70.8 22.8 20.3 5.9 28,855.1 1,150

5 20,324.5 27.5 1.0 298.7 32.2 516.8 158.4 7,376.6 70.8 2.8 20.3 5.5 28,855.1 1,150

6 20,326.5 27.5 L0 298.7 32.2 521.5 183.4 7,3712.0 70.8 22.8 20.3 5.5 26,880.2 1,150

7 20,324.5 27.5 1.0 298.7 32.2 530.0 228,3 7,361.8 70.7 22.8 20.3 5.5 28,925.3 1,150

8 20,324.5 27.5 1.0 298.7 32.2 537.1 266.1 7,357.0 70.6 2.7 20.3 5.5 28,963.2 1,150

| 20,324.5 27.5 1.0 298.7 32.2 537.1 266.1 7,357.0 70.6 22.7 20.3 5.5 28,963.2 1,150

10 20,324.5 27.5 1.0 298.7 32.2 537.1 266.1 7,357.0 70.6 22.7 20.3 5.5 28,963.2 1,150

11 20,324.5 27.5 1.0 298.7 .2 540.3 283.1 7,353.9 70.6 2.7 20.3 5.5 28,980.3 1,150

12 20,324.5 27.5 1.0 298.7 32.2 546.0 313.6 7,348.4 70.6 22.7 20.3 5.5 29,011.0 1,150

13 20,324.5 27.5 i.0 298.7 32.2 550.9 339.4 7,343.7 10.5 22.7 20.2 5.5 29,036.8 1,150

14 20,324.5 27.5 i.0 298.7 32.2 550.9 339.4 7,343.7 70.5 2.9 20.2 5.5 29,036.8 1,150

15 20,324.5 27.5 1.0 298.7 32.2 550.9 339.4 7,343.7 70.5 22.7 20.2 5.5 29,036.8 1,150

16 20,324.5 27.5 1.0 298.7 32.2 553.0 350.9 7,341.7 70.5 22.7 20.2 5.5 29,048.4 1,150

17 20,324.5 27.5 1.0 298.7 32.2 556.9 371.7 7,337.9 70.5 22.7 20.2 5.5 9,069.3 1,150

18 20,324.5 27.5 1.0 298.7 32.2 560.2 389.2 7,334.8 70.4 22.7 20.2 5.5 29,086.9 1,150

19 20,324.5 27.5 1.0 298.7 32.2 560.2 389.2 7,33%.8 0.4 22.7 20.2 5.5 29,086.9 1,150

20 20,324.5 27.5 1.0 298.7 32.2 560.2 389.2 7,334.8 70.4 22.7 20.2 5.5 29,086.9 1,150

21 20,324.5 27.5 1.0 298.7 32.2 561.7 397.0 7,333.3 70.4 22.7 20.2 5.5 29,094.7 1,150

22 20,324.5 27.5 1.0 298.7 32.2 564.4 411.1 7,330.7 70.4 22.7 20.2 5.5 29,108.9 1,150

23 20,324.5 27.5 1.0 298.7 32,2 566.6 423.0 7,328.6 70.4 22.7 20.2 5.5 29,120.9 1,150

2% 20,324.5 27.5 1.0 298.7 32.2 566.6 423.0 7,328.6 70.4 22.7 20.2 5.5 29,120.9 1,150

25 20,324.5 27.5% 1.0 298.7 32.2 566.6 423.0 7,328.6 .4 2.7 20.2 5.5 29,120.9 1,150

26 20,324.5 27.5 1.0 298.7 32.2 567.6 428.4 7,327.6 70.4 22.7 20.2 5.5 29,126.3 1,150

27 20,324.5 21.5 1.0 298.7 32.2 569.4 438.0 7,325.9 70.3 22.6 20.2 5.5 29,135.8 1,150

8 20,324.5 27.5 1.0 298.7 32.2 570.9 446.0 7,324.5 70.3 22.6 20.2 5.5 29,143.9 1,150

29 20,324.5 27.5 1.0 298.7 32,2 570.9 446.0 7,324.5 70,3 22.6 20.2 5.5 29,143.9 1,15
29.3 61,711.8 62.6 0.8 408.7 29.1 3,089.7 1,208.0 22,230.1 132.2 27.1 19.9 3.3 88,923.3 150.0
30.3  107,604.8 37.8 6.2 1,480.0 161.8 31.8 2.6 0.0 0.0 0.0 0.0 0.0 109,324.8 279.9
31.3 107,294.1 37.6 6.1 1,688.2 179.1 42.% 3.7 0.0 0.0 0.0 0.0 0.0 109,051.7 554.5
32.3  106,993.7 7.4 6.0 1,487.3  195.5 $3.7 4.8 0.0 0.0 0.0 0.0 0.0 108,778.5 829.1
33.3  106,993.1 37.4 6.0 1,487.4  195.9 53.9 4.8 0.0 0.0 0.0 0.0 0.0 108,773.5 829.1
3.3 106,992.4 37.4 6.0 1,487.5 196.2 54.1 4.8 0.9 0.0 0.0 0.0 0.0 108,778.5 829.1
35.3  106,952.9 37.3 5.9 1,496.9  220.2 60.0 5.5 0.0 0.0 0.0 0.0 0.0 108,778.8 829.2
36.3  106,914.1 37.1 5.9 1,506.2 244.9 65.6 6.2 0.0 0.0 0.0 0.0 0.0 108,779.1 829.2
37.3  106,875.4 37.0 5.8 1,515.3 267.8 7.2 6.9 0.0 0.0 0.0 0.0 0.0 108,779.4 829.3
38.3 106,874.6 ir.0 5.8 1,515.5  268.2 71.3 7.0 0.0 0.0 0.0 0.9 0.0 108,779.4 829.3
39.3  106,873.9 37.0 5.8 1,515.7 268.7 7.4 7.0 0.0 0.0 0.0 0.0 0.0 108,779.4 829.3
40.3  106,834.6 36.9 5.7 1,524.8 293.0 7.1 7.7 0.0 0.0 0.0 0.0 0.0 108,779.7 829.3
41.3  106,796.1 36.8 5.6 1,533.6  316.9 88.7 8.4 0.0 0.0 0.0 0.0 0.0 108,780.0 829.3
42.3  106,758.4 36.7 5.5 1,542.0 340.0 88.5 9.2 0.0 0.0 0.0 0.0 0.0 108,780.3 829.3
43.3  106,757.7 36.7 5.5 1,542.1  340.4 88.6 9.2 0.0 2.0 0.0 0.0 0.0 108,780.3 829.3
44.3  106,756.9 36.7 5.5 1,542.3  340.9 82.7 9.2 0.0 0.0 0.0 0.0 0.0 108,780.3 829.3
5.3 106,721.7 36.6 5.5 1,549.7 360.7 95.7 10.8 0.0 0.0 0.0 0.0 0.0 108,780.6 829.4
46.3  106,687.1 36.5 5.4 1,55%6.8 380.2 102.6 12.3 0.0 0.0 0.0 0.0 0.0 108,780.9 829.4
47.3  108,653.7 36.4 5.3 1,563.2 399.3 109.4 13,8 0.0 0.0 0.0 0.0 0.0 108,781.2 829.4
48.3  106,653.1 36.4 5.3 1,563.3  1399.7 109.5 13.8 0.0 0.0 0.0 0.0 0.0 108,781.2 829.4
49.3  106,652.5 36.4 5.3 1,563.4  400.0 109.7 13.9 0.0 0.0 0.0 0.0 0.0 108,781.2 829.4
50.3  106,624.0 36.3 5.3 1,567.4  415.8 116.5 5.2 0.0 0.0 0.0 0.0 0.0 108,781.4 829.4
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Figure 3-1. Prebreeder backfit reactor vessel and internals cross section.
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Figure 3-3. Advanced breeder full core cross section.

3-16

1072 i



L1-¢

p#———————— 12.767 (nom. envelope) —— ———————~

/ Movable poison rod

]
|
L]

I O OSONNNNNNONNNNNRN G Sj:tAJ

Guide tube

2k
g
: 7
‘B2
Fixed urania rods \ z z g
gil’
\ Movable thoria ruds [ ? ?“ | <
g z |
7 R% *j
i i’l -
' | i f| | Rod
Fixed thoria rods r ii ,.l ' length
I - Instrument well ; i 4 { i
111
|
1

Figure 3-4. Advanced breeder movable-finger control concept.



10972 W

8I-€

Recycle U
1 U 18.5 Mt ThO 433 U235
ST/ | i62ee ) 2 1 U236
5599 U-238
6,373 THM
Fuel '
Enrichment Purex 1
1
(0.THO L0 435 o -
. Z‘I*l 261 U-236 344 U236
1,131 U235 5874 U-238 5656 U238 Waste Pu U
7,328 Total U 7255 Total U 54 Pu239
16,138 Th 17.5 Pu-240
23389 THM 15.6 Pu-241
___42Pu242
6529 THM 842 U
Backfit ~ 756 FP —.’7’13
’m Dissolution " e
348 ‘ ~755 FP 90.7 Pu
Waste
163 Th Procd® Pu storage
13 U 2
236 THM 2
] 0.2 Pa-233*
08 v-232
Waste Waste 252 U233
disposal disposal 249 U234
3 3 3 U235
02 U-236
15695 Th :
15976 THM T
~133 FP
Th Waste | U233 | o) poo33
0.8 U-232
35U 2492 U233
156 Th 246 U234
159.5 THM 3 0235
Mass flows in kg per 0.75 GWe-year. BNt ~133 FP 278 'll"H
*Six month protactinium-233 decay between reactor ‘
Mo\_\m.mmnol fcpuusung. Th storage Wm U-233 storage
Abbreviations: FP, fission products, THM, total heavy metal . 1 disposal 5
2

Figure 2-5.

prebreeder (PWR).

Typical LWBR material-flow diagram MEU(5)-Th, U(5) recycle, backfit



61-¢

2.2 MT Tho,
(1,485 kg Th)

Recycle U

233 and Th

P

-

Fuel

5 U232
1541 U233
400 U234
12 U235

16_U-
2074 U

102,503 Th

y 0457 THN

fabrication
3

522 Th**
532 THM

Y

Waste
disposal
2

Mass flows in kg per .75 GWe-year,

5 U232
1514 U233
344 U234
91 U-235

10 U236

1964 U

103936 Th

105900 THM

10 Total U

Advanced
LWBR
10.1 MWd /kg

Waste
disposal
3

*Six-month protactinium-233 decay between reactor shutdown and start of Teprocessing .

Abbreviations: FP, fission products; THM, total heavy metal.

Reprocessing
- Thorex 1
0.2 Pa-233*
5 U232
1549 U233
402 U234 Waste Th u(3)
113 U235
16 U236
103018 Th232
105,103 THM
~802 FP
10 v
515 Th**
525 THM
' 802 FP
Waste
disposal
2

“*Fahrication and reprocessing losses 0.5% each, reflecting improved recycie technology in later generation plants.

Figure 3-6. Typical LWBR material-1low diagram HEU(3)-Th, recycle U(3) advanced breeder (PWR).



3.2 FUEL MECHANICAL, NUCLEAR, AND THERMAL-HYDRAULIC
CONSIDERATIONS

This section identifies the principal unique mechanical, nuclear, and thermal-
hydraulic features of the prebreeder and breeder concepts. Preliminary reviews
indicate that the design and manufacture of reactors with these features may be
feasible with the use of existing design and testing methods, existing manufacturing
capabilities, and proved materials. Additional testing, however, may be required.

3.2, MECHANICAL CONSIDERATIONS

3.2.1.1 Prebreeder Concept

This concept would be identical with the reference PWR except for the fuel pel-
lets within the fuel rods. Relative to the fuel pellets in the reference PWR, the fuel
pellets in the present prebreeder concept could have a different behavior (with respect
to thermal expansion, densification, growth, chipping, and cracking) during power
cycling and irradiation. In addition, the peak fission density in the uranium dioxide
(fissions per cubic centimeter of uranium dioxide) would be higher than it is in the
reference PWR. Calculations have indicated it may be possible to choose fuel-pellet
parameters (density, edge chamfer, end dishing) and other parameters (pellet-to-
cladding gap, internal rod pressure, and startup rate limitations) so as to ensure that
the axial and radial forces on the fuel-rod cladding would be acceptable. Extensive
irradiation testing and design would be required to determine the acceptability of
using this fuel concept; this would require many years. Other than for the specifi-
cation of those parameters, there are no special mechanical considerations for this
concept.

3.2.1.2 Breeder Concept

The breeder concept would have a dry lattice relative to the reference PWR. In
order to avoid rod-to-rod contact and insure adequate cooling, the fuel rods must be
placed on a triangular pitch, which can be accommodated with a minimum amount of
structure in a hexagonal module., Because of the drier lattice, the weight density
(weight per square foot of radial area) would be higher, the core pressure drop would
be higher, and the hydraulic lifting pressure would be higher than in the reference
PWR.

The fuel would be in the form of cylindrical ceramic pellets inside Zircaloy-4
rods. The pellets would be either a high-density binary solid solution of uranium dioxide
and thorium dioxide or pure high-density thorium dioxide. For the seed rods, the diam-
eters of the fuel-rod cladding and the pellets would be the same as those for the blan-
ket rods of the Shippingport LWBR core. For the movable thorium dioxide finger rods,
the diameters of the fuel-rod cladding and the pellets would be slightly smaller than
those of the seed rods; this smaller diameter provides clearance for rod movement
and the flow of coolant inside the guide tubes.

There would be two types of movable rods: poison rods and thorium dioxide
finger rods. As uranium-233 is bred in the thorium dioxide finger rods, the rods would
begin to produce heat. Thus, the thorium dioxide finger guide tubes would be heated
while the poison-rod guide tubes would not, and a differential thermal expansion would
develop between the guide tubes. The design of the thorium dioxide finger rods, and
guide tubes has to account for the fissioning of bred uranium-233 in the thorium dioxide
and the effects of thermal expansion and fuel growth. The growth of the thorium
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dioxide and the resulting stress on fuel rods are expected to be different from those
in the reference PWR.

Individual guide tubes are assumed to be used in this assembly to protect and
guide the thorium dioxide control rods. The central sheath would be an asterisk-shaped
hollow column enclosing the poison-finger shutdown rods and their interconnecting
"spider." The guide tubes and sheath would be attached to base plates at both ends
to form a sturdy assembly and to protect the control rods from ccolant crossflow in
the outlet-plenum region and to insure smooth insertion of the control rods into the
the fuel assembly.

In addition to the guide tubes for the thorium dioxide finger rods and the poison
finger shutdown rods, each fuel assembly would contain one instrument guide tube. The
grids, which would be similar to those used in the Shippingport LWBR core, supply
lateral support and alignment for the fuel rods and guide tubes, and would be attached
to the poison-rod guide tubes and the instrument guide tube, The grids for the pre-
sent concept would be Zircaloy-4, in contrast with the AM-350 grids in the Shipping-
port LWBR core. The poison-rod and instrument guide tubes would provide the primary
vertical structure of the assembly and support the axial loads occurring during core
operation.

The number and wall thickness of the poison-rod guide tubes and the wall thick-
ness of "he instrument guide tube are variables that can be adjusted on the basis of
the calculated loads generated by the fuel assembly during core operation.

The control-rod-drive mechanisms must provide two functions. The first is cormn-
plete withdrawal and scram of the poison-finger shutdown rods; the second is lifting
and lowering of the thorium dioxide finger rods.

In the advanced breeder concept there would be one control-rod-drive mechanism
above each module. In one preliminary concept of the control system, the control-
rod-drive mechanism would have independently actuated concentric lead screws.
The central lead screw would operate the poison-finger shutdown rods, and the annular
lead screw would operate the thorium dioxide finger rods. A control-drive train to
achieve this would require development. An alternative to this approach would be
to use smaller modules with thorium dioxide finger rods in every second module and
poison-finger rods in the remaining modules.

For the concentric-lead-screw concept, the guide assembly is assumed to be
located above the fuel assembly in the outlet-plenum region. This contains guide
tubes for the thorium dioxide fingers around a central poison cluster sheath.

An alternative concept for a control-rod-drive mechanism would be the conventional
single-acting drive with scram capability. This would be used in a core with smaller
modules having poison-finger rods in every second module and thorium dioxide finger
rods in the remaining modules. This alternative would lead to somewhat higher power
peaking factors. :

Conceptually, the fuel-assembly supporting structure and the plenum assembly
for the core would be similar to those for the standard PWR. The core barrel would be
suspended from the reactor-vessel closure flange. The core basket, fuel assemblies,
lower support, and fiow distr.butor would be supported by the core barrel. The fuel
assemblies would rest on the lower support, which also wouid provide radial alignment.
The flow distributor would contain a fuel-assembly alignment plate, a plenum barrel, and
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a plenum cover. The primary mechanical consideration for the plenum region would
be to design to avoid crossflow (which could produce lateral forces on the poison and
thorium dioxide finger guide tubes and cause rod jamming) and vibration.

3.2.1.3 Materials

No new or unproved materials are required. However, the uranium dioxide in
the prebreeder duplex pellets would be irradiated to higher burnup than that in the
reference PWR. In addition, the use of Zircaloy in grids of a close-packed hexa-
gonal rod array requires confirmed testing and analyses.

3.2.2 NUCLEAR CALCULATIONS
3.2.2.1 Prebreeder Nuclear Calculations

The nuclear performance of the backfit prebreeder was determined by Bettis from
slice diffusion-depletion calculations (PDQ) of a 205-module commercial core, using
four neutron energy groups with breakpoints at 0.8 MeV, 5.53 keV, and 0.625 eV. Pre-
breeder fuel pellets were substituted for the commercial fuel, and calculauions were
run using a reasonable fuel-management strategy to obtain a near-equilibrium cycle.
Nuclear cross sections used in these calculations were obtained from infinite-mcdium
point-depletion calculations (PAX) which represented the duplex rods as well as the
nonfuel components of the modules. Cross sections generated by PAX were used as in-
put to PDQ as interpolating tables to show the dependence of the cross sections on
core depletion. The PDQ calculations were used to estimate core reactivity levels,
loading requirements, radial power peaking, and mass flows.

Microscopic cross sections for all important isotopes were obtained by means
of the PAX03 program, which combines the calculations of fast spectrum, resonance
effects, thermal spectrum, and self-shielding. Geometric input to PAX03 consists of
physical descriptions of module components %e.g., a fuel cell made up of a fuel pellet,
cladding, and associated water and a metal-water cell comprised of a guide tube and
associated water) and the relative volumes of these components within the module.
Heterogeneous resonance integrals are determined in PAX03 by a collision probability
method based on the integral Boltzmann equation under the assumption of isotropy
in both the laboratory and center-of-mass systems. All scattering and slowing-down
sources are assumed to be flat over an individual region of the cell. Thermally, spa-
tial shielding of the cross sections was treated by using the Multiple Saver method.
A point-depletion capability in PAX03 was used to obtain cross-section behavior as
a function of time. The depletion model used in PAX03 was the same as that used in
PDQ. In this four-energy-group model, equations describing the depletion behavior of
all important heavy elements and of the predominant fission products were solved., The
treatment of the behavior of fission products used |l major decay chains (28 fission-
product isotopes) and a twelfth fictitious chain to account for the remaining nuclides.

The methods used in calculating ** nuclear performance are refinements of
those developed and confirmed by analysis of the Shippingport PWR and LWBR cores
which is the major validation of these methods.

3,2.2.2 Breeder Nuclear Calculations

The nuclear performance of the breecder concept was determined from point-
depletion calculations based on four neutron-energy groups with breakpoints at
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0.8 MeV, 5.53 keV, and 0.625 eV. The neutron cross sections used in these calculations
were obtained from detailed Monte Carlo calculations for representative fuel assem-
blies. The point-depletion results were used to estimate core reactivity levels, life-
time, breeding performance, and mass flows.

Effective few-group microscopic cross sections were generated by means of the
RCPOI Monte Carlo program. The Monte Cario model used 31 energy intervals to
describe neutron energies between 0 eV and 10 MeV, with each interval being further
divided into as many as 1,000 subintervals to permit accurate representation through
all resonances. The primary source of basic cross-section infcrmation was the ENDF/B
data libraries.

Detailed hexagonal fuel assemblies were represented in the RCP0O! calculations,
including explicit geometric representations of the fuel pellet, cladding, moderator,
and, where appropriate, guide tube for each fuel-bearing and non-fuel-bearing rod
in the assembly. The calculated isotopic reaction rates were used to generate highly
accurate few-group microscopic cross sections, appropriaie for an entire assembly,
for use in the  oint-depletion model. To facilitate the rapid examination of a number
of concepts, several different RCP0l assembly calculations were performed to span the
range of fuel temperature, moderator temperature, and fuel-to-coolant ratio antici-
pated for the Lreeder. In addition, heavy-metal isotopic mixes characteristic both
of initial and of equilibrium-cycle loadings were represented.

Few-group microscopic data from the RCPOI calculations were employed in the
four-group survey depletion model. In this mcdel, equations describing depletion chains
for all important heavy-metal isotopes and the dominant fission-product chains for
xenon and samarium were solved. Additional fission-product absorption was incor-
porated via a residual-fission-product nuclide. The point-depletion results were used
to estimate core reactivity levels and lifetimes and to calculate the ratios of the heavy-
metal isotopes as a function of fuel depletion. In using this model to evaluate breed-
ing performance, appropriate adjustments were made to the calculated conversion ratios
to account for leakage and noncritical reactivity levels in the computations. The esti-
mates of breeding performance and isotopic ratios as a function of fuel depletion were
then combined to obtain the desired estimates of core mass flow. The methods used in
calculating the nuclear performance of the breeder evolved from those developed and
validated by analysis of the operating LWBR core at Shippingport.

3.2.3 THERMAL-HYDRAULIC CONSIDERATIONS

3.2.3.1 Prebreeder Concept

The alternating pellets in the fuel rods of the prebreeder concept lead to an
alternating high and low heat flux, especially in fresh fuel rods, because most of the
heat is produced in the annulus of the duplex pellet. The effect has to be included
in calculations of the critical heat flux and fuel tem»erature for normal operation
?nd in) calculations of cladding temperature during a loss-of-coolant accident
LOCA).

The ratio of the peak heat flux to the average heat t!ux depends on the lengths
of the alternating pellets. To establish a basis for predicting performance during nor-
mai operation, preliminary tests have been performed with electrically heated single
rods to simulate the performance of alternating pellets about 0.4 inch long. This pre-
liminary testing has indicated that over the range of expected heat flux and lengths
of alternation the critical heat flux is determined primarily by the rod-average heat
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fiux and is not affected measurably by the peak-to-average heat flux. Additional
full-length rod tests and rod-bundle tests will have to be performed to confirm this
preliminary conclusion.

The peak fuel temperatures during normal operation of the prebreeder concept
would be lower than those in the reference PWR because most of the heat would be
produced in the thin uranium dioxide annulus of the duplex pellet and also because
the thermal conductivity of thorium dioxide is higher than that of uranium dioxide.
The volumetric heat capacity of thorium dioxide is also lower than that of uranium
dioxide. As a result of these effects, the total heat stored in a fuel rod would be
lower for the prebreeder concept than for the reference PWR. During a loss-of-coolant
accident, the peak fuel-rod cladding temperature would be affected by the total heat
stored in the fuel rods.

3.2.3.2 Breeder Concept

In comparison with the reference PWR, the breeder concept would have a higher
pressure drop and would require greater pumping power.

Neutron capture in the thorium dioxide finger rods would produce a substantial
heat flux, and the cooling requirements would be greater than for the poison-finger
rods used in the reference PWR for power shaping. The plenum design would require
limiting crossflow so as to avoid vibration of, and unacceptable forces on, the guide
tubes for both the poison-finger shutdown rods and the thorium dioxide finger rods,

3.2.3.4 Thermal Calculations

Thermal performance has been analyzed by Bettis with a simplified calculational
model. This model has been qualified by performing detailed module calculations
allowing for the transfer of two-phase fluid properties in three dimensicns to predict
local fluid conditions and the critical heat flux, These detailed calculations were
made with the computer program HOTROD, which was used for the thermal analysis
of the Shippingport LWBR core.

The simplified model relates the steady-state overpower thermal performance
of the proposed concept to that of a reference commercial design, such as the Babcock
& Wilcox Standard 205 design. The difference in total reactor flow between the pro-
posed concept and the reference design was determined from changes in parameters that
affect the flow, such as the core hydraulic diameter, total core flow area, fuel-rod
length, and number and type of grids. Mass velocity and inlet temperature were calcu-
lated from the flow for a specified core-average temperature. The hot-channel critical-
heat-flux performance was then determined by factoring in changes in the parameters
that affect the critical heat flux, such as coolant velocity, hydraulic diameter, inlet
temperature, power-peaking factors, and channel length.

Commercial design procedures, methods, hot-channel factors, and correlations pro-

vided the basis for the analysis. The peak linear power, in kilowatts per foot, would
be maintained at a level that results in acceptable fuel-element and LOCA performance.
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3.3 ENVIRONMENTAL CONSIDERATIONS

3.3.1 SUMMARY ASSESSMENT

The thermal, the chemical and biocide, and the radiological releases from this
system would be each similar to the corresponding releases from the reference LWR.
This system should, therefore, present no environmental licensing problems.

3.3.2 REACTOR AND STEAM-ELECTRIC SYSTEM (R.G. 4.2/3.2)

The light-water backfit prebreeder supplying an advanced breeder is another LWBR
scheme that may be capable of meeting current regulations, including Appendix I to
10 CFR 50. This scheme would consist of a conventional PWR vessel and plant with a
modified core, the light-water backfit prebreeder, which produces fuel for an advanced
light-water breeder. The advanced light-water breeder would consist of a conventional
PWR system, except that its core configuration would be similar to that of the Shipping-
port movable-fuel LWBR but with less neutron-absorbing structure, a more uniform power
distribution, and a slightly higher average power density. The basic parameters describing
a typical plant are given in Table 3-10.

3.3.3 STATION LAND USE

Information given in Section 2.3.3 for the LWBR type I module concept applies
to this concept as well.

3.3.4 STATION WATER USE (R.G. 4.2/3.3)

Information given in Section 2.3.4 for the LWBR type I module concept applies to
this concept as well.

3.3.5 HEAT-DISSIPATION SYSTEMS (R.G. 4.2/3.4)

Information given in Section 2.3.5 for the LWBR type | module concept also applies
to this concept. There would be an approximate 5% increase in the heat-dissipation
rate of t » backfit prebreeder, but this is expected 10 be relatively inconsequential.

3.3.6 RADWASTE SYSTEMS AND SOURCE TERMS (R.G. 4.2/3.5)

Information given in Section 2.3.6 for the LWBR type I module concept also
applies to the adva ced-breeder concept except for the addition of boron-recycle
equipment to the Che nical and Volume Control System. Boron would be added to the
coolant of the breeder for reactivity control during shutdown but would be removed
for normal operation. The buckfit prebreeder, on the other hand, would utilize boron
in the coolant during normal operation. This would allow the formation of more radio-
active tritium in the coolant as a result of neutron interactions with boron. Further-
more, the discharge burnup in the prebreeder would be three times higher than that of
the breeder, bringing the radioactive release rates of the backfit prebreeder in line
with those of a typical PWR. Tables 3-11 an. 3-12 show typical releases from the pre-
breeder cy le. The releases from the brerder would be the same as shown in Section
2.3.6.4.
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3.3.7 CHEMICAL AND BIOCIDAL WASTES (R.G. 4.2/5.3)

Information given in Section 2.3.7 for the LWBR type I module concept also
applies to this concept.

3.3.8 EFFECTS OF OPERATION OF THE HEAT-DISSIPATION SYSTEM (R.G. 4.2/5.1)

The thermal efficiency of the prebreeder would be very similar to that of the
reference LWR; the efficiency of the advanced breeder would be a fraction of a per-
cent higher than that of the LWR. Consequently, the effects of the dissipated heat
would be very slightly less than for the LWR.

3.3.9 RADIOLOGICAL IMPACT FROM ROUTINE OPERATIONS (R.G. 4.2/5.2)

The dose percentages for the ligh*-water backfit prebreeder from liquid pathways
by isotope are presented in Table 3-13; those fi om noble-gas releases and radioiodine
and particulate releases are in Table 3-14 and 3-15. The comparable dose contributions
from the breeder type | modules are shown in Table 2-15, 2-16 and 2-17. These values
are similar to those for the reference LWR case and should not represent any problem
to licensing.

3.3.10 EFFECTS OF CHEMICAL AND BIOCIDAL DISCHARGES (R.G. 4.2/5.3)

The chemical and biocidal discharges would be similar to those from the reference
LWR; therefore the effects are similar.

3.3.11 OCCUPATIONAL EXPOSURE

Information given in Section 2.3.11 for the LWBR type I module concept also
applies to this concept.
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Table 3-10. Basic parameters describing the light-water
backfit prebreeder concen* supplying advanced breeder concept

Backfit Advanced
Parameter Prebreeder Breeder
Fuel cycle U=Th recycle U=Th breeder
Burnup, MWd/MT 34,800 10,100
Base reactor thermal
outpu*, MWt 3,800 2,900
Electrical output, MWe 1,295 1,035
Normalize~ reactor
output, MWe 1,000 1,000
Heat rate, Btu/kW-hr 9,990 9,570
Heat dissipation rate
at 1,000 MWe, Btu/hr 6.6 x 109 6.2 x 109
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Table 3-11.

Liquid-radioactive-release source terms for
a typical commercial PWR plant described here with
a light-water backfit prebreeder

Source term@

Source term?

Nuclide (Ci/yr) Nuclide (Ci/yr)
Bromine-82 0.00007 Barium-137m 0.01
Bromine-83 0.0001 Cesium-138 0.00002
Rubidium-86 0.00004 Barium-139 0.00004
Strontium-89 0.0002 Barium=-140 0.0002
Strontium-91 0.00006 Lanthanum-140 0.0001
Yttrium-91lm 0.00002 Cerium-141 0.00002
Yttrium-91 0.0001 Cerium-143 0.00001
Zirconium-95 0.00002 Praseodymium-143 0.00002
Niobium-95 0.00002 Cerium~-144 0.00005
Mo lybdenum-99 0.0003 Praseodymium-144 0.00002
Technetium-99m 0.0003 Neodymium-147 0.00001
Ruthenium-103 0.00002 Sodium=-24 0.0001
Rhenium=-103m 0.00002 Phosphorus-32 0.000&2
Tellurium-125m 0.00001 Phosphorus-33 0.0001
Tellurium=127m 0.0001 Chromium-51 0.0003
Tellurium-127 0.0002 Manganese-54 0.00006
Tellurium-129m 0.0005 Manganese-56 0.001
Tellurium-129 0.0003 Iron-55 0.0003
Iodine-130 0.0004 Iron-59 0.0002
Tellurium-131m 0.0005 Cobalt-58 0.003
Tellurium=-131 0.0001 Cobalt-60 0.0004
lodine-131 0.14 Nickel-65 0.00002
Tellurium-132 0.01 Niobium-92 0.00006
lodine~132 0.01 Tin-117m 0.00002
lodine-133 0.1 Tungsten-185 0.00002
lodine~-134 0.00007 Tungsten-187 0.0005
Cesium=-134m 0.00003 Neptunium-239 0.0002
Cesium-134 0.01 All othersb 0.0001
Iodine-135 0.02
Cesium=-136 0.005 TotalC 0.3
Cesium=-137 0.01

Tritium 270

8Normalized to 1,000 MWe.
bIncludes isotopes with discharges of less than 105

Ci/yr-unit,

CDoes not include tritium.
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Table 3-12. Gaseous-radioactive-release source
terms for a typical commercial PWR plant described
here with a light-water backfit prebreeder

Source term?

Nuclide (Ci/yr)
Krypton-83m <1
Krypton-85m 11
Krypton-85 380
Krypton-87 2
Krypton-88 14
Frypton-89 <1
Xenon~131m 44
Xenon-133m 80
Xenon-133 7,200
Xenon-135m <1
Xenon=-135 50
Xenon-137 <1
Xenon=-139 1
Iodine-~131 0.05
lodine-133 0.06
Tritium 580
Carbon-14 6

Particulates 0.05

Normalized to 1,000 MWe.

Table 3-13. Contributions to doses by liquid effluents for
a typical commercial PWR described here with a light-water
backfit prebreeder

Contribution (%) to organ dose

Isotope Adult whole body Critical organ
Tritium 19 3

Cs=134 43 1

Cs~136 3 1

Cs=137 32 1

1-131 1 85

I-133 1 10

Other 4 2

Ratio of dose to that 1.0 1.0

from reference LWR




Table 3-14. Contributions to radiation doses by noble gases
for a typical commercial PWR plant described here with a
light-water backfit prebreeder

Contribution (%) to organ dose

Nuclide “Whole body Skin
Kr-83m (a) (a)
Kr-85m (a) (a)
Kr-85 (a) 10
Kr-87 (a) 1
Kr-88 8 4
Kr-89 1 (a)
Xe=131m (a) (a)
Xe-133m 1 2
Xe-133 85 79
Xe~135m (a) (a)
Xe-135 4 3
Xe-137 (a) (a)

Ratio of dose to that
from reference LWR 1.0 1.0

4Less than 1X%.

Table 3-15. Contribution to radiation doses by radioiodines and
particulates for a typical commercial PWR plant described
here with a light-water backfit prebreeder

Contribution (2) to organ dose

Nuclide Infant thyroid Child thyroid
I-131 96 91
1~133 1 1
Cc-14 2 5
Tritium 1 3

Ratio of dose to that
from reference LWR 1.0 1.0
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3.4 SAFETY CONSIDERATIONS

3.4.1 UNIQUE SAFETY ASPECTS OF THE CONCEPT

This section describes the major unique featuies of the prebreeder and breeder
concepts, as compared with the reference PWR (Ref. 1), that will need to be considered
for licensing.

3.4.1.1 Prebreeder Fuel

The major unique feature of the prebreeder concept is the fuel pellet, Placing
the fissile-fuel-bearing uranium dioxide annulus around the thorium dioxide core, which
would initially contain no fissile fuel, would cause most of the fission energy to be gen-
erated close to the cladding and therefore result in lowe. average fuel-element tem-
peratures than would be obtained with a solid uranium dioxide pellet. This arrangement
would have the adventage of reducing stored heat, which is important during a loss-of -
coolant accident. In this concept the annulus would experience peak burnup as high
as 119,000 MWd/MT compared with 50,000 MWd/MT in the reference PWR. Currently,
there is little information on the structural and thermal characteristics of fuel at high
burnup, on fission-gas release, on fuel sweliling and cladding strain rate, fuel-cladding
response to power transients, and the effect of the high-temperature inner annular
surface on defective-rod performance. These matters would have to be investigated
before the capabilities of such a system could be established. This fuel system is being
evaluated for possible further development under the Department of Energy (DOE)
Advanced Water Breeder Applications (AWBA) program, including analytical work
to extend the scope of present fuel-element modeling and irradiation testing.

3.4.1.2 Unique Breeder Features

This section discusses the major unique features of the breeder concept that
would need to be considered for licensing. Items a through f were evaluated in the
Shippingport LWBR safety analysis and were found acceptable in the NRC review.
Item h is the 1eature of the advanced breeder that is uniquely different from the Ship-
pingport LWBR.

a. Tight Lattice

The rod-to-rod spacing in the advanced breeder concept would be ahout 60 mils
rather than the 120 mils used in commercial practice. The tight lattice + suld require
a different fuel-element and grid design and different fuel-assembly proc:dures com-
pared to those used in commercial practice to avoid rod-to-structure and rod-to-rod
contact. The rod-to-rod spacing in the LWBR core at Shippingport is also 60 mils.
In setting core operational limits (specifications of set points and allowable power
increase) for the Shippingport LWBR, it was assumed that rod-to-structure contact does
occur. Extensive in-reactor and out-of-reactor tests with rods in contact have been
completed. Design assessments of fuel-rod bowing in the Shippingport LWBR core pre-
dict that rod-to-rod contact is unlikely but even if it were to occur, it is calculated
to be acceptable. Bowing analysis of the blanket has been completed on a worst case
basis by the DOE, and the rod-to-rod spacing has been determined as a function of
reactor lifetime. These data demonstrate that adequate margin is incorporated into
the Shippingport LWBR design and incicates *hat acceptable operation of fuel assemblies
in a commercial-scale reactor of this design should be feasible.

3-3]



b, Core Thermal Margins

Thermal analysis programs and correlations for the Shippingport LWBR proved
applicable for thermal-hydrauiic analyses under widely ranging axial and radial-heat-
flux distributions in a close rod array, including a coupled-region interface. The Ship-
pingport LWBR critical-heat-flux correlation conservatively predicts the data for the
full range of Shippingport LWBR geometries and heat-flux distributions. Thermal
margins for the present concept have been calculated by the DOE based on the approach
similar to that used for the Shippingport LWBR. Additional critical-heat-flux testing
may be required to confirm the applicability of tiie modeling of the specific breeder
fuel lattice.

c. Provision for Accident Prevention

The probabilities of accident initiation for the Shippingport LWBR core and for the
present breeder concept are comparable to that of the reference PWR. The safety and
protection of the Shippingport LWBR plant have been designed in accordance with regu-
latory guidelines and requirements. An emergency core-cooling system appropriate
to the LWBR has been incorporated into the Shippingport design. No impedimernt to
providing comparable protection features to a larger plant using the present breeder
concept has been identified.

d. Acceptability of Movable Fuel for Reactivity Control

To date, all reactivity-control {unctions required by an operating nuclear power
plant have been satisfactorily performed in the Shippingport LWBR by means of the
movable fuel, These include control functions required for shutdown, plant heatup,
power operation, and lifetime reactivity changes. Scram reactivity is also provided
by the movable fuel. For the present prebreeder concept, the movable fuel would supply
only the reactivity control to match part of the power defect plus the bnildup of long-
lived fission products. The requirement on the movable fuel in the present breeder
concept would be much less severe than in the Shippingport LWBR core. However,
since the reactivity increase available from one control assembly during power operation
is greater in the breeder concept than in current LWRs, consideration will need to
be given to control mechanism design to assure that contrcl element ejection is not
credible, as was done for the Shippingport LWBR case.

e. Power and Ter .‘rature Coefficients

The values of these coefficients and the accuracy with which they have been
calculated or estimated are two aspects of this question. The calculation of tempera-
ture and powe coefficients using the design model has given good agreement with
measurements .or both critical-experiment configurations and the LWBR core at Ship-
pingport. Measured zero-power temperature coefficients during both the initial and
the first periodic testing phases have been calculated satisfactorily for both hot and
cold conditions. Performance at power was also calculated satisfactorily. The calcu-
lated power coefficient of reactivity was 6% less negative than the measured value,
and the calculated temperature coefficient at power was 6% more negative than the
measured value. There is a firm basis for expecting that the temperature and power
coefficients for the present breeder concept would be similar to those for the Ship-
pingport LWBR core and therefore acceptable with respect to licensing. The temper-
ature coefficient, which depends primarily on the fuel-to-coolant ratio, is expected
to remain approximately constant or increase slightly during the life of the core, con-
sistent with the facts that no beron would be used in the core, that the fuel-to-coolant
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ratio would decrease slightly as movable fuel was lifted, and that the fissile inventory
would remain nearly constant during core operation. In the Shippingport LWBR core,
the power coefficient is due almost entirely to the Doppler effect and depends primar-
ily on the fuel-to-coolant ratio and the power density (kilowatts per kilogram of heavy
metal) at full power. In the present breeder concept, the fuel-to-coolant ratio would
be somewhat larger than that of the Shippingport LWBR core and the power density
is slightly higher than that of the Shippingport LWBR core. It is therefore expected
that the power coefficient for the present breeder concept would be similarly predict-
able ana at least as negative as that for the Shippingport LWBR.

f. Control Stability and Adequacy

The LWBR core at Shippingport has successfully operated as part of an integrated
commercial power network. This operation has included long periods at co stant power,
several weeks of planned swing-load operations, and controlled startup «nd shutdown
periods from zero to full power. In addition, special tests were run to demonstrate
the dynamic characteristics andresponse of the plant to typical load-change rates common
in commercial plants. Performance was satisfactory during both swing-load and steady-
state operation and in the special tests. The results indicate that control, stability,
and adequacy can be maintained in a core with movable-fuel react’ ity control.

g. Nuclear Stability

Analytical studies have examined the stability of large uranium-233/thorium
reactors with high power densities against spatial xenon oscillations and have compared
it with the stability of uranium-fueled PWRs of comparable sizes and ratings (Ref. 2).
These studias show that uranium-233/thorium systems are inherently significantly more
stable primarily because of lower total xenon yields, a larger fraction of fission yield
direct to xenon, and more negative Doppler coefficients of reactivity. Initial phys-
ics testing at the Shippingport LWBR has demonstrated that the LWBR module design
results in a tightly coupled core and provides further confidence that the present
breeder concept would have acceptable stability properties.

h. Advanced Breeder Control

The essential difference between this concept and the presently operating Ship-
pingport LWBR core is that instead of moving bundles of fuel rods, moving fingers of
individual thorium dioxide control rods, arranged in a manner similar to the fingers
of poison rods now being used in commercial PWRs, would be interspersed through-
out the module. Poison-finger rods may also be required either in the same modules
as the thorium dioxide finger rods or in alternate modules. A program to determine
whether additional development of these alternative control methods should be pur-
sued via design and engineering tests is now being evaluated as part of the DOE AWBA
program.
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3.5 LICENSING STATUS

The status is essentially the same as described previously in Section 2.5
for the Type | module concept.

As stated in Section 3.4.1.2f, the Shippingport LWBR core has been tested
extensively. The results indicate that plant control, stability, and adequacy for
utility-type operation are not adversely affected by a core with movable-fuel reactivity
control. It is expected that a commercial-size reactor would also have adequate
control characteristics,

As noted in Section 3.4.1.28, LWBRs are expected to have larger margins
against spatial xenon instabilities than are current PWRs, partly because of the
larger Doppler coefficient of reactivity produced by the thorium. The stability
of the prebreeder is expected to be comparable with that of the reference PWR.

The maintenance of a plant containing either of the present prebreeder or breeder

concepts would be essentially the same as for a plant containing a conventional
PWR core.
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3.6 TECHNOLOGY STATUS AND RESEARCH, DEVELOPMENT, AND DEMON-
STRATION REQUIREMENTS

3.6.] PREBREEDER CONCEPT

The main area in which technology would need to be extended is the fuel system
of alternating duplex pellets and solid thorium dioxide pellets. This fuel system is
being evaluated for possible further development as part of the DOE AWBA program.
Duplex pellets have been fabricated, and irradiation testing of fuel rods is in progress.
Additional critical-heat-flux testing may be required. Computer modeis to predict
the performance of this fuel system are also being developed.

3.6.2 BREEDER CONCEPT

The areas in which the technology would need to be extended include the fuel-
assembly grids, thorium dioxide control fingers, and the plenum. Zircaloy grids are
already in use in commercial -ores; an extension to larger size and number of rods
and to the tighter tolerances associated with the close-packed hexagonal array in the
breeder reactor would be required. The thorium dioxide control fingers are essentially
fuel rods suspended from one end; their operation in a guide tube with proper coolant
flow and acceptable wear and vibration characteristics would have to be demonstrated.
The plenum design would require flow testing to demonstrate operation without vibration
or unacceptable lateral forces due to crossflow,

The "dual-action" control-rod-drive mechanism, if chosen, would also require an
extension of technology. The concepts of roller nuts and magnetic latching for
control-rod-drive mechanisms are not new; the novel feature is their application
to concentric lead screws and to high loads.

An additional area for research, development and demonstration would be the
development of the large pressure vessels required for application of the advanced
breeder concept in a large (1,000 MWe) plant. Under the DOE AWBA program, a ven-
dor has completed a study of the feasibility of manufacturing larger reactor vessels
than those currently operating or planned; however, additional studies and confirma-
tion of manufacturing capabilities for such large reactor vessels would probably be
needed.

In addition to the above efforts on the reactor components, the use of a pre-
breeder-breeder system would require the recycle of fu~l and the research, development,
and demonstration necessary to implement reprocessing, refabrication, and waste
management,

The requirements for this concept are summarized in Tables 3-16 and 3-17.

3.6.3 CONCERNS NEEDING RESOLUTION

Because of the preliminary nature of the concept, the concerns cited in Section
2.6.2 apply to this concept as well.
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Table 3~16. Technological advance requirements for
backfit prebreeder concept
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Table 3~17. Technological advance requirements for advanced breeder concept
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Chapter 4
LIGHT-WATER BACKFIT PREBREEDER/SEED-BLANKET BREEDER SYSTEM

4.1 OVERALL DESCRIPTION OF THE CONCEPT

This section describes a conceptual reactor system that would use currently
available LWR technology and existing reactor plants to fuel an advanced-technology
light-water seed-blanket breeder capable of significantly increasing the utilization
of existing supplies of uranium,. This reactor system would use a backfit prebreeder
(new reactor core in existing PWR vessel and plant) to produce a mixed-uranium-
isotope fuel for an advanced light-water seed-blanket breeder.

The backfit prebreeder would make maximum use of current LWR technology to
provide a transition from the prebreeder fueled with uranium-235 to the seed-blanket
breeder, which eventually would be fueled with equilibrium concentrations of uranium
isotopes.

The backfit prebreeder would be identical with current commercial PWRs except
for the use of the mixed uranium/thorium dioxide fuel that has been developed for
the Shippingport LWBR. Thus, by substitution of fuel, existing PWR plants could be
used on a near-term basis to generate fuel for a light-water breeder, This approach
requires little technology development effort and a minimum of testing and confirma-
tion effort,

The light-water seed-blanket breeder would be an advanced light-water design
in that a seed blanket configuration would be used to maximize neutron economy and
thereby improve breeding performance., The breeder would inicially be fueled with
a uranium/thorium dioxide mixture from backfit prebreeders and additional quantities
of mined thorium oxide. Subsequent fuelings of the breeder would use recycled fuel
from the breeder. Tables 4-| through 4-6 list the parameters for the concept,

4.1.] PREBREEDER

The backfit prebreeder would use an existing commercial PWR (for illustration
purposes, the Combustion Engineering (C-E) System 80 plant is assumed) rated for
3,800 MWt (Ref. 1). This prebreeder would be identical with the thorium/uranium-233
recycle design described in Reference 2, except for the method of recycling fuel.
Figure 4-1 shows the reactor-core cross section and standard control-element-assembly
pattern for the backfit prebreeder,

The conventional C-E System 80 (one of several commercial PWR plants that
could be used for backfit) consists of a two-loop PWR with four pumps per loop and
supporting auxiliary systems. The reactor core is composed of 24| fuel assemblies
and 89 control-element assemblies. The fuel assemblies are arranged to approximate
a right circular cylinder with an equivalent diameter of 143 inches and an active length
of 150 inches. Each fuel assembly provides for 256 fuel-rod positions (16 x 16 array),
of which 20 positions are occupied by control-assembly guide tubes (five guide tubes
each occupying four rod positions). The fuel-rod outside diameter is about 0,380 inch.

The backfit prebreeder would use the standard C-E System 80 plant except for the
use of a thorium-based fuel instead of low-enrichment uranium dioxide fuel. Fuel used
in both the approach described in Reference 2 and the backfit prebreeder concept would
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consist of a binary solid solution of uranium dioxide and thorium dioxide. Initially,
the uranium dioxide would be highly enriched. As the fuel is irradiated, the fertile
thorium-232 would be converted to fissile uranium-233. Although the fission prod-
ucts and thorium could be chemically separated from the fuel during reprocessing, the
uranium isotopes would remain mixed. In the backfit-prebreeder concept, in each
cycle one-third of the core would be removed from the prebreeder reactor and would
be reprocessed and refabricated for use in an LWBR, whereas in the approach of Refer-
ence 2 one-third of the core would be recycled back into the original reactor in each
cycle,

Reactivity in the prebreeder would be controlled by two independent systems
already present in commercial PWRs. The control-element-drive system, consisting of
neutron-absorber elements, would be used to provide rapid shutdown. A chemical and
volime control system would be used to compensate for long-term reactivity changes
ar - could make the reactor subcritical without the use of the absorber elements,
Boric acid dissolved in the coolant would be used as the neutron absorber. In addition,
burnable poison rods would be used to compensate for the excess reactivity at the
beginning of life.

4.1.2 LIGHT-WATER SEED-BLANKET BREEDER

The primary system of the light-water seed-blanket breeder, except for the
reactor and related equipment is made up of components identical with those used
in current commercial LWRs. Initial concepts include two reactor-coolant loops, with
two steam generators and two reactor-coolant pumps per loop, all housed in a single
containment vessel along with the nuclear rea~tor. Plant rating would be currently
targeted at 1,000 MWe at an avcroge operuging temperature of 590°F on the basis
of the current maximum commercial-reactor-vesse! size. Other plant components
would be sized consistent with a plant rating of 1,000 MWe unless larger (1,300 MWe)
components are required to achieve a 1,000-MWe capability when the breeder core
is installed,

The reactor vessel would be similar in size to the vessels used for larger com-
mercial PWR reactors, which have been licensed, and would be identical in construc-
tion and materials. The fuel assemblies would be comparable in length to those of
current commercial PWRs and similar in cross-sectional area to those used in the
Shippingport LWBR. The fuel-module configuration would consist of discrete seed
and blanket rod regions (as in the Shippingport LWBR) in an open lattice typical of
commercial PWRs,

The seed rods of the breeder would consist of a solid solution of uranium and
thorium dioxides in pellet form, stacked in a Zircaloy cladding tube, The cladding out-
side diameter would be about 0.44 inch, and the active fuel length would be 12 feet, as
in commercial PWRs.

Initially, the breeder would be loaded with fuel recycled from the prebreeder. The
mixed-oxide fuel would contain thorium dioxide mixed with bred uranium-233, non-
fissioned uranium-235, and other uranium isotopes discharged from the prebreeder.
Although fission products would be removed, the fuel would be highly radioactive
because of the presence of uranium-232 and its daughters. Subsequent loadings would
be obtained by the recycle of fuel discharged from the breeder itself or by fuel recy-
cled from other prebreeders.



Blanket rods would consist of thorium dioxide pellets in Zircaloy tubes with
dimensions similar to or somewhat larger than those of the seed rods. Fertile thorium-
232 in the blanket rods would be converted to fissile uranium-233 during operation
at power, resulting in reduced changes in lifetime reactivity in comparison with com-
mercial PWRs and thereby minimizing the need for soluble boron for the control of
reactivity,

Shutdown and power-control capability wouid be provided by groups of individual
poison rods in guide tubes located in discrete regions surrounded by regions of seed
rods. The cold-to-hot temperature defect would be compensated for by dilution of
soluble boron, as in current PWRs.

Compensation for lifetire reactivity changes would be provided by groups of fertile
thorium dioxide shim rods in individual guide tubes located in the same discrete regions
as the poison rods. All rods--seed, blanket, shim, and shutdown--would be held in place
on a triangular pitch of 0.51 inch by Zircaloy grid structures and arranged in an open
lattice that would permit free mixing of coolant throughout the lattice.

The drive mechanisms for the shim and shutdown rods would be similar to ‘hose
used in current commercial PWRs. Mechanisms that drive shutdown rods would have
a scram capability, as in commercial PWRs; however, the shim mechanisms have only
a shim capability for the control of lifetime reac“ivity changes and would have no
safety function. The seed-blanket arrangement is characterized by a smaller change
in reactivity from beginning to end of cycle. The increasing blanket reactivity would
compensate for most of the decreasing seed reactivity with depletion.

The resultant small reactivity change associated with depletion can be controlled
by the thorium dioxide shim rods, thus minimizing the need for the use of soluble boron
during operation at power. At discrete intervals of depletion, one or more groups
of shim rods would be moved from a fully inserted to a fully withdrawn position. This
approach would minimize peaking of the axial power shape and thereby maximize
the operating margin.

Consistent with the objective of relying on current LWR technology, auxiliary
systems for soluble-boron addition and removal, long-term shutdown cooling, decay-
heat removal, and emergency core cooling would be functionally identical with those
used in commercial PWRs or in the Shippingport LWBR. The containment configuration
would be equivalent to that of current commercial PWRs.

4.1.3 ACCOMMODATION IN EXISTING PHYSICAL PLANTS

The drive mechanisms, reactor vessel, head, and internals as well as the balance
of the nuclear steam supply system, including auxiliary systems for soluble-boron addi-
tion and removal, long-term shutdown cooling, decay-heat removal, and emergency
core cooling of the backfit pla~t, should all be reusable with the backfit prebreeder,
although some changes in comj zaent sizes and capacities may be required to maintain
performance characteristics comparable to those of the original PWR design.

4.1.4 FUEL MANAGEMENT AND FUELING ALTERNATIVES
A typical operating system for the backfit prebreeder fueling the seed-blanket

breeder would consist of the prebreeder generating fuel each year until enough fuel
has been reprocessed to fuel the breeder for a predetermin=d number of years. This
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reprocessed fuel would be a mixture of all uranium isotopes generated in the pre-
breeder and would have to be a quantity sufficient to account for the initial criti-
cality of the breeder, makeup for the breeder, and reprocessing and refabrication
losses. The backfit prebreeder would use fuel management, with one-third of the
core being replaced each year. The advanced-breeder concept would be batch-loaded
and operates for approximately 2.5 years at a capacity factor of 75%. At the end
of each batch-loaded cycle, the entire breeder core would be sent to reprocessing,
and the reactor would be refueled with a recycled breeder load,

4.1.4.1 Alternative Fueling Options for the System

Several alternative fueling options would be possible for the backfit prebreeder/
seed-blanket breeder system. These options could include the following:

. The prebreeder could be fueled with plutonium-239 as the initial fissile fuel
rather than uranium-235,

2. The fuel produced from the prebreeder could fuel other reactor types, such
as the LMFBR, using either thorium or uranium-238 as the fertile material.

3. The prebreeder concept could be used as a converter to recycle
the mixture of depleted and bred fuel back into the prebreeder rather than
to save it for the breeder.

4. Low-enrichment fuel could be used as the prebreeder fuel adding uranium-
238 dioxide to the mixture of uranium-235 dioxide and thorium dioxide.

4.1.5 FUEL CYCLES

The prebreeder would consist of a PWR-type-core backfitted into a PWR CE-80
vessel. The fuel would consist of a binary solid solution of uranium and thorium diox-
ides. Reactivity control would be achieved by poison control rods and dissolved boric
acid in the coolant. Spen: fuel would be reprocessed to recover the uranium which
would be refabricated for the initial fuel loadings in the seed-blanket breeder.

The seed-blanket breeder would use a PWR type vessel somewhat larger than
present commercial PWRs. The fuel module would consist of seed blanket regions.
Reactivity control would be achieved by movable thorium dioxide rods in the seed
region. The seed rods would consist of a solid solution of uranium and thorium dioxides
in pellet form. Initially, the breeder would be loaded with fuel recycled from the pre-
breeder (mixed uranium-fissile fuel: bred w anium-233 and nonfissioned uranium-235),
At equilibrium, the breeder would be fueled from recycled uranium (all isotopes) dis-
charged from the breeder plus the mixed-uranium-isotope fuel discharged and stored
from the prebreeder. (The prebreeder fuel would be used to fuel the initial cycle of
the breeder plus supply all makeup fuel needed.)

4.1.5.1 Backfit Prebreeder HEU(5)-Th

The backfit prebreeder would utilize 9% highly enriched uranium-235 fuel as
a binary solid solution of thorium and uranium dioxides in the form of pellets., The
spent fuel would be resrrcessed to recover all uranium isotopes and would then be
fabricated into fuel for the initial fuel requirements for the seed blanket breeder.
A typical mass flow diagram for this system is shown in Figure 4-2,
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4.1.5.2 Seed Blanket Breeder HEU-Th/Th

The seed blanket breeder would use a large extrapolated-PWR-type vessel. The
fuel would consist of seed rods containing a binary solid solution of uranium and thor-
ium dioxides; the blanket would consist of thorium dioxide pellets. The core and blan-
ket would be reprocessed to recover the uranium-233 which is recycled and mixed
with makeup also supplied by the initial prebreeder cycles in the form of mixed uranium
isotopes. A typical mass flow diagram for this system is shown in Figure 4.3,

4.1.5.3 Quantitative Fuel Inventories

Table 4-7 summarizes the overall fuel-management information, including the
separative-work requirements typical of this concept. Table 4-8 shows the calculated
isotopic content of the equilibrium cycle for this prebreeder/mixed-breeder concept.
Table 4-9 shows the calculated overall isotopic content for the prebreeder one-third
core charge and discharge under equilibrium conditions, and Table 4-10 shows the
calculated overall isotopic content for the breeder over a 30-year history. Figures
%~2 and 4-3 show t"= mass flows ior the equilibrium prebreeder and breeder cycles,
respectively.

4.1.5.4 Reprocessing Considerations

Once the prebreeder fuel load is subject to depletion, significant quantities of
uranium-232 and its daughter products would be generated in the thorium matrix of the
fuel elements along with fission products. As a consequence, the fuel discharged from
any prebreeder or breeder would be highly radioactive, and significant radioactivity
would be retained during reprocessing, even after the fission products are separated
from the fissile and fertile fuel. To provide for the recycle of fuel, for this or any
other breeder system, reprocessing and refabrication facilities would be required.
The Shippingport LWBR fuel was fabricated in shielded gloveboxes, but this is not
representative of the remotely operated facilities and processes expected to be nec-
essary for recycle and refabrication of fuels of the thorium/uranium-233 fuel cycle
on a commercial basis.

The fuel cycle described above is typical of what would be required to achieve
the goal of breeding in a light-water concept and has the advantages of minimizing
resource requirements and plutonium generation. Other fuel cycles (denatured uranium
dioxide, etc.) have been considered for light-water prebreeder /breeder systems. Increased
demands on available resources, reduced potential for breeding during the equilibrium
cycle, and concerns associated with handling significant quantities of plutonium are
disadvantages of such fuel cycles.
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Table 4-1. Generalized performance specifications:
light-water backfit prebreeder concept supplying seed-blanket breeder
concept

Par ameter Prebreeder Breeder

Power plant performance parameters

Reactor thermal power output, MWt 3,817 2,993
Net electrical power output, MWe 1,300 1,000
Plant heat rate, Btu/kW-hr - 10,220

Core performance parameters

Core heat output, MWt 3,817 2,993
Core volume, liters 40,040 47,200
Core loading, kg

Heavy metal@ 93,507 171,504

Fissile fuel 3,088P 5,622°¢
Conversion ratio 0.5 1.00d
Average seed discharge burnup, MWd/MTHM® 33,961 15,300
Peak discharge burnup, MWd/MTHM 54,3(0 24,500
Fuel type Binary U0,/ThO, Binary UOy/ThO,
Reactor inlet temperature, °F 565 567
Reactor outlet temperature, OF 621 617
Fissile inventory ratio

Initial cycle 0.61

Equilibrium cycle 1.0d

3Does not include axial or radial reflectors.

brissile load for initial cycle of the prebreeder.

“Fissile load for initial cycle of the breeder as fueled by the mixed-
isotope prebreeder.

dFor the equilibrium fuel cycle of the breeder.

®Heavy metal charged.
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Table 4-2, Reactor concept data:

light-water backfit

prebreeder concept supplying seed-blanket breeder concept

Parameter Prebreeder?® Breeder
Ceometric information
Core height, cmP 381 366
Number of core enrichment zones 3 1
Number of assemblies 241 169
Equivalent diameters, cm 373 405
Number of pins per assembly® 236 459
Pins pitch-to-diameter ratio 1.33 1.16
Overall assembly length, cm 450 513
Lattice pitch, cm 1.29 1.30
Assembly material Zircaloy-4 Zircaloy-4
Cladding parameters
Cladding outside diameter, mils 382 440
Cladding wall thickness, mils 25 27.5
Cladding material Zircaloy-4 Zircaloy-4
Fissile inventory at beginning of
equilibrium cycle, kg 3,0884 4,975¢
External fissile inventory, k. 1,235/2,470f 1,990/3,980f
Fissile gain or loss, kg/cycle 495 (loss) 0®
Specific power, kW/kg fissile 1,2314 598¢
Power density, kW/kg HM 41 17
Power density, kW/liter 95 63
ABased on Combustion Engineering Standard System 8C design.
b!xcluding axial reflectors.
CAverage number of pins per assembly,
dpissile load for initial cycle of the prebreader.
®Fissile load for equilibrium cycle of the breeder,
fAssu‘ing a lag time of 1 to 2 years.
Table 4-3, Fuel-assembly volume fractions: light-water

seed-blanket breeder concept

Fuel-assembly volume fraction

Thorium shim rods in, All control

All control

Component shutdown rods out rods in rods out
Fuel, seed? 0.308 0.308 0,308
Fuel, blanket 0.137 0.137 0.137
CoolantP 0.371 0.360 0.384
Structure 0.171 0.171 0.171
Control€ 0.013 0.024 -
Total 1.000 1.000 1.000

8Includes pellet volume only.

PIncludes interstitial coolant.
CReactivity control obtained via movable thorium shim rods and
Ag-In-Cd shutdown rods.
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Table 4-4, Core-region volume
fractions: light-water seed-blanket
breeder concept

Component Volume fraction?
Fuel, seedP 0.308
Fuel, blanket 0.137
Coolant 0.371
Structure 0.171
Control® 0.013

Total 1.6J20

8Includes active core volume only,

bIncludes pellet volume only.

CThorium shim rods inserted, shut-
down rods withdrawn.

Table 4-5, Fuel-assembly volume
fractions: light-water backfit
prebreeder concept

Component Volume fraction?
Fuelb 0.293
Coolant® 0.588
Structure 0.119
Total T1.000

8A11 control rods out,

bIncludes pellet volume only.

€Includes interstitial
coolant,

Table 4-6. Core-region volume
fractions: light-water backfit
prebreeder concept

Component Volume fraction®
Fuel® 0.293
Coolant 0.588
Structure 0.119
Total T1.000

8Includes active core volume
only.
bIncludes pellet volume only.
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Table 4-7. Fuel-management information: light-water
backfit prebreeder concept supplying seed-blanket breeder system

Average capacity factor, % 75
Approximate fraction of core replaced 1/3 prebreeder/batch

loaded breeder?®
Lag time assumed between fuel discharge

and recycle reload 1 yr/2 yr
Fissile-material reprocessing loss fraction, % b
Fissile-material fabrication loss fraction, % 1bsc
Fuel requirements, ST/GWe Prebreeder/breeder system
U308 Tho,4
Initial cure 603 76
Equilibrium reload requirement per cycle 24 2
10-year cumulative requirements® 3,730/4,587 270/337
50~y:ar cumulative requirementsf 3,989/4,889 287/356
100-year cumulative requirements8 4,639/5,536 331/400
Separative-work requirements, 103 SWU/GWe
Initial core 601 -
Equilibrium reload 24 -
30-year cumulative requirements® 3,722/4,577 --
50-year cumulative requirements 3,980/4,878 -
100-year cumulative requirements® 4,629/5,524 -
Other data for proliferation-resistance
assessment Prebreeder Breeder
Fuel-element weight, kg 2.7 3.9
Fresh- and discharge-fuel radiation level,
R/hr at 1 m 5,900 5,500
Discharge-~fuel energy-gene- " ivr ate
after 90-day cooling, w: « r element 49 28

8Fuel management of breeder is feasible and cou 4 result in reduced
fissile-fuel requirements.

bLosses consist of a total (both reprocessing and fabrication) of 2% for
the first 40 years and 1% from 40 to 100 years.

CUranium hexafluoride conversion loss of 0.5% added to 1.0% fabrication
loss of all mined uranium.

dThorium dioxide requirements d~ not include axial and radial reflectors.

®Requirement for 11.5/14.1 years of prebreeders, 18.5/15.9 years of
breeders.

fRequirenent for 12.3/15.1 years of prebreeders, 37.7/34.9 years of
breeders.

8Requirement for 14.3/17.0 yeers of prebreeders, 85.7/83.0 years of
breeders.
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Table 4-8. Fuel inventory at the beginning and end of equilibrium cycle:
light-water backfit prebreeder concept supplying seed-blanket breeder concept

Inventory (kg)

Initial cycle,® initial cycle, Equilibrium cycle,
prebreeder mixed breeder breeder

Isotope “BOEC EOEC BOEC EOEC BOEC EOEC
Thorium-232b 29,977 29,164 163,864 161,749 163,665 161,545
Protactinium-233 0 41 0 113 0 113
Uranium-232 0 -— -— -— - -
Uranium-233 0 375 3,055 3,409 4,296 4,195
Uranium-234 64 88 648 762 2,338 2,349
Uranium-235 1,261 350 2,567 1,871 680 670
Uranium-236 0 160 1,179 1,276 632 634
Uranium-238 31 "6 191 170 - .-
Plutonium-238 0 - 0 - 0 -
Plutonium-239 0 - 0 -- 0 --
Plutonium-240 0 - 0 - 0 -
Plutonium=-241 0 -- 0 - 0 -
Plutonium-242 0 - 0 . 0 -
Fission products 0 - o 0 2,050 0 2,050

8Fuel inventory for the one-third core fueled and the one-third core discharged each year of the
equilibrium prebreeder cycle. Abbrev.ations: BOEC, beginning-of-equilibrium cycle; EOEC, end-of-
equilibrium cycle.

Does n.t i~clude axial or radial reflectors.
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Table 4-9. Backfit-prebreeder charge and discharge data:
light-water backfit prebreeder concept supplying seed-blanket breeder concept?

Quantity (kg)
— Pu,
Year Th-232b Pa-233 U-233 U-234 U-235 U-236 U-238 Np isotopes Total
0c 29,977 0 0 64 1,.61 0 31 0 31,333
1.0d 29,164 41 375 88 350 160 26 - 30,204

apyel inventory for the one-third core fueled and the one-third core discharged each year of the

equilibrium prebreeder cycle.
Does not include axial or radial reflectors.
CBeginning of cycle.
dEnd of cycle.



Table 4-10.

Light-water seed-blanket-breeder charge and discharge duta:

light-water backfit prebreeder concept supplying seed-blanket breeder cvncept"b

Quantity (kg)

Year~ Th-2320 ~Pa-233 U-233 U-234 U-235 U-236 Total Fission products
BOC 163,860 0 3,055 648 2,567 1,179 171,309 0
EOC 161,810 113 3,409 762 1,871 1,276 169,241 2,050
BOC 164,190 0 3,431 742 1,823 1,243 171,429 0
EOC 162,110 114 3,626 862 1,345 1,288 169,345 2,05
BOC 164,290 0 3,693 852 1,328 1,272 171,435 0
EOC 162,190 115 3,776 973 1,008 1,281 169, 343 2,050
BOC 164,320 0 3,879 970 1,005 1,277 171,451 0
EOC 162,220 116 3,883 1,087 794 1,263 169,363 2,050
BOC 164,300 0 4,016 1,091 809 1,270 171,486 0
EOC 162,190 116 3,970 1,201 671 1,242 169,390 2,050
BOC 164,210 0 4,106 1,206 688 1,250 171,460 0
EOC 162,110 116 4,027 1,309 597 1,215 169,37 2,050
BOC 164,200 0 4,155 1,312 608 1,220 171,495 0
EOC 162,100 116 4,053 1,407 550 1,181 169,407 2,050
BOC 164,160 0 4,184 1,410 563 1,187 171,504 0
EOC 162,050 116 4,068 1,498 527 1,146 169,405 2,050
BOC 164,080 0 4,214 1,504 553 1,158 171,509 0
EOC 161,980 116 4,093 1,584 527 1,119 169,419 2,050
BOC 163,980 0 4,254 1,593 565 1,136 171,528 0
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Table 4-10.
light-water backfit prebreeder concept supplying seed-blanket breeder concept®® (continued)

Light-water seed-blanket-breeder charge and discharge data:

Quantity (kg)
Year© Th-2329 Pa-233 U-233 U-23% U-235 U-236 Total Fission products

25.0

EOC 161,880 115 4,133 1,666 543 1,099 169,436 2,050

BOC 163,960 0 4,261 1,669 553 1,104 171,547 0
27.5

EOC 161,860 115 4,135 1,735 540 1,068 169,453 2,050

BOC 163, 900 0 4,270 1,739 557 1,076 171,542 0
30.0 EOC 161,810 115 4,144 1,800 547 1,042 169,565 2,050

8Charge and discharge data correspond to 30 years of continuous operation of the breeder with no

out-of-loads or losses for reprocessing and fabrication.

bBecause of the small amount of uranium-238 present in the uranium mixture and the stage of the

concept development, the uranium-238 chain has not been included in the nuclear calculations.
BOC, beginning of cycle; EOC, end of cycle.

CAbbreviations:

dpoes not include axial or radial reflectors.
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%2 FUEL MECHANICAL, NUCLEAR, THERMAL-HYDRAULIC, AND MATERIALS
CONSIDERATIONS

The light-water backfit prebreeder/seed-blanket breeder system would rely on
technology already developed by commercial PWR vendors and the LWBR program.
Thus, the feasibility of fulfilling mechanical, thermal-hydraulic, and materials require-
ments has been established. Both the prebreeder and breeder are equivalent to current
commercial PWRs in terms of core fuel geometry (rods), control concept (soluble boron
and individual poison rods driver by mechanisms located above the core), and the con-
ventional use of light water as a moderator and coolant. The features that make both
the backfit prebreeder or breeder different from current PWRs are discussed below.

4.2.1 URANIUM/THORIUM FUEL

Although not used in current commercial LWRs, the fuel for this conceptual
system has been developed and is being proved by test and operation (Shippingport
LWBR). The fuel rods for the prebreeder and breeder and the blanket rods for the
breeder would be essentially identical with those used in the LWBR in terms of mate-
rial composition, but the overall rod length and diameter would be larger,

4.2.2 BREEDER SEED-BLANKET CORE ARRANGEMENT

The use of discrete regions of seed and blanket rods would make the core differ-
ent from current commercial LWRs but similar to the core arrangement of the Ship-
pingport LWBR (individual fuel modules would not be separated hydraulically as in
the Shippingport LWBR). Design and testing would be needed to demonstrate the ade-
quacy of a scaled-up lower water/metal ratio to commercial size, but no new technol-
ogy would be required.

4.2,3 SHIM-ONLY MECHANISMS

The seed-blanket breeder would use separate mechanisms to drive groups of indi-
vidual thorium dioxide shim rods. These mechanisms would be energi~ed at discrete
intervals of depletion to fully insert or withdraw the shim rods. Since these mechan-
isms would have no scram function, development and production efforts might be less
extensive than those associated with shutdown-type mechanisms.

4.2.4 ZIRCALOY GRIDS

It is desirable to use Zircaloy grids for the support and separation of individual
fuel rods so as to rec ice neutron losses in the breeder. The feasibility of using Zir-
caloy for grid structures of the backfit prebreede. ias been proved by the design and
operation of the Combustion Engineering plants. Application to the breeder configura-
tion having a low water/metal ratio would require additional development effort.

4.2.5 NUCLEAR CALCULATIONS

The backfit prebreeder would be based on data presented in Reference 2, which
is an assessment of a converter using the thorium fuel cycle. This converter ditfers
from the proposed backfit prebreeder only in that the converter would recycle one-
third of the core back into itself each year, whereas the prebreeder would recycle
one-third of the core to the breeder each year. The necessary data needed for fuel-
ing the breeder and for mining requirement calculations have been extracted from
Reference 2.
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The nuclear-design calculational methods and cross-section data used in the
nuclear analysis of the light-water seed-blanket breeder correspond to the methods
and cross-section data used in the nuclear analysis of the Shippingport LWBR. Com-
parison of experimental and calculational results for initial LWBR physics tests shows
that the LWBR calculational model has been very successful in predicting the experi-
mental results.

The program on which the NASAP data for the seed-blanket breeder are based
is in the preliminary conceptual stage. At this stage, cell theory is used to calculate
the nuclear performance of the core, just as it was used in the early stages of the
LWBR program. For preliminary conceptual work, cell theory is considered adequate.

The nuclear analyses of the seed-blanket design concept are based on planar
NOVA/SPRITE diffusion-theory models and planar RCP Monte Carlo models of a clus-
ter. The Monte Carlo models are used to normalize the diffusion-theory models and
to determine control-rod worth and temperature defect. The diffusion-theory models
are used to calculate the nuclear performance of each concept throughout the breed-
ing cvcle. The calculated conversion ratio of the diffusion-theory cluster model is
moditied in a conservative manner to account for neutron leakage, grid material, and
structural material that is not explicitly included in the conceptual model.
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4.3 ENVIRONMENTAL CONSIDERATIONS

4.3.1 SUMMARY ASSESSMENT

Typical thermal, chemical, and biocidal releases and impacts would be similar to
those for the reference LWR. Typical radiological impacts are somewhat smaller
than the corresponding values for the reference LWR. This system, therefore, should
not experience any special difficulties in licensing for environmental reasons.

4.3.2 REACTOR AND STEAM-ELECTRIC SYSTEM (R.G. 4.2/3.2)

The high enrichment uranium/thorium fueled, light-water backfit prebreeder/
seed blanket breeder is a third LWBR scheme that may be capable of meeting current
regulations, including Appendix 1 to 10 CFR 50. This scheme would consist of a con-
ventionai PWR vessel and plant with a modified core, the light-water backfit pre-
breeder, which produces fuel for a light-water seed blanket breeder. The light-water
seed-blanket breeder would consist of a conventional PWR system except for a modi-
fied reactor and related equipment,

Basic parameters describing typical plants are given in Table 4-11.
4.3.3 STATION LAND USE

Information given in Section 2.3.3 for the LWBR type | module concept would
apply to this concept as well,

4.3.4 STATION WATER USE (R.G. 4.2/3.3)

Information given in Section 2.3.4 for the LWBR type I module concept would
apply to this concept as well.

4.3.5 HEAT-DISSIPATION SYSTEMS (R.G. 4.2/3.4)

Information given in Section 2.3.5 for the LWBR type | module concept would
apply to this concept as well. There would be an approximately 5% increas2 in the
heat-dissipation rate of the backfit prebreeder, but this is expected to be relatively
inconsequential.

4.3.6 RADWASTE SYSTEMS AND SOURCE TERMS (R.G. 4.2/3.5)

Information given in Section 2.3.6 for the LWBR type | module concept would
also apply to the seed-blanket-breeder concept, except for the addition of boron re-
cycle equipment to the chemical and volume control system and an approximately 50%
increase in the discharge burnup. The former would have no effect on radioactivity
release rates because the boron in the coolant would be removed during normal opera-
tion. The latter would result in an approximately 25% increase in the radioactivity-
release rates in the seed-blanket breeder over those of the LWBR type I module (Tables
4-12 and 4-13). The backfit prebreeder, on the other hand, would use boron in the
coolant during normal operation. This would allow the formation of more radioactive
tritium in the coolant from neutron interactions with boron. Furthermore, the dis-
charge burnup in the prebreeder would be twice as great as that of the breeder, which
would bring the radioactivity release rates of the backfit prebreeder in line with those
of a typical PWR (Tables 3-11 and 3-12),
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4.3.7 CHEMICAL AND BIOCIDAL WASTES (R.G. 4.2/5.3)

Information given in Section 2.3.7 for the LWBR type | mocule concept would
apply to this concept as well.

43,8 EFFECTS OF OPERATION OF HEA" -DISSIPATION SYSTEMS (R.G. 4.2/5.1)

The thermal efficiency of the prebreeder would be the same as that of the LWR;
the efficiency of the light-water seed blanket breeder would be slightly less. The
effects would therefore be very slightly greater than for the reference LWR,

4.3.9 RADIOLOGICAL IMPACT FROM ROUTINE OPERATIONS (R.G. 4.2/5.2)

The dose percentages for a typical seed blanket breeder from typical liquid path-
ways by isotope are presented in Table 4-14; those from noble gas and from iodines
and particulates are presented in Tables 4-15 and 4-16. Corresponding typica' values
for the light-water backfit prebreeder are given in Tables 3-13, 3-14 and 3-15 These
dose contributions would be similar to, or smaller than, the corresponding va.ues for
the reference LWR and should present no licensing problems.

4.3.10 EFFECTS OF CHEMICAL AND BIOCIDAL DISCHARGES (R.G. 4.2/5.3)

The discharges would be similar in kind and in magnitude to those from the refer-
ence LWR, The effects would therefore also be similar.

4.3.11 OCCUPATIONAL EXPOSURE

Information given in Section 2.3.11 for the LWBR type [ module concept would
apply to this concept as well.
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Table 4~-11.

Basic parameters describing the light-water

backfit prebreeder concept supplying the seed-blanket breeder concept

Parameter

Backfit prebreeder

Seed-blanket breeder

Type

Fuel cycle

Burnup, MWd/MT

Base reactor thermal
output, MWt

Electrical output,
MWe

Normalized electrical
output, MWe

Heat rate, Btu/kW-hr

Heat-dissipation rate
at 1,000 MWe, Btu/hr

High-enrichment
backfit light-
water prebreeder

U=Th recycle or

Pu-Th-U
34,000

1,270

1,000
10,000

6.7 x 109

Light-water seed-
blanket breeder

U~Th breeder or
Pu=-Th~U

15,000

3,000

1.000

1,000
10,200

6.8 x 109
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Table 4~12.

Liquid~radioactive-release source terms
for a typical commercial PWR plant described here
with a seed-blanket breeder installed

Source term?

Source term?

Nuclide (Ci/yr) Nuclide (Ci/yr)
Bromine-82 0.00009 Barium=-137m 0.006
Bromine-83 C.0001 Cesium-138 0.00001
Rubidium-86 0.00003 Barium-139 0.00003
Strontium-89 0.0003 Barium-140 0.09001
Strontium-91 0.00006 Lanthanum~- 140 0.00006
Yttrium=91lm 0.00001 Cerium=-141 0.00001
Yttrium-91 0.0001 Praseodymium-143 0.00001
Zirconium-95 0.00001 Cerium-144 0.00003
Niobium-95 0.00001 Praseodymium-144 0.00001
Molybdenum-99 0.000? Sodium-24 0.00006
Technetium=99m 0.0001 Phosphorus=-32 0.000C i
Ruthenium-103 0.00001 Phosphorus-33 0.00006
Rhenium=103m 0.00001 Chromium-51 0.00009
Tellurium=127m 0.0001 Manganese-56 0.0004
Tellurium=~127 0.0003 Iron-55 0.00009
Tellurium=129m 0.0003 Iron-59 0.00009
Tellurium=-129 0.0001 Cobalt-58 0.001
Iodine~130 0.0003 Cobalt-60 0.0001
Tellurium=131m 0.0003 Nickel=65 0.00001
Tellurium=131 0.00006 Niobium=-92 0.00004
Iodine-131 0.09 Tin=117m 0.00001
Tellurium=-132 0.006 Tungsten-185 0.00001
Iodine-132 0.006 Tungsten~-187 0.0003
Iodine~133 0.05 Neptunium-239 0.0001
lodine~134 0.00004 Protactinium=-233 0.00001
Cesium~134m 0.00003 All othersP 0.00006
Cesium~-134 0.003 Total® 0.19
lIodine~135 0.01
Cesium-136 0.006 Tritium 125
Cesium~-137 0.006

8Normalized to 1,000 MWe.
bIncludes isotopes with discharges cf less than 1075

Ci/yr-unit.

®Does not include tritium.
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Table 4~-13. Gaseous~-radiocactive-release source terms
for a typical commercial PWR plant described here with
a seed-blanket breeder installed

Source term?@

Nuclide (Ci/yr)
Krypton-83m <1
Krypton-85m 18
Krypton-85 475
Kryp.on-87 3
Krypton-88 20
Krypton-89 <1
Xenon=131m 29
Xenon=133m 50
Xenon~133 3,500
Xenon~-135m <1
Xenon-115 78
Xenon-137 <1
Xenon~139 3
Iodine~131 <0.04
Iodine~133 0.04
Tritium 220
Carbon~-14 4
Particulates 0.03

8Normalized to 1,000 MWe.

Table 4~14. Contributions to doses by liquid etfluents
for a typical commercial PWR plant described here with
a seed-blanket breeder installed

Contribution (%) to organ dose

Nuclide Adult whole body Critical organ
Tritium 20 2

Cs=-134 28 <1

Cs~-136 9 <1

Cs=-137 40 <1

1-131 <1 88

I-133 <1 8

Other 3 2

Ratio of dose to that 0.45 0.62

from reference LWR
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Table 4~15. Contributions to doses by noble gases
for a typical commercial PWR plant described here with
a seed-blanket breeder installed

Contribution () to organ dose

Nuclide Whole body Skin
Kr-83m (a) (a)

Kr-85m 1 1

Kr-85 (a) 19
Kr-87 1 1

Kr-88 19 8

Kr-89 1 1

Xe-131m (a) (a)

Xe=133m 1 2

Xe~133 66 59

Xe-135m (a) (a)

Xe~135 9 8

Xe~137 (a) (a)

Ratio of dose to that

from reference

LWR 0.62 0.65

8less than 1X.

Table 4-16. Contributions to doses by radioiodines and
particulates for a typical commercial PWR plant described
here with a seed-blanket breeder installed

Contribution (%) to organ dose

Isotope Infant thyroid Child thyroid
1-131 97 93
1-133 1 1

C~14 1 4
Tritium (a) 2
Ratio of dose to that

from reference LWR 0.80 0.77

8lLess than 1X.
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4.4 SAFETY CONSIDERATIONS

The safety-related features typical of the backfit prebreeder/seed-blanket
breeder system are shared by the current PWR reactors and the Shippingport LWBR.
Natural protection against the adverse effects of reactivity addition and loss-of-flow
accidents would be provided by the negative Doppler coefficient of the fuel and the
negative temperature coefficient of the coolant. The backfit prebreeder and seed-
blanket breeder would have a more negative beginning-of-cycle moderator-reactivity
coefficient than does a typical commercial PWI. Related safety features include
the reactor-protection system, the decay-heat-removal system, the emergency core-
cooling system, and the containment (all systems common to other LWR plants).

4-25



4.5 LICENSING STATUS

The only features of this system that have not been proved with respect to licens-
ability are the large-scale use of a close-packed lattice seed-blanket core design and
the use of thorium dioxide in control rods. The seed rods of the breeder would be 0.44
inch in diameter, spaced on a triangular pitch of 0.5! inch. The use of this close-
packed lattice may have some effect on performance in a loss-of-coolant accident
when scaled to commercial size. It is anticipated that some changes in sizing and
set points of the auxiliary and emergency core-cooling systems of typical LWR plants
may be needed to accommodate this effect. Any uncertainty would have to be resolved
by design and prototype testing.
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4.6 TECHNOLOGY STATUS AND RESEARCH, DEVELOPMENT, AND
ATION UIREMENTS

Since the backfit prebreeder/seed-blanket breeder system would rely on tech-
nology that has already been developed, no large research and development effort
would be required to demonstrate adequacy. However, depending on how the concepts
are optimized with respect to breeding and fuel-element power demand, some develop-
ment and testing would be needed to resolve normal design questions and operational
characteristics not directly related to safety or licensing for operation. It is antici-
pated that the funding and time required to complete these tests and associated devel-
opmental procedures and to demonstrate commercial feasibility for the seed-blanket
breeder would be comparable to those experienced by the Shippingport LWBR project
and commercial PWR manufacturers when new core designs are introduced. Signifi-
cantly less time and funding would be requirea to resolve such questions for the back-
fit prebreeder because only the fuel material would be different from that of current
reactors.

The research, development, and demonstration requirements are summarized
in Table 4-17 for the prebreeder and in Table 4-18 for the breeder.
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Table 4-17.

Plant component

Technological advance requirements:
backfit prebreeder concept

light-water

Operating experience evaluated

Prototype or production components

being manufactured

No new knowledge required

Contemporary technology with modi-
fied configuration/application

Nuclear fuel

Reactivity-control systems

Reactor vessel

Core-support structure

Reactor-vessel internals, including
shielding, ducting, control-rod
guides, and baffles

Primary-coolant pumps and
auxiliary systems

Primary-coolant chemistry/
radiochemistry ccntrol

Primary-system heat exchangers

Reactor instrumentation

Emergency core-cooling/safe-
shutdown systems

Containment, containment cleanup
systems, and effluent-control
systems

Other accident-mitigating systems
i.e., plant-protection systems

On-site fuel-handiing and storage/
shipping equipment

Main turbine

Other critical components, if any

Balance-of-plant components

A A -

/\(//4




Table 4-18. Technological advance requirements:

seed-blanket breeder concept

Plant component

light-water

Operating exper-ience evaluated

Prototype or production components

being manufactured

ired

ze require

\
]

No new knowled

tion/application

igura

Contemporary technology with modi-
€

fied con

foramnce

t in per
d modified configuration/

improvemen
application

or size an

Modest

Nuclear fuel

Reactivity-control systems

Reactor vessel

Core-support structure

Reactor-vessel internals, including
shielding, ducting, control-rod
guides, and baffles

Primary-coolant pumps and
auxiliary systems

Primary-coolant chemistry/
radiochemistry control

Primary-system heat exchangers

Reactor instrumentation

Emergency core-cooling/safe-~
shutdown systems

Containment, containment cleanup
systems, and effluent-control
systems

Other accident-mitigating systems

i.e., plant-protection systems

On-site fuel-handling and storage/
shipping equipmeun.

Main turbine

Other critical components, if any

Balance-of-plant components

<
~

.

~

v
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Chapter 5
LIGHT-WATER BACKFIT LOW-GAIN CONVERTER USING MEDIUM-
ENRICHMENT URANIUM, SUPPLYING A LIGHT-WATER BACKFIT
HIGH-GAIN CONVERTER

5.] GENERAL DESCRIPTION OF THE CONCEPT

The concept described here would use two different iypes of cores in essentially
the same reactor; they are referred to as the low-gain converter and the high-gain
converter. The low-gain converter would be fueled with moderately enriched ura-
nium (<20 wt% uranium-235) and thorium; it would produce uranium-233, which would
be used, with thorium, to fuel the high-gain converter. The transition from the low-
gain converter to the high-gain converter would occur at the beginning of the l4th
year of operation,

This concept would use movable-fuel control (lifting and lowering of fuel rods)
and is illustrative of a core that could be backfitted into the vessel of a reference
pressurized water reactor (PWR) and produce the same power. The reference PWR is
taken here to be the Babcock & Wilcox 205 design (Ref. 1). This core would operate
in iwo phases: a iow-gain converter phase and a high-gain converter phase. Geo-
metrically, the core would be the same in both phases. The lowv-gain converter phase
would act as a prebreeder.

The low-gain converter phase would be fueled with moderately enriched uranium
and thorium, and while operating to generate electricity would also generate signifi-
cant quantities of uranium-233, which could be used in the high-gain converter or in
a light-water breeder reac1 + (LWBR). During operation at power, the low-gain converter
would use movable fuel for reactivity control rather than poison rods or soluble boron;
therefore, the rate of uranium-233 production would be higher than that for any of

the prebreeder concepts that use poison rods or soluble boron for reactivity control
during operaticn at power.

The high-gain-converter phase would be fueled with uranium-233 and thorium,
and would also use movable fuel for reactivity control during operation at power. The
high-gain converter would have about twice the power density of the Shippingport
LWBR core and would also have a lower fuel-to-coolant ratio; the combination of
these features would preclude breeding.

The technology for this concept would be very similar to that for the LWBR
ccre at Shippingport. The deployment of this concept would therefore require only a
modest extension of LWBR technology and would involve relatively few new licensing,
safety, and environmental considerations.

The conceptual high-gain converter phase would not be self-sustaining and would
require makeup uranium-233, Once the high-gain converters were on an equilibrium
cycle, one low-gain converter would be required to support about five high-gain con-
verters. Mining of uranium would be required to support the low-gain converter.
However, the annual uranium mining recuirement for six cores using the present cor-
cept (one low-gain converter plus five high-gain converters) would be 20 to 25%
of that for six conventional PWR cores.
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Tables 5-1 through 5-4 present the parameters for the backfit low-gain and backfit
high-gain converters: Table 5-1 gives the generalized reactor performance specifica-
tions, Table 5-2 presents reactor design data, and Tabies 5-3 and 5-4 give the fuel-
assembly and core-region volume fractions, respectively.

The concept described here is similar to the Shippingport LWBR core in that
the modules would be hexagonal, the core would be surrounded by a reflecting blanket,
and reactivity control during operation at power would be achieved by lifting and lower-
ing the movable fuel. One of the more significant differences between the present
concept and the Shippingport LWBR core is the configuration of the movable fuel.
In the Shippingport LWBR core, the movable fuel consists of entire cylindrical assemblies
(seed assemblies) that can be lifted and lowered; these are surrounded by annular sta-
tionary blanket assemblies. In the present concept, the movable fuel would consist
of individual rods, containing only thorium oxide, dispersed more or less uniformly
throughout the core. These rods, called thorium oxide fingers, would be arranged
much like the fingers of poison rods now used in commercial PWRs. Another signifi-
cant difference from the Shippingport LWBR core is that in the present concept scram
reactivity control would be supplied by poison-finger shutdown rods similar to those
used in the reference PWR, and soluble boron is assumed to be used for cold shutdown.
Thus, in this concept, the movable fuel (thorium oxide fingers) would provide only
the reactivity control required during operation at power--namely the reactivity to
follow load changes and to compensate for long-term fission-product buildup. A typi-
cal example of the control sequence, starting with the plant cold after a refueling,
would be as follows: Initially, the poison-finger rods would be fully inserted and the
coolant would contain soluble boron. During plant heatup most of the soluble boren
would be gradually removed from the coolant. With the plant hot, criticality wou.d
be attained by complete witi.drawal of the poison-finger rods and partial withdrawal
of the thorium oxide finger rods. From this point on, the movable fuel would be lifted
to compensate for the buildup of long-lived fission products.

Features of the module arrangement for the present concept are shown in Figure
5-1. Features of the fuel-rod arrangement inside a module and the movable-fuel con-
trol concept are shown in Figure 5-2. There would be 115 hexagonal modules, approx-
imately 12 inches across flats. This array of modules would be surrounded by 45
reflector blanket modules to form a nearly circular array. Each module would contain
fixed seed rods, movable thorium oxide finger rods, and poison-{inger shutdown rods.
The thorium oxide finger rods and roison-finger shutdown rods would move inside
Zircaloy-4 guide tubes. The seed .ods and the guide tubes would be located on a
uniform triangular pitch.

5.1.1 FUEL DESCRIPTION

The fuel would be in the form of cylindrical ceramic pellets inside Zircaloy-4
rods. The pellets in the thorium oxide finger rods would be pure high-density thorium
oxide. The diameters of the fuel-rod cladding and the pellets would be between those
of the seed rods and those of the blanket rods in the Shippingport LWBR core. For
the movable thorium oxide finger rods, the fuel-rod cladding and the pellets would be
slightly larger in diameter than the fuel rods; the inside diameter of the guide tubes
would be large enough to permit movement of the ruds and the flow of coolant inside
the guide tubes.

Lateral motion of the fuel rods is assumed to be restrained by a system of grids
similar to those used in the Shippingport LWBR core. The grids are assumed to be
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supported by the guide tubes for the poison-finger control rods. The grids would be
Zircaloy-4 rather than the AM-1350 steel grids in the Shippingport LWBR core.

Flow orificing, similar to that used in the Shippingport LWBR core, is assumed
to be used to minimize pump power by reducing flow to the peripheral blanket modules
to the minimum acceptable level. The orifice design has not been developed in 'etail.

Details of the top and bottom fuel-rod support system, the suspension system,
and the core-barrel and thermal-shield arrangement are assumed to be similar to those
of the standard PWR.

5.1.1.1 Fuel System for the Conceptual Low-Gain Converter

The fuel for the low-gain converter phase would consist of pellets contained in
Zircaloy-4 rods. Except for the reflector blanket modules, the fuel would consist
of thorium oxide pellets alternating with duplex pellets. The duplex pellets shown
in Figure 5-3 would consist of a ternary mixture of oxides (UO2-ZrO2-CaO) in the
annulus and cylindrical thorium oxide center. The thorium oxide pellets and the duplex
pellets would have essentially tl.c same outer dimensions.

in the reflector blanket modules, all of the fucl pellets would be pure thorium
oxide. The enrichment of the initial ~ore and annual make-up uranium would be slightly
less than 20%. The uranium-235 content would be about 2.7% of the total heavy metal
(uranium plus thorium) for the initial core and 3.2% for the annual makeup.

The design of the fuel rods would lead to thermal characteristics somewhat dif-
ferent from those in the reference PWR core; this point is discussed later (Section
5.2.2.2).

5.1.1.2 Fuel System for the Conceptual High-Gain Converter

The fuel for the high-gain converter phase would consist of pellets contained
in Zircaloy-4 rods. Except in the reflector blanket modules, all of the fuel rods would
contain pellets consisting of thorium oxide mixed with about 2% uranium oxide as
a binary UO2-ThO7 solid solution. The uranium would be primarily uranium-233. At
the top and bottom of each stack would be a short axial-reflector stack of pure thorium

oxide pellets. In the reflector blanket modules, all of the fuel pellets would be pure
thorium oxide.

5.1.2 REACTIVITY CONTROL

There would be one control-rod-drive mechanism above each module. In one
preliminary concept of the control system, the control-rod-drive mechanism would
have independently actuated concentric lead screws. The central lead screw would
operate the poison-finger shutdown rods, and the annular lead screw would operate
the thorium oxide finger rods. The control-drive train necessary for this would require
development. An alternative to this approach would be to use smaller modules with
thorium oxide finger rods and poison-finger rods in alternate modules.

For the concentric-lead-screw concept, the guide assembly is assumed to be

located above the fuel assembly in the outlet plenum region. This would contain tho-
rium oxide finger guide tubes around a central poison cluster sheath,
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Individual guide tubes are assumed to be used in this assembly to protect and
guide the thorium oxide finger rods. The centrai sheath would be an asterisk-shaped
hollow column enclosing the poison-finger shutdown rods and the interconnecting
"spider." The guide tubes and sheath are assumed to be attached to base plates at
both ends to form a sturdy assembly, to protect the finger rods from coclant cross
flow in the outlet-plenum region, and to ensure smooth insertion of the finger rods
into the fuel assembly.

5.1.3 ACCOMMODATION IN EXISTING PLANTS

If this concept were backfitted into an existing plant, the only major changes
required in the plant would be a new closure and new reactor-vessel internals.

5.1.6  FUEL MANAGEMENT

Fuel management for this concept would consist of replacing approximately
one-third of the core (excluding peripheral blanket assemblies) annually for the low-
gain converter phase and semiannually for the high-gain converter phase. Fresh mod-
ules would be installed near the periphery of the core, and the most depleted modules
would be removed from near the center of the core.

For the conceptuai high-gain converter phase, the two possibie fuei-management
alternatives would be operation to a higher discharge burnup or operation at a lower
power density. Operation at a fixed power density to a higher discharge burnup would
reduce the conversion ratio and would increase the mining requirements for producing
makeup uranium-233, At a fixed discharge burnup, operation at a lower power density
would increase the conversion ratio and would decrease the requirements for mining
makeup uranium-233,

5.1.5 FUEL CYCLES

5.1.5.1 Low-Gain Converter

The use of duplex pellets in the fuel assemblies would permit separation during
the reprocessing of the uranium isotopes 235, 236, and 238 present in the pellet annulus
from the uranium-233 bred in the thorium oxide pellet center. The fuel assemblies
would be treated in the head-end step of reprocessing to accomplish this separation,
such as by selective dissolution of the pellets. The thorium oxide pellets which alter-
nate with the duplex pellets in the fuel assemblies would also be selectively dissolved.

All the thoria from the fuel assemblies and blanket assemblies would be reproc-
essed to recover the uranium-233 which would be stored for use in the high-gain con-
verter. The recovered thorium would be sent to interim storage prior to release for
the high-gain converter initial core and annual reload fuel.

The uranium recovered from the annulus of the duplex pellets would be recycled
to enrichment to provide part of the fuel required for the 20% enriched uranium
for fabrication of the low-gain converter fuel. The plutonium recovered from the
annulus of the duplex pellet would be sent to interim secure storage. A mass-flow
diagram is shown in Figure 5-4,
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The fuel-cycle facilities associated with this reactor/fue. _ycle combination
are discussed in the following sections of Volume VII of the PSEID:

Enrichment Chapter 3

Core fabrication | Chapter 4

Reprocessing (Purex 1) Section 5.1
Reprocessing (Thorex 1) Section 5.4
Thorium storage Section 6.1
Plutonium storage Section 6.2
Uranium-233 storage Section 6.5
Waste dis; -al 2 Section 7.2
Waste disposal 3 Section 7.3

5.1.5.2 High-Gain_Converter

The fuel would be fabricated from recycled uranium-233 recovered from reproc-
essing of high-gain converter fuel and some stored uranium-233 from reprocessing of
low-gain converter fuel. The thorium for the fuel and the blankets would be from
recycled thorium recovered from reprocessing of high-gain converter fuel and some new
thorium. The fuel and blanket rods would be reprocessed to separate the uranium-233,
thorium, and fission products. The recovered uranium-233 and thorium would be recycled
to fabrication. A mass-flow diagram for a typical cycle is shown in Figure 5-5.

The fuel-cycle facilities associated with this reactor/fuel-cycle combination
are discussed in the following sections of Voiime VII of the PSEID:

Fabrication | Chapter 4
Fabrication 3 Chapter 4
Reprocessing (Thorex 1) Section 5.4
Uranium-233 storage Section 6.5
Waste disposal 2 Section 7.2
Waste disposal 3 Section 7.3

5.1.5.3 Quantitative Fuel Inventories

Table 5-5 summarizes the overall fuel-management information, including the
separative-work requiremenrts. Table 5-6 shows the detailed isotopic makeup of the
prebreeder (low-gain converter) core, Table 5-7 shows the detailed isotcpic makeup of
the equilibrium cycle for the high-gain converter phase, and Tables 5-8 and 5-9 detail
the overall isotopic makeup of the system over its 30-year history. Figures 5-4 and
5-5 show the isotopic mass flows for the low-gain converter and the high-gain converter
phases, respectively. The quantities of isotopes in Tables 5-6 and 5-7 have been used
to obtain the values shown in Figures 5-4 and 5-5, for a 1,000-MWe system operating
at 0.75 annual capacity factor.

5.1.5.4 Fuel Reprocessing and Refabrication

The reprocessing of this fuel would be similar to the reprocessing of LWR fuel
in that hig\-grade fissile material of high toxicity would be generated and handled,
although the fission-product concentration in the high-gain converter fuel would be
smaller than that in the LWR fuei. The uranium-232 and associated daughter products
of the LWBR thorium fuel cycle give off a more penetrating radiation than do the
transuranic isotopes of the LWR fuel cycle and would require more highly automated
and highly shielded fabrication equipment. Short-term recycling of thorium recovered
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from reprocessing of thorium-containing fuels would resuit in highly penetrating radia-
tion unless the thorium were allowed to decay for more than 10 years. Although the
penetrating radiation from the uranium-232 accompanying uranium-233 or short-term
recycled thorium would present difficulties in fabricatior, in transport, and in handling
at reactors, it would also deter div=rsion,
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Table 5-1. Generalized performance specifications:

light-water

backfit low-gain converter using <20 wtX enriched uranium,

supplying a high-gain converter

Parameter Low-gain phase

High-gain phase

Power plant performance parameters

Reactor thermal power output, MWt 3,200
Net electrical power output, MWe 1,295
Plant heat rate, Btu/kW-hr 10,280

Core design and performance parameters

Core heat output, MWt 3,900
Core volume, liters? 37,000
Core loading (first core), kg
Heavy metal? 120,570
Fissile fuel 4,703
Conversion ratio
Cycle average 0.57
Average for initial cycle -
Average for equilibrium cycle -~
Fissile inventory ratio 0.76
Initial cycle --
Equilibrium cycle s
Average discharge burnup, MWd/MTHMC® 26,600
Peak discharge burnup, MWd/MidM¢ ~ 65,400
Fuel type Fuel rods--duplex
pellets; control
fingers--ThO2
Reactor inlet temperature, °F 56C
Reactor outlet temperature, °OF 625

~0.97
~0.9%
0.98
0.96
11,300
~28,000
Binary UO;/
ThO7

8Excluding axial and radial reflectors.
PIncludes fissile plutonium production.
CHeavy metal charged.



Table 5-2. Reactor design data: light-water backfit low-gain
converter using <20 wtX enriched uranium,
supplying a high-gain converter

Parameter Low-gain phase High-gain phase

Geometric information

Core height, cm? 343
Number of core enrichment
zones 1
Number of assemblies? 115
Equivalent diameter, :m@ 371
Number of rods per
a.nenblyh 510/108
Rod pitch-to-diameter ratioP 1.241/1.189
Overall assembly length, cm 449
Lattice pitch, cm 1.30
Assembly material Zircaloy-4
machined
grids
Cladding parameters
Cladding outside diameier,
milsP 412/430
Cladding wall thickness,
milsP 20.5/21.5
Cladding material Zircaloy-4
Fissile inventory, kg€ 5,549 2,841
External fissile inventory, kgd 1,961/3,922 1,963/3,926
Fissile gain or loss, kg/cycled 486 (loss) 35 (loss)
Specific power, kW/kg fissile® 829 1,504
Specific power, kW/kg HM % - 7.5
Power density, kW/liter 105

dExcluding axial and radial reflectors.

Values shown are for both seed rods/blanket rods.

€At the beginning of the fourteenth cycle for the low-gain phase and
at the beginning of an equilibrium cycle for the high-gain phase.

Low-gain-phase value for the fourteenth cycle. High-gain-phase value
for the equilibrium cycle.

®High-gain-phase value for imitial cycle.



Table 5-3, Fuel-assembly volume fra..ions:

light-water

backfit low-gain converter using <20 wt? enriched uranium,
supplying a high-gain converter

Fuel-assembly volume fraction

Compounant Safety rods out Safety rods in
Fuel? 0.365 (seed) 0.365 (seed)
0.085 (blanket) 0.085 (blanket)
CoolantP 0.384 0.373
Structure 0.166 0.166
Control€»d - 0.011
Total 1.000 1.000

alncludes pellet volume only.
Includes coolant between modules.
€Control obtained by means of movable thorium oxide
fingers and boron shutdown rods.
Values shown are for the middle of the equilibrium

cycle.

Tabl" S"'a .

Core-region volume fractions3:
light-water backfit low-gain converter
using <20 wt% enriched uranium, supplying
a high-gain converter

Component Volume fraction
Fuelb 0.365 (seed)
0.057 ‘blanket)
Coolant® 0.419
Structure 0.159
Total 1.000

8Excluding axial and radial reflectors.
bIncludes pellet volume only.

CIncludes coolant between modules.



Fuel-management information:

light-water backfit

low-gain converter using <20 wtX enriched uranium,
supplying a high-gain converter

Parameter

Low-gain phase High-gain phase

Average capacity factor, %
Approximate fraction of core
replaced
Lag time assumed between fuel
discharge and recycle reload?
Fissile-material loss fractionsP
Conversion
Fabrication
Reprocessing
Uranium and thorium require-
ments, ST/GWe
Initial core
Equilibrium reload
30-year cumulative
requirementd,C
50~year cumulative requirement
100~year cumulative requirement
Separative-work requirements,
103 swu/cwed
Initial core
Equilibrium reload
30-year cumulative requirement?
50~year cumulative requirement
100-year cumulative requirement
Other data for proliferation-
resistance assessment®
Fuel-element weight, kgf
Fuel radiation level at
1 meter (R/hr)
Fresh fuel
Discharge fuel®
Discharge-fuel energy-
generation rate after
90-day cooling, watts
per element

75 75

1/3 every year 1/3 every 6 months

1 year/2 years
0.005
0.0
0.0

U308
929
42 0.33

2,635/3,320
3,368/3,985
5,158/5,719

545/615
530/589
529/624

838

39
2,460/3,099
3,158/3,737
4,858/5,385

2.2 to 2.4 2.4 to 2.6

0 35
9,900 9,100

52 39

AFuel requirements are shown for both 1- and 2-year out-of-core time.
Fabrication and reprocessing losses are assumed to be 1% each for the
first 40 years of operation and 0.5X% thereafter, reflecting improved recycle
technology in later generation recycle plants.
CAssumes thorium oxide out-of-core time is 10 years during low-gain-phase
operation and 1 or 2 years for high-gain-phase operation.
dyranium hexafluoride conversion losses are assumed to occur during the

conversion of U0y to UFg.
to U03.

No losses are assumed for reconversion from UFg

€See also Tables 5-6 through 5-9.
fWeight of pellets in a single fuel rod.

BFuel 8 months after shutdown.
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Table 5-6. Fuel inventory for the low-gain converter operating with
<20 wt% enriched uranium from year 13 to year 1428

Quantity® (kg)

Zone 1 Zone 2 Zone 3 Center module

Isotope BOC EOC BOC EOC BOC EOC BOC _ EOC
Thorium-232 2,061.1 31,819.5 31,319.5 31,582.0 31,582.0 31,345.8 843.7 837.4
Protactinium-233 0.0 33.1 10.9 31.8 10.5 31.8 0.0 1.0
Uranium-232 0.0 0.3 0.3 1.0 1.0 1.9 0.0 0.0
Uranium-233 0.0 166.1 188.3 298.5 319.8 387.1 0.0 4.4
Uranium-234 0.0 9.4 9.4 24,5 24,6 42.0 0.0 0.3
Uranium-235 1,929.0 1,613.2 1,609.7 1,244 .8 1,244 .8 855.6 32.2 24,1
Uranium-230 298.9 349.0 325.9 381.2 381.2 436,2 0.0 3.7
Uranium-238 7,417.4  7,280.4 7,288.9  7,154.3 7,154.3  7,021.6 128.6 126.2
Plutonium-239 0.0 85.1 85.1 1171 117.1 135.3 0.0 1.9
Plutoniwma-240 0.0 10.8 10.8 22.2 22.2 29.9 0.0 0.2
Plutonium-241 0.0 4.5 4.5 173 173 32.6 0.0 0.1
Plutonium-242 0.0 0.2 0.2 1.9 1.9 5.6 0.0 0.0

4gxcluding axial and radi il reflectors.
babbreviations: BOC, beginning of cycle; EOC, end of cycle.



Table 5-~7. Fuel inventory for the high-gain converter equilibrium cycle

Quantity® (kg)

Zone g Zone 2 Zone 3
Isotope ~BOC EOC BOC EOC BOC EOC
Thorium=-232 64,896.3 64,712.1 63,052.9 62,887.8 62,887.8 62,732.0
Protactinium-233 0.0 51.9 17.2 50.8 17.3 51.2
Uranium-232 3.2 3 P % | 21 i 2.0
Uranium-233 852.8 798.4 811.2 766.5 800.0 749.4
Uranium-234 352.9 351.8 342 .8 338.2 338.2 331.3
Uranium=-235 126.4 126.1 122.8 121.2 121.2 118.7
Uranium=-236 94.5 93.9 9.5 90.3 90.3 88.5
Fission products 0.0 189.2 164.4 368.7 368.7 553.1

8Abbreviations: BOC, beginning of cycle; EOC, end of cycle.

bIncludes center module,
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Table 5-8. Reactor charge data®,P

Quantity (kg)

1% b 9

Year Th-232 U-232 U-233 U-234 0-235 U-236 U-238 Total
0.0  151,030.6 0.0 0.0 0.0 4,703.0 0.0 18,840.5 174,574.1
1.0 50,905.8 0.0 0.0 0.0 1,93.4 0.0 7,653.5  60,472.7
2.0 50,905.8 0.0 0.0 0.0 1,913.4 0.0 7,653.5  60,472.7
3.0 50,905.8 0.0 0.0 0.0 1,921.7 52.1  7,634.8  60,514.4
4.0 50,905.8 0.0 0.0 0.0 1,926.7 82.9 7,623.8  60,539.2
5.0 50,905.8 0.0 0.0 0.0 1,939.6 163.5 7,594.7  60,603.6
6.0 50,905.8 0.0 0.0 0.0 1,939.6 163.5  7,59%.7  60,603.6
7.0 50,905.8 0.0 0.0 0.0 1,939.6 163.5 7,59.7  60,603.6
8.0 50,905.8 0.0 0.0 0.0 1,945.2 199.0 7,582.0  60,632.0
9.0 50,905.8 0.0 0.0 0.0 1,948.6 219.9 7,574.4  60,648.7

10.0 50,905.8 0.0 0.0 0.0 1,957.4 274.7  7,55.7  60,692.6

11.0 50,905.8 0.0 0.0 0.0 1,957.4 274,7  7,554.7  60,692.6

12.0 50,905.8 0.0 0.0 0.0 1,957.4 274.7  7,554.7  60,692.6

13.0 50,905.8 0.0 0.0 0.0 1,961.2 298.9  7,546.0  60,711.9

14,0  192,709.0 10.5 2,557.3 243.4 34.6 2.6 0.0 195,557.4

X 65,353.5 3.6 867.3  82.6 11.7 0.9 0.0  66,319.5
65,353.5 3.6  867.3  82.6 11.7 0.9 0.0  66,319.5
65,353.5 3.6  867.3  82.6 11.7 0.9 0.0  66,319.5
65,353.5 3.6  867.3  82.6 11.7 0.9 0.0  66,319.5
65,331.4 3.6  865.9 100.2 17.0 1.6 0.0 66,319.7
65,309.5 3.7  864.5 117.8 22.2 2.3 0.0  66,319.9
65,287.7 3.7  863.1 135.2 27.4 3.0 0.0  66,320.1
65,287.7 3.7  863.1 135.2 7.4 3.0 0.0  66,320.1
65,287.7 3.7  863.1 135.2 27.4 3.0 0.0  66,320.1
65,287.7 3.7  863.1 135.2 27.4 3.0 0.0  66,320.1
65,287.7 3.7  863.1 135.2 27.4 3.0 0.0  66,320.1
65,269.1 3.6  863.5 149.8 30.8 3.5 0.0  €6,320.3
65,250.5 3.5  864.0 164.3 34.2 3.9 0.0  ©6,320.5
65,232.1 3.4  B864.4 178.8 37.5 4.4 0.0  66,320.7
65,232,1 3.4  B864.4 178.8 37.5 4.4 0.0  66,320.7

Note: See footnotes at end of table.
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Table 5-8. Reactor charge data®:® (continued)

Quantity (kg)

Year Th-232 U-232 y-233 y-234 U-235 U-236 U-238 Total

22.0 65,232.1 3.4 864.4 178.8 37.5 4.4 0.0 66,320.7
22.5 65,232.1 3.4 864.4 178.8 37.5 4.4 0.0 66,320.7
23,0 65,232.1 3.4 864.4 178.8 37.5 4.4 0.0 66,320.7
23.5 65,213.7 3:3 864.8 193.3 40.9 4.9 0.0 66,320.9
24.0 65,198.9 3.3 864.6 205.2 44 4 5.6 0.0 66,321.0
24.5 65,183.9 3.2 863.9 215.5 48.1 6.5 0.0 66,321.2
25.0 65,183.9 3.2 863.8 215.5 48.1 6.5 0.0 66,321.2
25.5 65,183.9 32 863.9 215.5 48.1 6.5 0.0 66,321.2
26.0 65,183.9 3.2 863.9 215.5 48.1 6.5 0.0 66,321.2
26,5 65,183.9 3.2 863.9 215.5 48.1 6.5 0.0 66,321.2
27.0 65,170.1 3.1 863.2 225.6 51.8 7.4 0.0 66,321.3
27,3 65,157.5 3.0 862.6 233.9 55.5 8.9 0.0 66,321.4
28.0 65,145.2 3.0 861.7 242.2 59.2 10.3 0.0 66,321.6
28.5 65,145.2 3.0 861.7 242.2 59.2 10.3 0.0 66,321.6
29.0 65,145.2 3.0 861.7 242.2 9.2 10.3 0.0 66,321.6
29.5 65,145.2 3.0 861.7 242.2 39.2 10.3 0.0 66,321.6

8High-gain phase begins at 14 years. Lag time between fuel discharge and
recycle reload is assumed to be 2 years.
bData are based on 1,295-MWe plant with an annual capacity factor of 0.75.
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Table 5-9. Reactor discharge data?s®

Quantity (kg)

y (kg) o,
Year Th-232 Pa-233 Uy-232 U-233 U©p-234 ©p-235 U-236 U-238 Pu-239 Pu-240 Pu-241 Pu-242 Total products
1.0 50,624.8 34.6 0.9 192.0 10.9 938.1 65.1 4,924.0 $7.3 1.3 3.1 0.2 56,858.4 380
2.0 50,387.4 34,2 .7 324.4 26.2 911.6 136.4 6,167.4 103.6 19.6 15.4 1.7 58,129.4 745
3.0 50,150.9 34.2 2.4 413.0 43.5 835.9 204 .4 7,241.2 138.6 30.5 3.1 .7 59,133.3 ~1,115
4.0 50,150.9 34.2 2.4 413.0 43.5 835.° 204 .4 7,241.2 138.6 30.5 33.1 5.7 59,133.3 ~1,115
5.0 50,150.9 34.2 2.4 413.0 43.5 835.9 204 .4 7,241.2 138.5 30.5 33.1 St 59,133.3 ~1,115
6.0 50,150.9 34,2 2.4 413.0 43.5 844 .2 248.7 7,223.5 138.3 30.4 33.0 $.7 59,167.7 ~1,115
7.0 50,150.9 34.2 2.6 413.0 43,5 849.2 274 .9 7.213.1 138.1 30.4 33.0 5.7 59,188.3 ~1,115
8.0 50,150.9 34.2 2.4 413.0 43.5 862.1 343.4 7,185.6 137.5 30.3 32.8 5.7 59,241.3 ~1,115
9.0 50,150.9 34.2 2.4 413.0 43.5 862.1 343 .4 7,185.6 137.5 30.3 32.8 5.7 59,241.3 ~1,115

10.0 50,150.9 34.2 2.4 413.0 43.5 862.1 343 .4 7,185.6 137.5 30.3 32.8 5.7 59,241.3 ~1,115

11.0 50,150.9 34.2 2.4 413.0 43.5 867.7 373.6 7,173.6 137.3 30.2 32.8 5.6 59,264.7 ~1,115

12.0 50,150.9 34.2 2.4 413.0 43.5 871.9 391.3 7,166.4 137.1 30.2 32.8 5.6 59,278.4 ~1,115

13,0 50,150.9 34.2 2.4 413,00 43.5 879.9 437.9 7,147.8 136.8 30.1 32.7 5.6 59,314.7 ~1,115

14,0 149,521.2 102.2 4.1 899.3 78.9 3,737.7 1,168,1 21,582.5 339.0 63.1 54.7 1% 177,558.8 ~1,115

14.5 65,143.6 55.1 3.6 810.4 100.,2 17.0 1.6 0.0 0.0 0.0 0.0 0.0 66,131.5 189.0
15.0 64,952.1 55.2 3.6 797.6 115.7 21.8 y 0.0 0.0 0.0 0.0 0.0 65,948.2 373.2
15.5 64,769.9 55.6 3.6 777.3 129.5 26,2 2.8 0.0 0.0 0.0 0.0 0.0 65,764.9 557.4
16.0 64,769.9 55.6 3.6 772.3 1289 26,2 2.8 0.0 0.0 0.0 0.0 0.0 65,764.9 557.4
16.5 64,769.9 55.6 3.6 777.3 129.5 26.2 2.8 0.0 0.0 0.0 0.0 0.0 65,764.9 557.4
17.0 65,769.3 55.6 3.6 777.3 130.0 26.3 2.9 0.0 0.0 0.0 0.0 0.0 65,764.9 557.4
17.5 64,768 .8 55.6 3.6 777.,2 130.4 26.5 2.9 0.0 0.0 0.0 0.0 0.0 65,764.9 557.4
18.0 64,750.9 55.4 3.5 777.7 144.5 29.7 3.3 0.0 0.0 0.0 0.0 0.0 65,765.1 557.5
18.5 64,733.6 55.3 3.4 778.1 158.2 32.9 3.8 0.0 0.0 0.0 0.0 0.0 65,765.2 557.5
19.0 64,716.3 55.2 2.3 778.5 171.8 36.0 4.2 0.0 0.0 0.0 0.0 0.0 65,765.4 557.5
19.5 64,716.3 $5.2 3.3 778.5 171.8 36.0 4.2 0.0 0.0 0.0 0.0 0.0 65,765.4 $57.5
20.0 64,716.3 55.2 3.3 778.5 171.8 36.0 4.2 0.0 0.0 0.0 0.0 0.0 65,765.4 557.5
20.5 64,715.8 55.2 3.3 778.6 172.1 36.1 4.2 0.0 0.0 0.0 0.0 0.0 65,765.4 557.5
21.0 64,715.4 55.2 3.3 778.6 172.5 36.2 4,2 0.0 0.0 0.0 0.0 0.0 65,765.4 557.5
21.5 64,697.7 55.0 3.2 779.0 186.4 39.4 4.7 0.0 0.0 0.0 0.0 0.0 65,765.5 557.5

Note: See footnotes at end of table.
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Table 5-9. Reactor discharge data®® (continued)

Quantity (kg)
“Fission
Year Th-232 Pa-233 U©-232 u©p-233 p-234 U-235 U-236 U-238 Pu~-239 Pu-240 Pu-241 Pu-242 Total products
22.0 64,682 .6 54.9 3.1 779.2 197.7 42.8 5.4 0.0 0.0 0.0 0.0 0.0 65,765.7 557.5
22.5 64,6687 54.8 3.1 779.2 207.5 46.3 6.2 0.0 0.0 0.0 0.0 0.0 65,765.8 557.5
23,0 64,6687 54 .8 3.1 779.2 207.5 46.3 6.2 0.0 0.0 0.0 0.0 0.0 65,765.8 557.5
23.5 64,6687 54.8 3.1 779.2 207.5 46.3 6.2 0.0 0.0 0.0 0.0 0.0 65,765.8 $52.5
24.0 64,668.3 54.8 3.1 779.2 207.8 46 .4 6.2 0.0 0.0 0.0 0.0 0.0 65,765.8 352.5
24.5 64,667.9 54.8 3.1 779.2 208.1 46.5 6.2 0.0 0.0 0.0 0.0 0.0 65,765.8 557.6
25.0 64,653.9 54.7 3.0 779.2 217.9 50.1 7.2 0.0 0.0 0.0 0.0 0.0 65,765.9 557.6
25.5 64,642.0 54.6 2.9 778.6 225.8 3.5 8.5 0.0 2.0 0.0 0.0 0.0 65,766.0 557.6
26.0 64,630.6 54.5 2.9 777.8 233.5 57.0 9.9 0.0 0.0 0.0 0.0 0,0 65,766.1 557.6
26.5 64,630.6 54.5 2.9 177.8 233.5 51.0 9.9 0.0 0.0 0.0 0.0 0.0 65,766.1 557.6
27.0 64,630.6 54.5 2.9 777.8 233.5 57.0 9.9 0.0 0.0 0.0 0.0 0.0 65,766.1 557.6
27.5 64,630.3 54.5 2.9 777.8 233.7 57.1 2.9 0.0 0.0 c.0 0.0 0.0 65,766.1 557.6
28.0 64,630.0 54.5 2.9 777.8 233.9 57.2 10.0 0.0 0.0 0.0 0.0 0.0 65,766.1 557.6
28.5 64,618.4 54.4 2.8 776.9 241.8 60.7 1.3 0.0 0.0 0.0 0.0 0.0 65,766.3 557.6
29.0 64,607.1 54.3 2.8 776,.1 249.4 64.1 3.7 0.0 0.0 0.0 0.0 0.0 65,766.4 557.6
29.5 64,5961 54,2 2.7 775.1 256.9 67.4 14.0 0.0 0.0 0.0 0.0 0.0 65,766.5 557.7
30.0 64,5961 54 .2 2.7 775.1 256.9 67.4 14.0 0.0 0.0 0.0 0.0 0.0 65,766.5 557.7

2High-gain phase begins at 14 years. Lag time between fuel discharge and recycle reload is assumed to be 2 years.
ta are based on 1,295-MWe plant with an annual capacity factor of 0.75.
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Figure 5-3. Low-gain-phase duplex fuel pellets to be used in place of
high-gain-phase UO2-ThO3 binary fuel pellets.
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5.2 FUEL, MECHANICAL, THERMAL-HYDRAULIC, AND MATERIALS

CONSIDERATIONS

5.2.1 MECHANICAL CONSIDERATIONS

This section identifies the principal unique mechanical features of the concept.
Preliminary reviews indicate that it may be feasible to design and manufacture these
reactors using existing design and testing methods, existing manufacturing capabilities,
and proven materials. Additional testing would, however, be required tc confirm this
judg ment,

5.2.1.1 Common Considerations

This concept would have drier latti_c than the standard PW2. To avoid rod-to-
rod contact and to ensure adequate cooling, the fuel rods would have to be placed
on a triangular pitch. This pitch arrangement could be accommodated with a minimum
amount of structure in a hexagonal module. Because of the drier lattice of the high-
gain converter, the weight density (weight per square foot of radial area) would be
higher, the core pressure drop would be higher, and the hydraulic lifting pressure
would be higher than those in the standard PWR.,

There would be two types of movable rods: poison rods and thorium oxide finger
rods. As uranium-233 was bred in the thorium oxide finger rods, these rods would
begin to produce heat. Thus, some guide tubes (thorium oxide) would be heated while
others (poison) would not, and a differential thermal expansion would develop between
the guide tubes. The design of the thorium oxide finger rods and guide tubes would
have to account for the fissioning of bred uranium-233 in the thorium oxide and the
effects of thermal expansion and fuel growth.

The growth of the thorium oxide and the resulting stress on fuel rods are expected
to be different from those in the reference PWR.

In addition to the guide tubes for the thorium oxide finger rods and the poison-
finger shutdown rods, each fuel assembly would contain one instrument guide tube.
The grids, which provide lateral support and alignment for the fuel rous and guide
tubes, would be attached only to the poison-rod guide tubes and the instrument guide
tube. The poison-rod and instrument guide tubes would provide the primary vertical
structure of the assembly and would support the axial loads occurring during core

operation,

The number and wall thickness of the poison-rod guice tubes and the wall thickness
of the instrument guide tube are variables that could be adjusted on the basis of the
calculated |cads generated by the fuel assembly during core operation.

The control-rod-drive mechanisms must provide two functions--complete with-
drawal and scram of the poison finger shutdown rods and lowering of the thorium oxide
finger rods.

One preliminary concept for the ~ontroi-rod-drive mechanism provides for a
single mechanism with two concentric lead screws and two sets of roller nuts. The
poison-finger rods would be lifted by the inner lead screw, and the thorium oxide finger
rods would be lifted by the outer lead screw.
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An alternative control-rod-drive mechanism would be a conventional single-acting
drive with scram capability. This would be used in a core with smaller modules having
poison-finger rods and thorium oxide finger rods in alternate modules. Such a design
would lead to somewhat higher power peaking factors.

Conceptually, the fuel-assembly support structure and the plenum assembly
for the core would be similar to those for the standard PWR. The core barrel would
be suspended from the reactor-vessel closure flange. The core basket, fuel assemblies,
lower support, and flow distributor would be supported by the core barrel. The fuel
assemblies would rest on the lower support, which would also provide radial alignment.
The flow distributor would contain perforated plates and would be below the lower
support. The plenum assembly would contain a fuel-assembly alignment plate, a plenum
barrel, and a plenum cover. The primary mechanical consideration for the design
of the plenum region would be avoidance of cross flow (which could produce lateral
forces on the guide tubes for the poison fingers and thorium oxide fingers and
cause rod jamming} and vibration.

5.2.1.2 Fuel for the Conceptual Low-Gain Converter

During power cycling and irradiation, the fuel pellets in the low-gain converter
phase would differ in behavior (with respect to thermal expansion, densification,
growth, chipping, and cracking) from the fuel pellets in either the conceptual high-
gain converter phase or the reference PWR. In addition, the peak fission density in
the ternary oxide (fissions per cubic centimeter of ternary oxide) would be higher
than that in the reference PWR., Calculations indicate that it may be possible to
choose fuel-pellet parameters (density, edge chamfer, end dishing) and certain other
parameters (pellet-to-cladding gap, internal rod pressure, and startup-rate limitations)
SO as to ensure acceptable axial and radial forces on the fuel-rod cladding. Extensive
irradiation testing and design wouid be required to determine the acceptability of
using this fuel concept.

5.2.2 THERMAL-HYDRAULIC CONSIDERATIONS

5.2.2.] Common Considerations

This conceptual reactor would have a higher pressure drop than the reference
PWR. Preliminary calculations, however, indicate that it may be possible to maintain
adequate coolant flow using the pumps in the reference PWR plant.

Neutron capture in the thorium oxide finger rods would produce uranium-233,
After sufficient irradiation, these rods would produce a substantial heat flux, and
the cooling requirement would be more severe than that for the poison-finger rods
used in the reference PWR for power shaping.

The primary consideration for the design of the plenum region would be avoidance
of cross flow, which could produce vibration and lateral forces on the guide tubes for
the poison fingers and thorium oxide fingers and cause rod jamming.

5.2.2.2 Fuel for the Conceptual Low-Gain Converter

The alternating pellets used in the fuel rods of the iow-gain converter would
lead to an alternating high and low heat flux, especially in fresh fuel rods, because
most of the heat would be produced in the uranium oxide annulus of the duplex pellet.
This effect would have to be included in calculations of the critical heat flux and

5-23



fuel temperature for normal operation and in calculations of cladding temperature
during a loss-of-coolant accident (LOCA).

The ratio of the peak heat flux to the average heat flux would depend on the
lengths of the alternating pellets. To establish a basis for predicting performance
during normal operation, preliminary tests have been performed with electrically
heated single rods to simulate the performance of alternating pellets about 0.4
inch long. Preliminary results indicate that, over the range of expected heat flux
and length of alternation, the critical heat flux is determined primarily by the rod
average heat flux and is not affected measurably by the peak-to-average heat-flux
ratio. Additional tests with full-length rods and rod bundles would have to be per-
formed to confirm this preliminary conclusion.

During rormal operation, the peak fuel temperatures in the low-gain converter
phase would be lower than those in the reference PWR because most of the heat would
be produced in the thin uranium oxide annulus of the duplex pellets. The volumetric
heat capacity of thorium oxide is also lower than that of uranium oxide. As a result
of these effects, the total heat stored in a fuel rod would be lower for the low-gain
converter phase than that for the reference PWR. During a loss-of-coolant accident,
the peak temperature of fuel-rod cladding would be affected by the total heat stored
in the fuel rods.

5.2.3 MATERIALS

No new or unproved materials would be needed. However, the uranium oxide
in the low-gain converter duplex pellets would be irradiated to a higher burnup than
that ir. the reference PWR. Furthermore, the use of Zircaloy in the grids of a close-
packed-hexagonal rod array would require confirmatory testing and analyses.

5.2.4 VALIDATION OF CALCULATIONS

Calculations have been performed to estimate reactivity levels, loading require-
ments, lifetime, and mass flows for the core. Sufficient calculations were performed
to estimate the time-dependent effects of fuel recys on these parameters. Nuclear
cross sections for use in depletion calculations were generated by methods that
explicitly represent the space and energy effects on neutron resonance capture.
Resource requirements were estimated from the time-dependent mass-flow data.
In addition, thermal and hydraulic calculations have been performed to estimate core
power capability,

5.2.4.1 Calculations of Nuclear Performance

Converter nuclear perfu.rmance was determined from point-depletion calcula-
ticns utilizing four neutron-energy groups with breakpoints at 0.8 MeV, 5.53 keV,
and 0.625 ¢V, The neutron cross sections used in these calculations were obtained
from detailed Monte Carlo calculations for representative fuel assemblies. The point-
depletion results were used to estimate reactivity levels, lifetime, and mass flows
for the core.

Effective few-group microscopic cross sections were generated with the RCPOI

Monte Carlo program. The Monte Carlo model used 3| energy intervals to describe
neutron energies between 0 eV and 10 MeV, with each interval being further divided
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into as many as 1,000 subintervals to permit accurate representation through all reso-
nances, The primary source of basic cross-section information was the ENDF/B data
libraries.

Detailed hexagonal fuel assemblies were represented in the RCP0O! calcrlations,
including explicit geometric representations of the fuel pellet, cladding, modgrator,
and, where appropriate, guide tube for each fuel-bearing and non-fuel-bearing rod
in the assembly. The calculated isotopic reaction rates were used to generate highly
accurate few-group microscopic cross sections, appropriate for an entire assembly,
for use in the point-depletion model; low-gain-phase nuclide inventories were chosen
to be representative of midlife depletion conditions. To facilitate the rapid examina-
tion of a number of high-gain concepts, several different RCOO| assembly calculations
were made to span the range of fuel temperature, moderator temperature, and fuel-
to-coolant ratio anticipated for the high-gain-phase concept. In addition, heavy-metal
isotopic mixes characteristic both of initial and of equilibrium-cycle loadings were
represented for the high-gain phase.

Few-group microscopic data from the RCPO! Monte Carlo results were employed
in the four-neutron-energy-group point-depletion model. This model solves equations
describing depletion chains for all important heavy-metal isotopes and the dominant
fission-product chains for xenon and samarium. Additional fission-product absorption
was incorporated via a resicual-fission-product nuclide. The point-depletion resu:lts
were used to estimate core reactivity levels and lifetime and to provide the ratios
of heavy-metal isotopes as a function of fuel depletion. The performance of the high-
gain converter phase was evaluated from this depletion model with appropriate adjust-
ments to the calculated conversion ratios to account for leakage and noncritical reac-
tivity levels in the computations. The estimates of the high-gain phase performance
and the isotopic rativs as a function of fuel depletion were then combined to obtain
the desired estimates of core mass flows.

The methods of calculating nuclear performance are derived from those developed
and validated as part of the Shippingport PWR and LWBR programs.

The requirements for U30g, ThO7, and separative work were estimated from
the low-gain-phase and high-gain-phase mass flows normalized to 1,000-MWe reactors.
The low-gain phase is assumed to operate continuously until sufficient uranium-233 has
been generated to supply both in-core and out-of-core inventories for the high-gain
phase. After the high-gain phase starts operating, one low-gain converter is assumed
to support about five high-gain converters, providing the required uranium-2313 for the
high-gain phase.

The resource requirements for such a low- and high-gain converter system were
estimated on a cycle-by-cycle basis from the previously calculated mass flows. Inte-
gral results for 30, 50, and 100 years of operation were obtained as sums of the cycle-
by-cycle results normalized to an integrated system capacity of 1,000 MWe.

5.2.4.2 Thermal Calculations

Thermal performance has been analyzed with a simplified calculational model,
This model has been qualified by performing detailed module calculations that allowed
for the transfer of two-phase fluid properties in three dimensions to predict local
fluid conditions and the critical heat flux. These detailed calculations were made
with the computer program HOTROD, which was used for the thermal analysis of the
Shippingport LWBR core,
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The simplified model relates the steady-state overpower thermal performance of
the proposed concept to that of a reference commercial design, such as the Babcock &
Wilcox standard 205 design. The difference in total reactor flow between the pro-
posed concept and the reference design is aetermined from changes in parameters that
affect the flow, such as the core hydraulic diameter, total core flow area, fuel-rod
length, and number and type of grids. Mass velocity and inlet temperature are calcu-
lated from the flow for a specified core-average temperature. The hot-channel critical-
heat-flux performance is then determined by factoring in changes in the parameters
that affect the critical heat flu., such as mass velocity, hydraulic diameter, inlet
temperature, power peaking factors, and channel length.

Commercial design procedures, methods, hot-channel factors, and critical-heat-
flux correlations provided the basis for the analysis. The peak linear power wouid be
maintained at a leve! that results in acceptable fuel-element and LOCA performance.

5.2.4.3 Mechanical Calculations

Structural components for this concept have been sized on the basis of existing
commercial designs. Detailed analyses have not been performed, but preliminary
analyses of key structural support components have been performed using hand calcu-
lations to estimate stresses.
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5.3 ENVIRONMENTAL CONSIDERATIONS

The nonradiological effects of the light-water low-gain converter supplying a
high-gain converter would be similar to those for the LWR, and the comments made
in Section 2.3 with respect to land use, water use, heat dissipation, and chemical and
biocidal wastes apply to this concept as well.

With respect to radiological effects, * activity release paths and radioactive-
waste-processing systems for this concept are similar in most respects to those of
a typical LWR. Slight variations, however, may exist between the quantities of
radioactive isotopes released from the LWR core and the quantities that would be
released from the reactor described here because of differences in fuel composition,
reactivity-control systems, and discharge burnup, with burnup having the most signif-
icant effect on the quantities of radioactivity released from the core.

The difference in burnup would result in a slight decrease in the amount of radio-
activity released in comparison with a typical LWR. Differences in fuel composition
would result in small amounts of release from isotopes such as protactinium-233, which
would not exist in measurable quantities in a typical LWR., Differences in reactivity-
control systems would also result in differences in radioactivity release rates. Since
no boron is used in the core for reactivity control, certain releases related to the
presence of boron would not occur. The primary effect is that this would eliminate the
main source of tritium,

The overall result of these differences would be a reduction in the amount of
radioactivity released to the environment in comparison with a typical LWR. The
actual amounts of radioactive liquids and gases released to the environment and related
dose rates would be very similar to those for the concept of the light-water breeder
based on LWBR type | modules (see Tables 2-13 through 2-17).

Radiation exposure to plant workers is related to plant design and is not greatly
affected by the installed core. Most of the exposure would be incurred in maintenance,
repair, waste-processing, and refueling operations, which would be similar to those
in a typical LWR. Occupational exposure from a plant based on this concept would
therefore be about the same as that from a typical LWR.
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5.4 SAFETY_ CONSIDERATIONS

This section discusses the major unique features of the concept, compared with
the reference PWR, that would need to be considered for licensing.

5.4.] COMMON CONSIDERATIONS

The design features discussed in Sections 5.4.1.1 through 5.4.1.7 were evaluated
in the Shippingport LWBR safety analysis; they were reviewed and found to be acceptable.
Item 5.4.1.8 is the feature of the concept that is uniquely different from the Shipping-
port LWBR.

5.4.1.1 Tight Lattice

The rod-to-rod spacing in the present concept is 100 mils rather than the 120 mils
used in commercial PWRs. Such a spacing would impose restrictions on fuel-element
and grid design and assembly. These restrictions would be more stringent than those
in commercial practice to avoid contact between the fuel -~ ds and the grid structure
and between fuel rods. The rod-to-rod spacing in the LWBR core at Shippingport is
60 mils. In setting core operational limits (specifications of set points and allowable
power increase) for the Shippingport LWBR, it was assumed that rod-to-structure con-
tact does occur. Extensive in-reactor and out-of-reactor tests with rods in contact
have been completed. Design assessments of seed and blanket fuel-rod bowing predict
that rod-to-rod contact is highly unlikely, Bowing analysis of the bianket has been
completed on a worst-case basis, and the rod-to-rod spacing has been determined as a
function of (eactor lifetime. These data demonstrate that adequate margin is incorpo-
rated into the Shippingport LWBR design and indicate that acceptable operation of
fuel assemblies in a commercial-scale reactor of the present concept should be feasible.

5.4.1.2 Core Thermal Margins

Thermal-analysis programs and correlations for the Shippingport LWBR have been
proved a, “licable for thermal-hydraulic analyses under widely ranging axial and radial
heat-flux aistributions in a clore rod array, including a coupled-region interface.
The critical-heat-flux correlaticn for the Shippingport LWBR conservatively predicts
the data for the full range of _WBR geometries and heat-flux distributions. Thermal
margins for the present concept have been calculated by an approach similar to that
used for the Shippingport LWBR. Additional critical-heat-flux testing might be required
to confirm the applicability of the modeling to the specific fuel lattice of the current
concept,

5.4.1.3 Provision for Accident Prevention

The probabilities of acciaent initiation for the Shippingport LWBR core and for
the present concept are comparable to that for the reference PWR. The safety and pro-
tection of the Shippingport LWBR plant have been designed within regulatory guidelines
and requirements. An emergency core-cooling system appropriate for the LWBR has
been designed into the Shippingport reactor. No impediment to providing comparable
protection features in a large plant using the present concept has been identified.

5.6.1.4 Acceptability of Movable Fuel for Reactivity Control

To date, all reactivity-control functions required bv an operating nuclear power
plant have been satisfactorily performed in the Shippingport LWBR by means of the
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movable fuel. These include control functions required for shutdown, plant heatup,
power operation, and lifetime reactivity changes. Scram reactivity control is also
provided by the movable fuel. For the present concept, the movable fuel would supply
only the reactivity control to match part of the power defect, plus the buildup ot fis-
sion products, including equilibrium xenon. The requirements on the movable fuel n
the present concept, therefore, would be much less severe than they are in the Ship-
pingport LWBR core.

5.4.1.5 Power and Temnerature Coefficients

There are two aspects to the question of the range of power and temperature
coe fficients that could be expected in the two phases of the present concept. The
first aspect concerns the accuracy with which the calculational model can predict
these coefficients. rhe :=cond aspect concerns the values of the coefficients that
have been calculated or estimated.

The calculation of temperature and power coefficients using the design model
has resulted in good agreement for both the critical-experiment and the operational
configurations of the Shippingport LWBR core. Measured zeco-power temperature
coefficients during both initial and the first periodic testing phases have been calcu-
lated satisfactorily for both hot and cold conditions. Performance at power was also
calculated satisfactorily. The calculated power coefficient of reactivity was 6% less
negative than the measured value, and the calculated temperature coefficient at power
was 6% more negative than the measured value,

In regard 10 the second aspect, there is a firm basis for expecting that the temper-
ature and power coefficients for the present high-gain converter phase would be similar
to those for the Shippingport LWBR core and, therefore, would be acceptable with
respect to Iicér)sing considerations. The temperature coefficient, which depends primar-
ily on the fuel-to-coolant ratio, is expected to remain approximately constant during
the life of the core, consistent with the facts that little or no boron would be used
in the core during operation at power and that the fissile inventory would remain nearly
constant during core operation. In the Shippingport LWBR core, the power coefficient is
due almost entirely to the Doppler effect and depends primarily on the fuel-to-coolant
ratio and the power density (kilowatts per kilogram of heavy metal) at full power.
In the present conceptual high-gain converter phase, the fuel-to-coolant ratio would
be between that of the LWBR core and that of the reference PWR core, and the power
density would be higher than that of the Shippingport LWBR core. It is therefore
expected that the temperature and power coefficients for the present conceptual
converter phase would be at least as negative as those for the reference PWR.

Temperature and power coefficients have also been calculated for prebreeder
concepts fueled with thorium and slightly enriched uranium-235 and have been found
acceptable. Therefore, it is expected that the temperature and power coefficients
for the conceptual low-gain converter phase would also be acceptable,

5.4.1.6 Control Stability and Adequacy

The LWBR core at Shippingport has successfully operated as part of an integrated
commercial power network. This operation has included long periods at constant power,
several weeks of planned swing-load operations, and controlled startup and shutdown
periods from zero to full power. In addition, special tests were run to demonstrate
the dynamic characteristics and response of the plant to typical load-change rates
common in commercial plants. Performance was satisfactory during both swing-load
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and steady-state operation and in the special tests. The results indicate that control
stability and adequacy can be maintained in a core with movable-fuel reactivity control.

5.4.1.7 Nuclear Stability

Analytical studies have examined the stability of large uranium-233/thorium
reactors with high power densities against spatial xenon oscillations and have compared
it with the stability of uranium-fueled PWRs of comnarable sizes and ratings (Ref. 2).
These studies show that uranium-233/thorium systems are inherently significantly
more stable, primarily because of lower total xenon yields, larger fractions of xenon-
chain yield directly to xenon, and larger-in-magnitude (more negative) Doppler coeffi-
cients of reactivity. Initial physics testing at the Shippingport LWBR have demon-
strated that the LWBR module design results in a tightly coupled core and provides
further confidence that the present high-gain converter concept would have acceptable
stability properties.

5.5.1.8 Reactivity Control

The essential difference between this concept and the presently operating Ship-
pingport LWBR is that, instead of movable buncles of fuel rods, movable fingers of
individual thorium oxide control rods, arranged much like th= fingers of poison rods
in commercial PWRs, would be interspersed throughout the module. A program to
establish the expected performance of such a design and to provide supporting physics
and engineering test data is being evaluated as part of the Department of Energy (DOE)
Advanced Water Breeder Applications Program (AWBAP).

5.4.2 FUEL FOR THE LOW-GAIN CONVERTER PHASE

Placing the fissile-fuel-bearing ternary oxide annulus around the thorium oxide
core, which initially contains no fissile fuel, would cause most of the fission energy
to be generated close to the cladding and therefore would result in lower average
fuel-element temperatures than those obtained with a solid uranium oxide pellet.
This arrangement would also have the advantage of reducing stored heat, which would
be important during a loss-of-coolant accident. In this concept, the annulus would
experience a peak burnup as high as 119,000 MWd/MT compared with 50,000 MWd/MT
in the reference PWR. Currently there is little information on the structural and
thermal characterization of fuel at high burnup, fission-gas release, fuel swelling and
cladding-strain rate, fuel-cladding response to power transients, and the effect of
the high-temperature inner annular surface on defected-rod performance. These
matters would have to be investigated before the capabilities of such a system could
be established. This fuel system is being evaluated for possible further development
under the DOE AWBAP, including analytical work to extend the scope of present fuel-
element modeling and irradiation testing.
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5.5 LICENSING STATUS

The status is essentially the same as described previously in Section 2.5 for the
Type 1| module concept.

The principal licensing issues for the reacto” concepts reported here are those
generic to the recycle of fuel from fission reactors and the management of their wastes.
The uranium-232 produced by the irradiation of thorium fuel has some advantages
and some disadvantages in comparisor with uranium fuel recycle.

As mentioned in Section 2.4.1.6, the Shippingport LWBR has successfully operated
as part of an integrated commercial power network. This has included long periods
at constant power, several weeks ¢f planned swing-load operations, and controlled
startup and shutdown periods from zero to full power. In addition, special tests were
run to demonstrate the dynamic characteristics and response of the plant to typical
load-change rates common in commercial plants. Performance was satisfactory during
both swing-load and steady-state operation and in the special tests. The results indicate
that plant operability would not be adversely affected by a core with movable-fuel
reactivity control,

It was noted that the high-gain converter concept is expected to be more stable
against spatial xenon instabilities than are current PWRs, partly because of the larger-
in-magnitude (more negative) Doppler coefficient of reactivity produced by the thorium,
No calculations on the stability of the low-gain converter concept have been made,
but the stability is expected to be comparable to that of a conventional PWR,

The maintenance of a plant containing either phase of the present concepts would
be essentially the same as that for a plant containing a conventional PWR core.
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5.6 STATUS OF TECHNOLOGY AND OF RESEARCH, DEVELOPMENT,

AND DEMONSTRATION

5.6.1 GENERAL CONSIDERATIONS

The areas in which technology would need to be extended include the fuel-assembl)
grids, thorium oxide control fingers, and the plenum. Zircaloy grids are already in use
in commercial cores; an extension to larger size and number of rods and io the tighter
tolerances needed for the close-packed-hexagonal a‘ray of the high-gain converter
reactor would be required. Essentially, the thorium oxide control fingers would be
fuel rods suspended from one end; operation in a guide tube with proper coolant flow
and wear and vibration characteristics would have to be demonstrated to be acceptable.
The plenum design wou'd require flow testing to demonstrate operation without vibra-
tion or unacceptable latera! forces from cross flow.

No critical experiments have been performed for systems that use both uranium-
238 and thorium in cylindrical fuel elements, either in duplex or homogenized config-
urations, as with denatured fuel. Experimental confirmation of the nuclear design
analysis methods for such configurations would be required for this or any concept
using this combination of fertile fuel.

If the "dual-action" control-rod-drive mechanismm were chosen, this would also
require an extension of technology. The concepts of roller nuts and magnetic latching
for control-rod-drive mechanisms are not new; the novel feature would be the applica-
tion of these to concentric lead screws and to high loads.

In addition, the use of this concept would require the recycle of fuel and the
research, development, and demonstration necessary to implement reprocessing, refab-
rication, and®waste management.

The research, development, and demonstration requirements for this concept
are summarized in Table 5-10.

5.6.2 FUEL SYSTEM FOR THE CONCEPTUAL LOW-GAIN CONVERTER PHASE

Existing technology would need to be extended for the fuel system of alternating
duplex pellets and solid thorium oxide pellets. This fuel system is being evaluated for
possible further development as part of the DOE AWBAP. Duplex pellets have been
fabricated, and irradiation testing of fuel rods is in progress. Additional critical-heat-
flux testing would probably be required. Computer models to predict the performance
of this fuel system are also being developed.
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Table 5-10., Technological advance requirements
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Abbreviations: H, high-gain-converter phase; L, low-gain-converter
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APPENDIX A

U.S. Nuclear Regulatory Commission Review of Safeguards
Systems for the Nonproliferation Alternative Systems
Assessment Program Alternative Fuel-Cycle Materials



BACKGROUND

The procedures and criteria for the issuance of domestic licenses for possession,
use, transport, import, and export of special nuclear mate..al are definec in 10 CFR 70,
which also includes requirements for nuclear material control and accounting. Require-
ments for the physicai protection of plants and special nuclear materials are described
in 10 CFR 73, including protection at domestic fixed sites and in transit against
attack, acts of sabotage, and theft, The U.S. Nuclear Regulatory Commission (NRC)
has considered whether strengthened physical protection may be required as a matter
of prudence (Ref. 1). Proposed upgraded regulatory requirements to 10 CFR 73 have
been published for comment in the Federal Register (43 FR 3532]). A reference
system described in the proposed upgraded rules is considered as but one representative
approach for meeting upgraded regulatory requirements. Other sysiems might be
designed to meet safeguards performance criteria for a particular site.

NONPROLIFERATION ALTERNATIVE SYSTEMS ASSESSMENT PROGRAM
SAFEGUARDS BASIS

The desired basis for the NRC review of safeguards systems for the Nonprolifera-
tion Alternative Systems Assessment Program (NASAP) alternative fuel-cycle materials
containing significant quantities of strategic speciai ruclear material (SSNM),2
greater than 5 formula kilograms,b during domestic use, transport, import, and export
to the port of entry of a foreign country is the refzrence system described in the
current regulations and the proposed revisions cited above. The final version of
the proposed physical protection upgrade rule for Category I€ material is scheduled
for Commission review and consideration in mid-April. This proposed rule is close
to being published in effective form and, together with existing regulations, will
provide a sound basis for identification of possible licensing issues associated with
NASAP alternative fuel cycles. This regulatory base should be applied to eva.uate
the relative effectiveness of a spectrum of safeguards approaches (added physical
protection, improved material control and accounting, etc.) to enhance safeguards
for fuel material types ranging from unadulterated to those to which radioactivity
has been added.

To maintain safeguards protection beyond the port of entry into a country whose
safeguards system is not subject to U.S. authority, and where diversion by national
or subnational forces may occur, prop.sals have been made to increase radioactivity
of strategic special nuclear materials (SSNMs) that are employed in NASAP alterna-
tive fuel cycles, Sufficient radioactivity would be added to the fresh-fuel material
to require that, during the period after export from the United States and loading
into the foreign reactor, remote reprocessing through the decontamination step
would be necessary to recover low-radioactivity SSNM from diverted fuel. It is
believed that with sufficient radioactivity to require remote reprocessing, the dif-
ficulty and time required in obtaining material for weapons purposes by a foreign
country would be essentially the same as for spent fuel. In addition, the institu-
tional requirements imposed by the Nuclear Noi-Proliferation Act of 1978 include
application of International Atomic Energy Author ty (IAEA) material accountability

4>20% U-235 in uranium, 212% U-233 in uranium, o' plutonium.

BFormula grams = (grams contained U-235) + 2.5 (g-ams U-233 + grams pluto-
nium); Ref. 10 CFR 73.30.

CIAEA definitions of highly enriched uranium (>20%).
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requirements to nuclear-related exports. A proposed additional institutional require-
ment would be that verification of fuel loading into a reactor would be necessary
by the IAEA prior to approval of a subsequent fuel export containing SSNM,

Another proposed alternative that could be used to provide additional safe-
guards protection against diversion of shipments of SSNM by subnational groups
would be to mechanically attach and lock in place a highly radioactive sleeve over
the SSNM container or fuel assembly.

NRC REVIEW

It is requested that NRC perform an evaluation of a spectrum of safeguards
measures and deterrents that could be utilized to protect the candidate alterna-
tive fuel cycles. For the fuel cycles under review, consideration should be given to
both unadulterated fuel materials and those to which added radioactive material pur-
posely has been added. The relative effectiveness of various safeguards approaches
(such as upgraded physical protection, improved material control and accountancy,
dilution of SSNM, decreased transportation requirements, few sites handling SSNM,
and increased material-handling requirements as applied to each fuel material type)
should be assessed. The evaluation should consider, but not be limited to, such issues
as the degree to which added radioactive contaminants provide protection against
theft for bomb-making purposes; the relative impacts on domestic and on interna-
tional safeguards; the impact of radioactive contaminants on detection for material
control and accountability, measurement, and accuracy; the availability and process
requirements of such contaminants; the vulnerability of radioactive sleeves to tam-
pering or breaching; the increased public exposure to health and safety risk from
acts of sabotage; and the increased radiation exposure to plant and transport per-
sonnel. Finally, in conducting these assessments, the NRC must consider the export
and import of SSNM as well as its domestic use.

As part of this evaluation, we request that the NRC assess the differences in
the licensing requirements for the domestic facilities, transportation systems to
the port of entry of the importer, and other export regulations for those uiadul-
terated and adulterated fuel-cycle materials having associated radioactivity as com-
pared to SSNM that does not have added radioactivity. The potential impacts of
added radioactivity on U.S. domestic safeguards, and on the international and national
safeguards systems of typical importers for protecting exported sensitive fuel cycle
materials from diversion should be specifically addressed. Aspects which could
adversely affect safeguards, such as more limited access for inspection and degraded
material accountability, as well as the potential advantages in detection or deter-
rence should be described in detail. The potential role, if any, that added radio-
activity could or should play should be clearly identified, particularly with regard
to its cost effectiveness in comparison with other available techniques, and with
consideration of the view that the radioactivity in spent fuel is an important barrier
to its acquisition by foreign countri " or weapons purposes. Licensability issues
that must be addressed by research, development, and demonstration programs also
should be identified.
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Table A-l presents a listing of unadulterated fuel materials and a candidate
set of associated radiation levels for each that should be evaluated in terms of
domestic use, import, and export:

Table A-l. Minimum radiation 'evels for various fuel material types

Minimum radiation level during 2-year

riod, rem/hr at | meter (Ref. 6)
Fuel Material Type ﬁxeai Mechanically attached?
PuO32, HEUO, powder or pellets® 1,000/ kgHM 10,000/kgHM
Pu05-UO, and HEUO ,-ThO, powder
or pellets® 100/kgHM 10,000/kgHM

LWR, LWBR, or HTGR
recycle fuel assembly

(including type b fuels) 10/assembly 1,000/assembly
LMFBR or GCFR fuel assembly
(including type b fuels) 10/assembly 1,000/assembly

4Radioactivity intimately mixed in the fuel powder or in each fuel pellet.

BMechanically attached sleeve containing Co-60 is fitted over the material
container or fuel element and locked in place (hardened steel collar and several locks).

CHEU is defined as containing 20% or more U-235 in uranium, 12% or more

of U-233 in uranium, or mixtures of U-235 and U-233 in uranium of equivalent con-
centrations.

The methods selected for incorporating necessary radioactivity into the fuel
material will depend on the radioactivity level and duration, as well as other factors
such*as cost, Candidate methods and radiation levels are indicated in the following
table and references.
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Table A-2,

Candidate methods and radiation levels for spiking fuel materials

Minimum 2 year
radiation level,

Minimum initial
radiation level,

Fuel material type rem/hr at 1 meter Process rem/hr at 1 meter Reference
a. PuOy, HE U0y powder or
pellets 1000 /kgHM Cobalt-60 addition 1300 /kgHM 2. %9,
b. Pu0-UD7 and HE UO3/ThO,
powder or pellets 1,0/ kgHM Cobalt-60 addition 130/kgHM 2, 3, 3,
Fission product 400/ kgHM
addition (Ruthenium-106)
¢. LWR, LWBR, or HTGR
recyzle fuel assembly 10/assembly Co addition 13/assembly 2 3, 9,
Fission product
addition (Ruthenium-106) 40/assembly 2, 3, 5,
Pre-irradiation
(40 MWd/MT) 1000 (30 days)/ 4
assembly
d. LMFBR or GCFR fuel assembly 10/assembly Cobalt-60 addition 13/assembly 2; 3, 5,
Fission-product
addition (Ruthenium-106) 40/assembly 2: 53, 9,
pre-irradiation 1000 (30 days)/ 4
(40 MWd/MT) assembly
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APPENDIX B

Responses to Comments by the U.S. Nuclear Regulatory Commission
PSEID, Volume IlII, Light-Water Breeder Reactors



Preface

This appendix contains comments and responses resulting from the U.S. Nuclear
Regulatory Commission (NRC) review of the preliminary safety and environmental
submittal of August 1978, It should be noted that the NRC comments are the result
of reviews by individual staff members and do not necessarily reflect the position
of the Commission as a whole.



I

RESPONSES TO GENERAL COMMENTS

Regarding the NRC request to reduce the number of reactor concepts and fuel-
cycle variations, the Nonproliferation Alternative Systems Assessment Program
(NASAP) set out to look at a wide variety of reactor concepts and fuel cycles
with potential nonproliferation advantages. These various concepts have differ-
ing performance characteristics in other important respects, such as economics,
resource efficiency, commercial potential, and safety and environmental fea-
tures. The relative importance of these other characteristics and trade-offs
has been determined and the findings are incorporated in the NASAP final report.

Regarding the comment on the need to address safeguards concepts and issues,
some concepts for providing protection by increasing the level of radioactivity
for weapons-usable materials have veen described in Appendix A to each prelim-
inary safety and environmental information document (PSEID). Appendix A
has been revised to reflect NRC comments,

An overall assessment of nonproliferation issues and alternatives for increasing
proliferation resistance is provided in Volume II of the NASAP final report and
reference classified contractor reports.



RESPONSES TO SPECIFIC QUESTIONS
Question_|

Additional questions have been raised regarding the stability of the light-water
fast-breeder reactor (LWBR) core with duplex pellets due to the delayed heating of
the pellet core (which contributes the major part of the Doppler feedback).

Resgo__nse

This question was addressed in a memo from Parker, U.S. Department of Energy,
Division of Naval Reactors (DOE-NR), to L. Lois, U.S. Nuclear Regulatory Commission
(NRC), on May 3, 1979. While a detailed evaluation of possible oscillatory behavior
has not been performed, there is no basis for anticipating that such behavior could
occur since the reactivity shape and time responses for the solid and duplex pellets
are very similar. Such a calculation could be performed to confirm acceptable perform-
ance if development of the duplex pellet fuel is continued.

Question 2

The question of recriticality has been answered partly for the homogeneous
binary pin where, however, questions relating to configurations reflected by water
or hydrogenous concrete remain,

Response

The homogeneous binary fuel rods being considered for the NASAP concepts
are the same type as used in the Shippingport LWBR. Based on calculations performed
for the LWBR for various reflective conditions which showed acceptable performance,
the DOE-NR concludes that recriticality would not occur for homogeneous binary
fuel rods as considered in the Nonproliferation Alternative Systems Assessment
Program (NASAP) water-cooled breeder concepts.

Question 3

The lower power density in the thorium prebreeder and breeder cores gives rise
to lower ATs across the core and then higher flows (for similar power levels); this
necessitates the use of larger pumps, larger safety equipment, and even a larger pres-
sure vessel, For such a design, it is not clear that the core or the plant will behave
in a manner similar to a previously analyzed PWR; neither is it clear that the type
and/or design as well as response of the engineered safety features will be the same.

Response

Thz NRC concerns are not uniformly applicable to all the core concepts. It
is more logical to consider two general groups of reactors in the LWBR NASAP con-
cepts. These are (a) the backfit prebreeders and (b) the seed-Llanket prebreeders
and breeders and are addressed separately below.

a. Backfit prebreeders. Three of the four LWBR reactor pairs employ backfit
prebreeders that would be direct mechanical backfits to current PWR cores. These
cores would have ATs nearly identical with the reference core and except for small
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differences in kinetics parameters and reactivity coefficients, core and plant per-
formance would be similar to that of current PWRs,

b. Seed-blanket breeders (and LWBR prebreeder). These reactors in genera!
would require increased pump power because they have larger hydraulic resistance
and this may result in a larger reactor vessel. It is reccegnized that there will be
some difference in the behavior of the core and the plant compared to conventional
PWRs. However, based on the following considerations, the DOE-NR considers there
is a basis for concluding that a satisfactory plant and associated engineered safety

features could be designed and built for a commercial-scale seed-blanket breeder
reactor:

(1) The Shippingport LWBR has successfully operated as part of an inte-
grated commercial power network and no safety-related licensing issues have been
identified that are significantly different from conventional PWRs.

(2) No major differences in plant or reactor behavior have been identi-
fied in the operation of 1,000- to 1,100-MWe light-water-cooled nuclear plants

compared to the earlier commercial plants that had power ratings in the range of
200 to 300 MWe.

(3) An alternative approach would be a seed-blanket core with a power
level somewhat lower than a conventional PWR would have for that particular size
of reactor vessel and that would maintain components such as pumps at the present size.

Qu_gstion 4

In addition, we believe that if the concept of the duplex fuel is important to
the viability of the breeder concept, additional information must be provided in
Volume 11l or Volume VII concerning the development status of the disassembly oper-
ation shown in Figure 2-6,

Response

Because no "disassembly" operations would be required, additional research,
development, and demonstration would be required to establish the dissolution condi-
tions. It is noted, however, that none of the breeder concepts and not all of the
prebreeder concepts utilize duplex pellets, and that duplex pellets are not essential
to the success of the development of the LWBR concepts.

Question 5

Taken as a whole, the LWBR fuel design concept is extremely complex, as com-
pared with the LWR. Differing enrichments, duplex fuel pellets, stationary (blanket)
versus movable (seed) components, thorium fingers, tertiary oxides, differing grid
materials, taken with the various permutations and combinations afforded by the
various breeder-prebreeder options pose potential problems with respect to the
development and verification of adequate design bases, design limits, and acceptance
criteria,
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Response

No sirgle concept would employ all »f the features identified by the NRC.
The NRC listing portrays the spectrum of possible designs. For instance: duplex
fuel peliets and movable fuel occur together only in the prebreeder based on LWBR
Type | modules of the three concepts reviewed by the NRC; this is also the only one
with ternary oxide fuel; movable seeds and thoria fingers do not occur together in
any core; each concept employs only one type of grid material. The final NRC eval-
uation should reflect this fact.

Question 6:

There is probably an over-reliance on extrapolation of Shippingport technology
in regard to LWBR fuel-design licensability.

Response:

There are basically two different fuel systems being considered for the LWBR
systems: (1) the binary UO-ThO; fuel system similar to that being used in the
Shippingport LWBR, and (2) the duplex-pelleted fuel system being developed for
possible use in the prebreeder reactors. These are addressed separately below.

a. Binary UO2-ThO7 fuel. The DOE/NR considers there is no question of licens-
ability for this fuel system; any questions relate solely to sizing of the reactor core
for a ?iven wer rating and sizing of safety systems. Continued satisfactory opera-
tion of the Shippingport LWBR is considered to prove the feasibility of the UO2-ThO3
fuel system and to provide a reliable basis for extrapolation. There would be a
high degree of similarity between the reactor core environment in the Shippingport
LWBR (which was designed to simulate a commercial-scale breeder reactor by using
reflector-blankets) and that of a commercial-scale LWBR. Therefore, there is not
felt to be an "over-reliance” on the Shippingport fuel technology in extrapolating
to a commercial-scale LWBR using the binary UO-ThO3 fuel system.

b. Duplex-pelleted fuel. The DOE/NR is not counting on the Shippingport
operation to provide a basis for showing that the duplex-pelletec fuel system is
acceptable. As specifically identified in each chapter of the applicabie LWBR pre-
liminary safety and environmental information document (PSEID) (Volume III), the
behavior of the duplex-pelleted fuel is an uncertainty and a fuel-test program is
underway as part of the DOE Advanced Water Breeder Applications program to deter-
mine how much future development should be done. For this fuel system, therefore,
the DOE/NR understands the uncertainty involved and is not counting or. the Shipping-
port operation to prove out or confirm the performance.

tion 7:

Based on the preliminary review, some additional outstanding issues for the
LWBR are as follows.

Zircaloy core support grid (row designed of stainless steel)

Potential consequences of molten ThO (e.g., autocatalytic behavior)

Control element performance with respect to its hydraulic support system
Potential effect of oversized coolant-handling systems in a backfit prebreeder
(e.g., oversized pumps, oversized safety injection)
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e Potential effect of the unique radioactive materials contained in the reac-
tor on siting criteria (e.g., uranium-233)

® Analysis of the poiential effect of the design-basis accident and the low-
probability accident

e Adequacy of the proposed thorium-finger control systein

e Fuel reprocessing and remoie fabr’cation

e Validity of assuming the extrapolability of the Shippingport technology and
safety implications

o Required level of effort to address the above issues

Response:
The DOE/NR disagrees with some of the issues raised as explained below:

a. On portion of excerpt regarding "consequences of molten ThO"

The DOE/NR is not certain of the precise nature of the NRC concern.
Molten ThO; does not appear capable of autocatzlytic behavior since the thorium
in ThO7 is in its highest oxidation state. Siice the NR knows of no mechanism by
which the temperature of molten ThO;, could be further raised by an exothermic
oxidation reaction, there appears to be no basis for concern about "autocatalytic"
behavior of molten ThO3.

b. On portion of excerpt rega.ding "hydraulic support system"

The meaning of the NRC -omment concerning a "hydraulic s rt system"
is not clear. The Shippingport LWBR core has a bypass inlet flow (BIF) system but
it is not a "hydraulic support" system. The BIF system exerts a downward force,
not a support force; this opposes the upward flow force and allows the seed mod e
to fall under the force of gravity in the event of a scram. The "support system" for
the control element is therefore mechanical, not hydraulic.

c. On portion of excerpt regarding "oversized coolant-handling systems"

This is not correct. The backfit prebreeder concepts would 0t require
"oversized" coolant-handling systems since they would have power density and core
T comparable to a com.nercial PWR.

d. On portion of excerpt regarding "siting criteria"

The DOE/NR acknowledges that a complete safety analysis would need
to be performed for specific core and plant designs; however, it is not anticipated
that the results would be significantly different from those reported in ERDA-1541,
Final Environmental Statement, Light Water Breeder Reactor Program, Volume 3,
page 1X-207ff. It can be concl from ERDA-1541 that no significant difference
in radiological impact would be expected from the postulated accidents whether
they occurred in conventional PWRs, LWBR prebreeders, or LWBR breeders.

e. On portion of excerpt regarding "extrapolability of the Shippingport
technology"

The DOE/NR has addressed this issue in its response to Question 7.




f. The DOE/NR comment on portion of excerpt regarding "level of effort"

This . ses not appear to be a licensing question and hence is not appropri-
ately identified as an outcee e of the NRC revir v,



