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FOREWORD 

The Shippingport Atomic Power Station located in Shippingport, Pennsylvania was 
the f i rs t large-scale, central-station nuclear power plant in the United States 
and the f i rs t plant of such size in the world operated solely to produce 
electric power. The development program for the Shippingport plant was started 
in 1953 to confirm the practical application of nuclear power for large-scale 
electric power generation. It has provided much of the technology being used 
for design and operation of the commercial, central-station nuclear power plants 
now in use. 

Subsequent to development and successful operation of the Pressurized Water 
Reactor in the Atomic Energy CMimission (now Department of Energy, DOE) owned 
reactor plant at the Shippingport Atomic Power Station, the Atomic Energy 
Commission in 1965 undertook a research and development program to design and 
build a Light Water Breeder Reactor core for operation in the Shippingport 
Station. 

The objective of the Light Water Breeder Reactor (LWBR) program has been to 
develop a technology that would significantly improve the utilization of the 
nation's nuclear fuel resources employing the well-established water reactor 
technology. To achieve this objective, work has been directed toward analysis, 
design, component tes ts , and fabrication of a water-cooled, thorium oxide-
uranium oxide fuel cycle breeder reactor for installation and operation at the 
Shippingport Station. The LWBR core started operation In the Shippingport 
Station in the Fall of 1977 and is expected to be operated for about 4 to 5 
years or more. At the end of this period, the core will be removed and the 
spent fuel shipped to the Naval Reactors Expended Core Facility for a detailed 
examination to verify core performance including an evaluation of breeding 
characteristics. 

In 1976, with fabrication of the Shippingport LWBR cure nearing completion, the 
Energy Research and Development Administration, now DOE, established the 
Advanced Water Breeder Applications (AWBA) program to develop and disseminate 
technical information which would assist U.S. Industry in evaluating the LWBR 
concept for canmercial-scale applications. The program is exploring some of the 
problems that would be faced by Industry in adapting technology confirmed in the 
LWBR program. Information being developed includes concepts for commercial-
scale prebreeder cores which would produce uranium-233 for light water breeder 
cores while producing electric power. Improvements for breeder cores based on 
the technology developed to fabricate and operate the Shippingport LWBR core, 
and other information and technology to aid in evaluating commercial-scale 
application of the LWBR concept. 

All three development programs (Pressurized Water Reactor, Light Water Breeder 
Reactor, and Advanced Water Breeder Applications) are under the technical 
direction of the Office of the Deputy Assistant Secretary for Naval Reactors of 
DOE. They have the goal of developing practical improvements In the utilization 
of nuclear fuel resources for generation of electrical energy using water-cooled 
nuclear reactors. 

Technical Information developed under the Shippingport, LWBR, and AWBA programs 
has been and will continue to be published In technical memoranda, one of which 
is this present-report. 
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This report surveys reactor core design features 
of the Light Water Breeder Reactor which make 
possible Improved fuel utilization in light water 
reactor systems and breeding with the uranium-
thorium fuel cycle. The Impact of developing the 
uranium-thorium fuel cycle on utilization of 
nuclear fuel resources is discussed. The 
specific core design features related to Improved 
fuel utilization and breeding which have been 
implemented in the Shippingport LWBR core are 
presented. These design features Include a seed-
blanket module with movable fuel for reactivity 
control, radial and axial reflector regions, low 
hafnium Zircaloy for fuel element cladding and 
structurals, And a closely spaced fuel rod 
lattice. Also included is a discussion of 
several design modifications which could further 
improve fuel utilization in future light water 
reactor systems. These include further 
development of movable fuel control, use of 
Zircaloy fuel rod support grids, and fuel element 
design modifications. 

DESIGN FEATURES OF THE LIGHT WATER BREEDER REACTOR (LWBR) WHICH 
IMPROVE FUEL UTILIZATION IN LIGHT WATER REACTORS 

(LWBR Development Program) 

H.C. Hecker and L.B. Freeman 

I. INTRODUCTION 

A. Purpose and Scope 

The purpose of the Light Water Breeder Reactor (LWBR) program is 

to develop the technology to confirm that breeding* can be achieved in light 

water reactors, thereby improving significantly the utilization of nuclear 

fuel resources compared to present types of light water nuclear reactors. 

•Breeding means producing irore fissile fuel in the nuclear reactor than is 

consumed. 

1 



Starting with development work on the Pressurized Water Reactor 
CPWR Core 1) in 1953, the Office of the Deputy Assistant Secretary for Naval 
Reactors of the Department of Energy has conducted an ongoing program to 
develop the technology for improving utilization of nuclear fuel resources in 
water-cooled reactors. This led to the development of two reactors which 
operated successfully in the Shippingport Atomic Power Station, PWR Core 1 and 
PWR Core 2. A third reactor, the Light Water Breeder Reactor (LWBR), is 
currently operating in the Shippingport plant (Reference 1). The LWBR core 1s 
a seed-blanket design as were the earlier PWR cores, but the LWBR uses 
uranium-233 as the primary fissi le material and has additional features which 
lead to more efficient utilization of neutrons. 

The purposes of ttiis report are to summarize the reasons why breeding 
can be achieved in a light water reactor using the uranium-233/thorium fuel 
system and to present a survey of the core design features which have been 
implemented in the Shippingport LWBR core to enhance fuel utilization. Based 
on the experience gained in the LWBR program and i ts predecessors, several 
potential design modifications are also presented which could further improve 
fuel utilization in future light water reactor systems. Development of these 
concepts is continuing at the Bettis and Knolls Laboratories in the Advanced 
Water Breeder Applications (AWBA) program. 

B. How is i t Possible to Breed in a Light Water Reactor? 

The absorption of one neutron by the nucleus of an atom of thorium 
can convert i t to an atom of uranium-233. By placing thorium in a nuclear 
reactor with enough uranium-233 (to get the energy needed from fission for the 
power demand of the plant), the thorium atoms will be exposed to the neutrons 
produced by the fissions of the uranium atoms. Many of the thorium atoms will 
absorb a neutron and be converted into uran1um-233 atoms. If the amount of 
uranium-233 remaining after reactor operation is larger than the amount of 
uranium-233 ini t ial ly loaded into the core, then the reactor is a breeder 
reactor. 
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The accepted view in the early 1950's was that breeding was not 
feasible in a light water reactor. The LWBR Program has developed a high 
level of confidence that breeding is both feasible and practical in 
pressurized water reactors. Four factors are particularly important to the 
conclusion that i t is practical to breed in a LWBR: (a) irore accurate basic 
nuclear data for uranium-233 showing enhanced breeding in a reactor with low 
water content (close fuel rod spacing), (b) use of zirconium alloy rather than 
stainless steel for fuel element cladding and structurals, (c) use of a 
reactivity control concept that eliminates neutron losses by parasitic 
absorption in control poisons, and (d) use of large reactors (of the size now 
being built) which have significantly lower neutron loss by leakage from the 
reactor than did the plants studied in the 1950's. These four items are 
discussed in greater detail in the following paragraphs. 

1. Fuel Nuclear Properties Necessary to Permit Breeding 

The nuclear parameter most Important to breeding is the 
neutron regeneration factor ( n ) , which 1s the average number of neutrons 
produced in fission for each neutron absorbed in fissi le fuel. To achieve 
breeding, this ratio must be greater than 2.0 since maintaining the crit ical 
nuclear chain reaction in the reactor takes one of these neutrons for 
absorption in fissile fuel, leaving ( n- 1) neutrons to be distributed among 
the various parasitic losses and the fert i le fuel. Unless at least one of 
these neutrons is captured in ferti le fuel to produce new fissile fuel, the 
total fissile fuel content will decrease as the reactor operates, and breeding 
will not occur. The parameter ( ri-2) for a given fuel indicates the margin 
for parasitic losses in a breeder using that fuel. The value of n is 
different for each fissile material and, even for a given material, n varies 
markedly depending on the average energy level of the neutrons being absorbed 
in fuel to cause fission. The n for fast neutrons is quite different than 
that for thermal neutrons. 

Only three nuclear fuel materia is are capable of fissioning on a 
practical basis for the production of electrical energy. These are uranium-235, 
plutonium-239, and uranium-233. Of these f issi le materials, only uran1um-235 
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is found in nature; the uranium-233 is produced by neutron absorption in 
thorium; plutonium-239 is produced by neutron absorption in uranlum-238. 

Early work indicated that n of uranium-235 and plutonium-239 
for purely thermal neutrons is only slightly greater than 2.0, and that this 
quantity decreases as the moderator temperature increases to practical levels 
required for power reactor operation. Further, there was evidence that the 
values of n for uranium-235 and plutonium-239 were less than 2.0 for neutrons 
in the so-called intermediate energy range (between thermal neutrons and fast 
neutrons). Thus, these early data indicated that breeding with uranium-235 or 
plutonium-239 would be possible only if a very-high-energy neutron environment 
could be maintained. That i s , they implied that breeding was possible only in 
fast reactors, which cannot operate with a neutron moderating coolant like 
ordinary (light) water. 

On the other hand, uranium-233 was observed to have a value 
for n of about 2.3 for thermal neutrons. However, i t was thought that n 
dropped to about 2.07 for Intermediate energy neutrons, so that while breeding 
was possible if a thermal neutron spectrum could be maintained, i t did not 
appear practical to breed with light water because there would be too much 
parasitic neutron loss in water. 

Subsequently, more accurate experimental work at Bettis Atomic 
Powe Laboratory, Knolls Atomic Power Laboratory (KAPL), and Oak Ridge National 
Laboratory (ORNL) using a number of different experimental techniques has 
clearly indicated that n of uranium-233 for intermediate neutrons is about 
2.13 rather than the previously estimated value of 2.07 (see Figure 1). 
Extensive reactor analyses at Bettis - and confirmed at KAPL - have indicated 
that Improved breeding characteristics can be achieved if a thorium/uranium-
233 reactor is designed with a minimum of water to minimize neutrons "lost" by 
capture in water. In such a reactor, a relatively large fraction of the 
neutrons absorbed in uranium-233 are of intermediate energy, which results in 
an effective n closer to that for intermediate energy neutrons (2.13) than 
that for thermal neutrons (2.3). However, an additional effect that was not 
adequately accounted for in early studies is that as the neutron energy 
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spectrum is shifted from thermal toward the intermediate energy range, 
additional neutrons are produced, both by fast fission in thorium and by 
(n, 2n) reactions (a reaction where a neutron captured in thorium gives rise 
to the emission of two neutrons) so that the effective value of •»? is more than 
2.26. Furthermore, at this higher energy range, the neutron losses by 
absorption in water and other parasites are signficantly reduced. 

Thus, the refinement of nuclear data for uranium-233 showed a 
greater potential for breeding in a light water reactor with low water content 
(close fuel rod spacing), and this design approach is one important factor 
that has led to breeding in the LWBR. 

2. Use of Zirconium Alloy for Fuel Element Cladding and 

Structurals 

A second crucial factor that was necessary for breeding in a 
light water reactor relates to cladding material. In the early 1950's the 
leading candidate materials for fuel cladding were stainless steel and 
aluminum. For power reactors, the use of aluminum is not promising because of 
i t s poor high-temperature properties. Thus, stainless steel was assumed in 
most studies. Stainless steel has a significant cross section for capture of 
thermal and intermediate energy neutrons. I t , therefore, acts as a poison, 
causing many neutrons to be "lost" rather than to be used to produce new fuel 
and enhance breeding. 

Zirconium was not seriously considered as a cladding material 
in these early studies because of i t s apparent high neutron absorption and 
exotic nature. However, ORNL discovered that the neutron poisoning in natural 
zirconium was due to the 2 to 3 percent of hafnium that was present, and that 
zirconium itself absorbs relatively few neutrons. The Naval Reactors Program 
developed practical production processes for removal of hafnium and other 
impurities, and developed high performance zirconium alloys. These 
developments introduced the practical use of a highly corrosion-resistant and 
low neutron absorbing clad material, Zircaloy. 
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Use of Zircaloy rather than stainless steel as a cladding and 
structural material is the second crucial contributor to breeding in a l igh t 
water reactor. 

3. The Seed-Blanket Concept with the Associated Variable Geometry 

Reactivity Control Concept 

The early studies of breeding in l igh t water reactors did not 

consider the seed-blanket reactor concept. This concept, original ly developed 

for use In the Shippingport Station reactor core, provides f l e x i b i l i t y for 

separately optimizing the two regions - seed and blanket - to carry out their 

individual functions. The primary role of the seed is to provide neutrons as 

ef f ic ient ly as possible for burning f i ss i le fue l . The primary role of the 

blanket is to use excess neutrons ef f ic ient ly in producing new f i ss i l e fuel by 

neutron absorption in fe r t i l e fue l . In the LWBR, the seed and blanket have 

each been optimized to maximize neutron production and minimize neutron loss. 

An additional advantage of the seed-blanket concept is that I t 

permits practical use of variable geometry reactivity control. Early studies 

of the l ight water breeder demonstrated that neutron losses by absorption in 

poison control rods, or control features ccsnmon to other light-water reactors, 

prohibited breeding. Reactivity of a seed-blanket reactor 1s dcsninated by the 

seed; thus changes in seed geometry can cause reactivity variations. This 

characteristic made i t possible to develop the control concept of a movable 

seed, in which a l l necessary reactivity control is achieved without 

unnecessary loss of neutrons to poison materials. In effect, reactivity is 

controlled by adjusting neutron absorption in thorium. Full scale tests of 

this control system under actual operating conditions have demonstrated I ts 

pract ical i ty. 

Thus use of the seed-blanket concept with the associated 
variable geonretry control is the third contributor to breeding in a l igh t 
water reactor. 
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4. Low Neutron Leakage 

Neutrons that escape or "leak" out of the reactor are lost , 

and are not available to produce new f i ss i le fue l . Early studies of breeding 

showed significant loss of neutrons due to leakage. However, neutron leakage 

can be minimized in a LWBR In three ways. F i rs t , the larger size of today's 

reactors is a significant aid. Second, the seed-blanket concept provides 

Inherently less leakage because the neutron producing seed is surrounded by 

the neutron absorbing f e r t i l e blanket. Finally, a peripheral reflector region 

fueled with natural thoria surrounding the entire reactor reduces neutron loss 

by leakage to less than 0.1 percent for a large LWBR. 

Thus the reduction of neutron leakage by using a large seed-

blanket reactor with a reflector Is the fourth factor leading to breeding in a 

l ight water reactor. 

C. The LWBR Core Concept and I ts Application In The Electric Power 

Industry 

The LWBR core presently operating in the Shippingport Atomic Power 

Station is batch loaded; i . e . , the whole core was Installed at one time and at 

the end of i t s reactivity l i fet ime i t w i l l be removed al l at once. The 

f i ss i le content of the core wi l l then be assayed to determine whether i t has 

increased suff iciently to provide for the next core, allowing for fuel 

reprocessing and refabrication losses. The assay is expected to show that 

there is suff icient fuel and thus confirm that breeding can be achieved in a 

l ight water reactor system. 

The notion of u t i l i z ing fuel ef f ic ient ly may be quantified In 

various ways, such as the energy obtained fran the reactor per ton of uranium 

oxide mined (Reference 2), or the energy obtained from the reactor compared to 

the total energy available from the fuel in an ideal fuel cycle (section IV). 

The chief requirements for obtaining high fuel u t i l i za t ion in a nuclear 

reactor are to maximize the number of neutrons produced per neutron captured 

in f i ss i le fuel and minimize losses of neutrons to nonproductive capture in 
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non-fuel materials; e.g. , nonproductive capture includes capture 1n control 
poisons or in non-fuel materials inside the reactor or neutron leakage from 
the core. These requirements, referred to as neutron conservation, are impor­
tant because each neutron conserved is available for converting a fert i le atom 
such as uranlum-238 or thorium~232 to a f iss i le atom such as plutonium-239 or 
uranium-233. Neutron conservation extends the time for which a fission chain 
reaction can be sustained with a given initial amount of f issi le fuel and, 
with sufficient conservation, makes i t possible to breed in a light water 
reactor system. 

There are two unique neutron-conserving design features in the 
LWBR core (Reference 1). The f i rs t is the use of a variable geometry concept 
in lieu of soluble boron or poison control rods to control core reactivity* 
during power operation. The function of the variable geometry control system 
is to provide for the capture of excess neutrons in fert i le thorium-232 rather 
than in control poison which consumes about 4 percent of the neutrons in 
current light water reactor (LWR) systems (Reference 2). Additional neutron 
conservation is achieved in LWBR by reducing neutron absorption in core 
structures and the coolant water. The last feature is the use of reflector 
assemblies around the periphery of the core to prevent the loss of neutrons 
through leakage. These reflector assemblies have the functions of either 
capturing leakage neutrons in fert i le thor1um-232 or scattering them back int 
the core. The use of reflectors with fer t i le material eliminates most of the 
loss of 4 percent of the available neutrons which occurs in a conventional 
light water core due to leakage from the periphery to reactor vessel internal 
structures and water (Reference 2). 

To breed in a light water-cooled and moderated core the number of 
neutrons produced per neutron captured in f issi le fuel must be maximized and 

*The reactivity of a nuclear reactor core is a measure of i t s ability to 
multiply or reproduce neutrons and thus keep the fission chain reaction going. 
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this can only be accomplished by basing the fuel cycle on the use of thorium 
and uranium-233, which is referred to as the thorium fuel cycle. Uranium-233, 
however, is a fissile fuel that does not occur in nature; thus large scale 
application of the water-cooled breeder fuel cycle would operate in two 
phases. In the f i rs t phase, called the "prebreeder phase", uranium-235 or 
another fissile fuel would be used to fuel light water reactors which would 
also contain thorium. Operation of these reactors would produce fissi le 
uranium-233 from the thorium while providing power for generating 
electrici ty. The uranium-233 produced in the prebreeder reactors would be 
used with thorium to fuel breeder reactors which would produce enough new 
fissile fuel to replace the fuel used in generating electricity and require no 
further mining or enrichment of uranium. 

D. Summary and Extensions of the LWBR Design 

The design features of LWBR which Improve long term fuel 
utilization in addition to the use of U-233/thorium fuel. Include a seed-
blanket module with variable geometry for reactivity control, low hafnium 
Zircaloy for fuel rod cladding and structurals, a closely spaced fuel rod 
lat t ice (Reference 1), and radial and axial reflector regions. 

The Shippingport LWBR core operates at a lower power density and 
lower fuel burnup tijan current LWR systems. Modifications to the core design 
would be desirable to Improve power capability in commercial application of 
the LWBR concept. However, increasing the power density and fuel burnup tend 
to reduce the breeding margin. Thus, modifications to the LWBR core design 
would have to provide for Improvements in neutron conservation to offset these 
reductions. There are modifications which could improve neutron conservation 
and some of this benefit may be used to Improve core performance. The 
modifications Include further development of the neutron conserving control 
concept, use of Zircaloy fuel rod support grids, and fuel element design 
changes. As noted in section I.A., development is continuing at Bettis and 
KAPL as part of the AWBA program. 
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II. THE URANIUM-233 AND THORIUM FUEL SYSTEM 

Selection of the U-233/thor1um fuel cycle for LWBR provides several 

advantages relative to the U-235/U-238 or plutonium fuel cycles for l ight 

water reactors. The primary advantage of the U-233/thor1um cycle in thermal 

reactors is that the average number of neutrons produced per atom of f i ss i l e 

fuel destroyed by neutron absorption is large enough for U-233 to permit 

breeding in a thermal reactor, whereas for either U-235 or Pu-239 this 

quantity is too small to permit breeding in a thermal reactor. For neutrons in 

the yery high energy range the Pu-239 neutron yield is largest, and for this 

reason the uranium-plutonium fuel cycle Is usually used in fast reactors. 

Similarly, in a thermal breeder thorium must be used because 

absorption of a neutron by this f e r t i l e material results in production of a 

new U-233 atom whereas neutron absorption by f e r t i l e U-238, the predominant 

constituent of natural uranium, results in production of a Pu-239 atom. In 

addition, using thorium as a f e r t i l e material in combination with either 

f i ss i le U-235 or f i ss i le U-233 provides a way to u t i l i ze the abundant thorium 

resources as a source of energy and would permit a long-term reduction in the 

use of uranium reserves, especially when a breeding cycle is achieved. 

The U-233/thorium fuel cycle Is discussed in this section and compared 

to other fuel cycles with respect to fuel u t i l i za t ion . 

A. Basis for Anticipated Benefits in Fuel Ut i l izat ion 

The only reactor fuels that occur in nature are uranium and 

thorium. Natural uranium contains 99.3% fe r t i l e uranium-238 and about 0.7% 

f i ss i le uranium-235. Thorium occurs only as f e r t i l e thorium-232. The 

relative abundance of these fuels in the earth's crust is I l lustrated in 

Figure 2, based on data in reference 3. To date, most reactors designed and 

bui l t have ut i l ized uranium-235 as the f i ss i l e material because i t is the only 

naturally occurring f i ss i le isotope. However, the amount of uranium-235 is 

quite l imited, since i t represents only 0.7 percent of naturally occurring 

uranium. Thus, plans for a nuclear power industry that w i l l be a signif icant 
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contributor to total energy resources must make use of the two fer t i le 
materials uranium-238 and thorium. Existing nuclear power reactors convert 
some fert i le uranium-238 or thorium into f issi le fuel; however, the overall 
nuclear resource utilization is about 1 percent of the energy potentially 
available from the mined ore. 

Although the fert i le materials U-238 and Th-232 themselves cannot be 
used to sustain a nuclear chain reaction, they can be converted into the 
f issi le fuels pluton1um-239 and uranium-233, respectively, as illustrated In 
Figure 3. The relative fuel conservation benefit of investing uranium-235 
fission neutrons in uranium-238 or thorium-232 depends largely on the relative 
behavior of their characteristic f issi le progeny, plutonium-239 and uranium-
233. The most important measure of behavior is the number of neutrons 
produced when a neutron is absorbed by an atom of these fissi le fuels. In a 
light water reactor, where most neutrons exist at slow (or thermal) energies, 
the absorption of one neutron in a uran1um-233 atom typically produces more 
neutrons than the absorption of one neutron in a plutonium-239 atom. This is 
illustrated in Figure 4. 

The principal transmutations that occur when uranium-238 or thorium-
232 is irradiated by neutrons fran fission are illustrated in Figure 5. There 
i s a strong parallelism between the two fuel systems; however, there are some 
distinctive differences that favor use of the thorium system in water 
reactors. Figure 5 i l lustrates the fact that absorption of a neutron in 
either thorium-232 or uran1um-238 results in production of a new fissi le 
isotope, in each case following two beta emissions. Furthermore, non-fission 
absorption in these new fissile isotopes (uranium-233 and plutonium-239, 
respectively) will, after another neutron absorption, result in production of 
a second pair of fissile isotopes, uranium-235 and plutonium-241. The amount 
of U-235 or Pu-241 produced will be much smaller than the amount of U-233 or 
Pu-239 produced since most neutron absorptions in these la t ter materials cause 
fission. Given the distribution in energy of neutrons in a water-moderated 
system, more neutrons are produced per atom of uranium-233 destroyed than the 
number produced per atom of plutonium-239 destroyed. 
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The yield ratio of neutrons produced per atom destroyed for any of the 
fissile isotopes is not a constant, but rather varies with the energy of the 
neutron being absorbed, this energy being the determining factor in 
establishing the relative number of fission and non-fission events. This 
ratio of neutron yield per neutron absorbed is denoted by eta ( n )• Figure 1 
i l lustrates the value of eta for the three fissi le isotopes, uranium-235, 
uranium-233, and plutonium-239, as a function of energy of the neutron 
absorbed. At the far right of the figure is the energy with which neutrons 
are born in fission (average energy approximately 2 x 10" ev) and at the far 
left is the energy of neutrons that have arrived at thermal equilibrium 
(average energy approximately 5 x 10"^ ev). The heavier line at a yield of 
two neutrons per absorption is placed to emphasize the fact that breeding 
systems must have a yield of at least 2.0 neutrons per absorption to 
accommodate continuation of the fission chain (one neutron) plus transmutation 
of a ferti le isotope to a new fissi le isotope (another neutron). In addition, 
some margin above 2.0 is required to offset neutron absorption in coolant, 
structural materials, and fission products, and neutron leakage from the 
reactor core. 

It will be observed that plutonium-239 has a high value of eta in the 
energy range where neutrons are born in fission; but that eta is less than 2.0 
over most of the intermediate and thermal energy ranges. Similarly, uranium-
233 has an eta greater than 2.0 over nearly the complete energy range. 
Further, uranium-235 has a significantly lower eta than uranium-233 or (for 
important parts of the energy range) than pluton1um-239. 

In any reactor the distribution of energies at which neutrons are 
absorbed depends upon the volume of coolant in the reactor relative to the 
volume of fuel and on the moderating properties of the coolant. In the case 
of present day water reactors, most of the neutron absorptions occur below one 
electron volt, although a sufficient number occur above this energy level so 
that breeding with uranium-235 is not a realist ic option. Uranium-233 has 
more favorable properties than either uranium-235 or plutonium-239 in any 
reactor in which absorption occurs mostly at intermediate or low neutron 
energies. 
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The advantage of uranium-233 in neutron yield per neutron absorbed 

over most of the thermal and intermediate energy ranges is in fact crucial to 

the concept of breeding in a l ight water reactor because the neutron yield is 

greater than two. After allowing for the use of one neutron to continue the 

fission chain, there remains more than one neutron for capture in thorium-232 

and consequent production of a new uran1um-233 atom. I f inevitable neutron 

losses can be minimized, then the system wi l l breed, as i l lustrated in Figure 

6. I f the amount of converted fue l , after allowing for unrecoverable fuel 

during reprocessing and refabrication, s t i l l shows a surplus then practical 

breeding is achieved. Once a breeding fuel cycle has begun using the thorium-

uranium-233 fuel system, the only fuel makeup would be fe r t i l e thorium; there 

would be no need for additional f i ss i le fuel makeup. This is the only known 

approach for signif icantly increasing the ut i l izat ion of nuclear fuel in l ight 

water reactor plants. 

B. Conversion Ratio and Fissile Inventory Ratio 

Another basis for comparison of different fuel cycles is the 

"conversion rat io" , which is defined as the instantaneous rate of production 

of f i ss i le fuel divided by the rate of destruction of f i ss i l e fuel . So long 

as this ratio exceeds 1.0 the f i ss i le fuel contained in a reactor w i l l 

increase, and breeding wi l l occur. Figure 7 compares the in i t i a l conversion 

ratio of the three f i ss i le fuels, when used as oxides, as a function of 

reactor water content*. The right-hand ends of the curves have small water 

content appropriate to rod latt ices in which the rods are touching. The l e f t -

hand ends of the scales are for rod latt ices with rods spaced further apart 

than is current commercial practice. The water content of present pressurized 

water reactor latt ices and of an LWBR is indicated. The superior performances 

of uranium-233 in all water-cooled environments is evident. 

*Structural content in these calculations was equivalent to the Zircaloy 

content of LWBR. These curves apply to jus t -c r i t i ca l in f in i te latt ices of 

fuel rods, so the conversion ratios do not account for neutron losses to 

control poisons ( i f any) or neutron leakage. 
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Consider two alternative uses of available uranlum-235 resources, one 
being In a mixture with ferti le uranlum-238 as In conventional light water 
reactors and the other being In a mixture with thorium. One Important 
consequence of the superior uran1um~233 conversion property relates to U-233 
being efficiently produced by absorption In thorium of neutrons from uranlum-
235 fission. As uran1um-233 Is produced, some of the uran1um-233 will In turn 
be fissioned to produce more uranlum-233. Thus, while the Initial conversion 
ratio of uranlum-235 In thorlum-232 Is lower than the initial conversion ratio 
of uranlum-235 In uranlum-238 as Indicated In Figure 7, the net outcome of 
these alternative uses of uran1um-235 is that more uranlum-233 Is produced 
from thorlum-232 than plutonlum from uranlum-238. This Is demonstrated In 
Figure 8 which shows the fissi le fuel produced per atom of uranlum-235 
destroyed as a function of the Initial uranlum-235 Invefltory required to 
obtain 30,000 MWD/MT* fuel lifetime, assuming neutron economic reactivity 
control such as with variable geanetry. 

While uranlum-233 production Is greater than fissi le plutonlum pro­
duction per unit of naturally occurring uranlum-235 destroyed. In neither case 
is the amount of f issi le fuel produced as much as the amount of uranlum-235 
destroyed. When the uranlum-233 or plutonlum Is extracted from the spent fuel 
and used In a replacement reactor, high fissi le fuel reproduction occurs, and 
the thor1um/uran1um-233 system has the potential for full replacement of f is­
sile fuel consumed. That I s , the ratio of end-of-llfe f issi le fuel content to 
Initial fissile fuel content (Fissile Inventory Ratio or FIR) can be made 
greater than 1.0 and the system Is said to breed. The potential performance 
of uranlum-233 in thor1um-232 and of plutonlum In uranlum-238 Is Illustrated 
for light water reactors In Figure 9**. 

* Megawatt days per metric ton (MWD/MT). A 30,000 MWD/MT lifetime Is 
consistent with current commercial practice. 

* Calculations for both systems used the same idealized neutron economic 
control system, uniform 100 kw per l i t e r power density, and no neutron 
leakage. The mix of plutonlum Isotopes assumed was that typical of present 
pressurized water reactor production. For the Shipplngport LWBR, fuel 
element Irradiation will be shorter than present commercial practice. 
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I f the f i ss i le fuel at end of l i f e 1s less than the amount needed for 

a subsequent cycle, the differences must ultimately be made up by uran1um-235 

taken from natural uranium. Current enrichment technology can remove about 

0.5 of the 0.7X U-235 1n natural uranium, leaving 0.2% U-235 in the diffusion 

plant " t a i l s " . Therefore, about 200 tons of natural uranium must be mined to 

produce one ton of additional uranlum-235 in enriched uranium. Thus the total 

amount of nuclear fuel that must be mined to provide makeup for a nonbreeder 

rises very rapidly 1f the end-of-l1fe f i ss i le Inventory drops below the amount 

needed for the next core cycle In addition to making allowance for some fuel 

reprocessing and refabrication losess. In conventional l ight water reactors 

with no recycle the makeup 1s so great that the fuel u t i l izat ion is less than 

one percent. That 1s, less than IX of the energy potential of the mined ore 

1s extracted by the reactor system. Recycling the plutonlum generated in 

l ight water reactors as well as the residual uranium could Increase the fuel 

ut i l izat ion somewhat, perhaps to about M. Correspondingly, consumption of 

uran1um-235 from uranium ore resources would be necessary In the prebreeder 

phase of the thorium fuel cycle to produce uran1um-233. But in contrast to 

the uranium cycle, recycle of uran1um-233 in Light Water Breeder Reactors with 

fe r t i l e thorium would permit dramatic increases 1n the ut i l izat ion of the 

latent energy 1n thorium. 

A short-term impact of the overall thorium fuel cycle is the need for 

higher f i ss i le fuel inventories in the prebreeder than are required in current 

l ight water reactors. This impact Is i l lustrated in Figure 10, where a 

comparison is presented of the tons of 11303 (uranium oxide) required to 

support 1000 megawatts electrical capacity either as LWR's or as LWBR 

systems. As shown, the 1)303 requirement for an LWBR system would be higher in 

early years of operation, when higher core loadings of the prebreeder would be 

required. The higher prebreeder f i ss i le inventory is due to the lack of a 

naturally occurring f i ss i le Isotope ( l ike U-235) In thorium, the closer 

spacing of the LWBR fuel rods, and the relative cross sections of U-238 and 

Th-232. In later years, when LWBR-system plants are operating in the breeder 

mode, the demand for U-^Og and enrichment of uranium would be terminated, while 

demand for 1)303 and enrichment of uranium for conventional LWR cores would 

continue as long as the unit of capacity supported by that reactor is 
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operated. For comparison purposes Figure 10 also shows the mining which would 

be required for an LWBR design for a fissile inventory ration less than one. 

In this case, there still would be a substantial reduction In mining 

requirement relative to the conventional LWR, but a continuing supply of 

uranium would be needed and much lower fuel utilization would be obtained than 

with LWBR. 

A comparison Is shown In Figure 11 of the energy potentially 

obtainable from nuclear fuel resources by use of LWBR type cores to the energy 

that can be obtained using existing types of light water reactors or from 

known reserves of fossil fuels. Based on the use of an already well 

established and successful light water reactor technology and the potential 

for obtaining over 3 x 10^^ Btu of energy frm an LWBR technology, the 

development of our thorium resources and use of thorium in light water breeder 

reactors appears to be an Important and attainable alternative for future 

energy generation. 

III. ASPECTS OF THE LWBR WHICH IMPROVE NEUTRON ECONOMY 

The average neutron yield per neutron absorbed in U-233 Is 

approximately 2.25 In the LWBR core. At least 2.0 neutrons are required to 

provide for continued fissioning and to convert a Th~232 atom Into a new U-233 

atom; also, some neutron capture In fission products is inevitable. Thus, In 

order to achieve breeding In the LWBR, neutron conservation methods were 

designed which would minimize losses of neutrons by capture in non-fuel 

materials and through leakage from the core. 

The reduction In the number of neutrons available to convert a Th-232 

atom to U-233, due to various losses. Is shown in Figure 12. The top curve 

of ne«l versus core lifetime Includes the neutrons produced per neutron 

absorbed In fissile fuel, n , and a benefit from the small amount of high 

energy fission In fertile material, e . The subtraction of one neutron allows 

for the neutron required to continue the fission chain reaction. Thus ne-l 

gives the net neutrons available for conversion per fissile atom destroyed, 

before any losses are accounted for. The various losses shown reduce the 
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availability of neutrons for conversion. Leakage of neutrons beyond the 
thorium reflector regions which surround the core proper 1s counted 1n "Metal 
and Water" In Figure 12; but for an LWBR this would be a small part of the 
total loss of neutrons to absorption 1n water and structure In the core. 
Finally, the number of fert i le atoms converted to f issi le atoms, per f issi le 
atom destroyed. Is shown as the conversion ratio. As long as the conversion 
ratio Is greater than unity the fissi le content In the core increases. 

There are two major neutron conserving design features In the LWBR. 
The f irst 1s the use of variable geometry fuel assemblies to control 
reactivity In lieu of using control poisons such as soluble boron or control 
rods. The function of the variable geometry control system 1s to provide for 
the capture of excess neutrons (which 1n most reactors would be captured 1n 
control poisons) in fertile material (Th-232). The second feature Is the use 
of thorium reflector regions around the periphery of the core to prevent loss 
of neutrons through leakage. 

A comprehensive description of the Light Water Breeder Reactor (LWBR), 
which Is operating in the Shipplngport Atomic Power Station, 1s given In 
Reference 1. Several features of the LWBR design which improve fuel 
utilization relative to current Light Water Reactor (LWR) designs are 
discussed In this section. The cumulative neutron economy resulting from 
these design features 1s expected to result In breeding In the Shipplngport 
LWBR. A best estimate calculated fissi le inventory ratio in the range 1.013 
to 1.016 after three years of operation is given In Reference 4, where the 1.3 
to 1.6 percent breeding margin range Is dependent on operational power level 
variations relative to continuous operation at 100 percent of rated power. 

A. Movable Fuel Control With a Seed-Blanket Module 

Control poisons consume about 4 percent of the neutrons 1n current LWR 
systems (Reference 2). Use of control rods or soluble boron control was completely 
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eliminated In the Shipplngport LWBR for normal operating conditions* by design and 

development of a variable geometry control system. A comprehensive description of 

the seed-blanket module design and dimensions for the LWBR are given in Reference 1 

and the magnitudes of reactivity control and shutdown margin are presented In 

Reference 4. Only a summary of the movable fuel control concept and Its application 

in the LWBR are presented here. 

A cross section of the LWBR core Is shown In Figure 13. There are 12 

seed regions, each surrounded by a (standard or power flattened) blanket region. 

These 12 modules are all enclosed by the reflector region. The Roman numerals 

Identify the type of module depending on the shape and the type of blanket. Core 

reactivity control Is achieved by varying the geometric relationship between each 

movable fuel seed assembly and the stationary annular blanket assembly which 

surrounds it; this concept Is shown In Figure 14. For LWBR operation, this 

reactivity control 1s achieved by uniformly positioning the 12 movable seed fuel 

assemblies In a bank using individual control drive mechanisms. 

Changing the axial position of the seed assembly relative to the blanket 

assembly changes the relative amounts of neutron absorptions In the fissile 

(uran1um-233) and fertile (thorium) fuel materials for the following reasons. The 

LWBR nuclear design Is such that the seed has a higher U-233 concentration than the 

blanket and therefore acts as a source of excess neutrons which are captured In the 

blanket. Reactivity Is controlled by varying the leakage of neutrons from the seed 

regions Into the blanket regions. The design arrangement of fissionable uranium-233 

and thorium, shown 1n Figure 15, is such that v4ien the central region (the seed) of 

a fuel module 1s lowered, the U-233 bearing material at the bottom of the seed loses 

some of Its effectiveness as a source of neutrons because it Is farther from the 

blanket. Similarly, U-233 bearing material at the top of the blanket loses some of 

Its effectiveness. The regions which initially have only thorium and no U-233 

(thoria steps) come closer together which enhances their Importance in 

absorbing neutrons and slowing the chain reaction. Thus, the thoria steps 

* A chemical shutdown system Is provided for the addition of concentrated soluble 

boron to provide a backup shutdown system in the unlikely event of the normal 

variable geometry control system failing to function. However, the core would 

only be operated with the variable geometry system controlling. 
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separate the U-233 bearing materials in the seed and blanket and the 

reactivity Is lowered. Conversely, raising the seed decreases the absorption 

in thorium and Increases react iv i ty. 

The stepped shape of the thoria regions Increases the amount of 

reactivity control generated by moving the seed. The control achieved by this 

fuel distribution Is largest for low positions of the seed (relative to the 

seed-blanket aligned position) and smallest for high positions of the movable 

seed. The variable geometry reactivity control has been designed so that 

throughout the entire range of operating positions, lowering fuel wi l l lower 

reactivity and raising fuel w i l l Increase react iv i ty. 

When the reactor is shutdown, the seed assemblies are below the rest of 

the fuel In the core as shown In Figure 14. For LWBR this displacement Is f ive 

feet. To start up the reactor, the operator raises the seed assemblies In a uniform 

bank. By moving the seed fuel assemblies up, more nearly Into alignment with the 

rest of the core, the operator brings the uranlum-233 bearing parts of the fuel 

closer together. At the beginning of core l i f e , hot c r i t i ca l operation occurs with 

the tops of the seed assemblies about 2 feet lower than the top of the stationary 

blanket assemblies. As the core operates and fission products accumulate, the seed 

assemblies are moved gradually upward toward a position about 2 feet higher than the 

blanket assemblies at the end of core l i f e . 

The variable geometry control system of LWBR minimizes but does not 

eliminate neutron loss for reactivity control. Calculated neutron absorption 

fractions In structure and water above and below the fuel regions In LWBR are shown 

in Figure 16. Early in core l i f e , when the seed fuel assemblies are displaced 

downward by about 24 Inches, the neutron absorption above and below the fuel 1s 

about 1/2 percent. However, through most of core l i fet ime the neutron absorption 

above and below the fuel Is less than 1/4 percent. As stated above, conventional 

LWR system control rods and soluble boron control consume about 4 percent of the 

neutrons. 

From an operating point of view the variable geometry control system is 

similar In many respects to that of the movable poison rod control system used In 

many l ight water reactors. In the LWBR a buffer system prevents high contact 
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velocity as the movable seed assembly fa l ls during a scram. Also, to 
counteract the upward hydraulic force on each movable seed assembly, a small 
fraction (approximately 2 percent) of in le t coolant 1s piped to the top of the 
core and then passed downward across a balance piston resulting in a net 
downward force on each module. More comprehensive descriptions of these LWBR 
systems are given in Reference 1. 

B. Use of Peripheral Reflector Regions 

Another major loss of neutrons in current LWR systems 1s loss from 

the periphery of the core to reactor vessel internal structures and water. A 

large part of this 4 percent loss (Reference 2) can be reduced through use of 

peripheral reflector regions. 

The LWBR core has both a radial and axial thorium oxide reflector 

region. The axial reflector consists of a 10 Inch thoria region placed at the 

top and bottom of the fuel rods, as shown In Figure 15, to reduce neutron 

leakage from the fuel regions that i n i t i a l l y contain uran1um-233. As 

discussed above in Section I I I -A and shown In Figure 16, the calculated 

neutron absorption In structure and water above and below the fuel Is less 

than 1/4 percent through most of LWBR core l i fet ime. 

The radial reflector In the Shipplngport LWBR core is an annular 

region, about 9 Inches thick, which surrounds the central power producing fuel 

modules as shown in Figure 13. This radial reflector region consists of large 

diameter (0.832 Inch) fuel rods containing thorium oxide fuel pel lets. To 

minimize neutron absorptions in water, a t ight triangular rod spacing (rod 

center to center = 0.900 Inch) was used such that the metal/water volume ratio 

Is about 3.5 in this reflector region. 

Calculated neutron absorption fractions In the radial reflector 

plus the metal/water radially outward fran the radial reflector region for the 

LWBR core are shown in Figure 17. The total neutron absorption in these 

exterior regions averages approximately 8 percent but, as shown in Figure 17, 

about 6 percent of the total core absorption is In the fe r t i l e material 

(thoria) of the reflector region. Since neutron capture in the thoria 
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reflector fuel produces uranlum-233, these neutron absorptions are not neutron 

losses, and the increasing absorption In the uranlum-233 produced Is shown. 

The actual radial neutron losses are those absorbed In the water and structure 

both within the radial reflector region and exterior to the ref lector. For 

the Shipplngport LWBR core this radial neutron loss Is about 1.2 percent, as 

shown In Figure 17. In a yery large LWBR, this loss would be even smaller. 

C. Low Hafnium Zirconium Alloy for Fuel Element Cladding and 

Structurals 

The use of Zircaloy rather than stainless steel as a cladding and 

structural material Is a crucial contributor to breeding-In a l igh t water 

reactor. The common use of Zircaloy In the nuclear Industry was an outgrowth 

of development work of the Naval Reactors program prior to the LWBR program 

(Reference 5). 

In the late 1940's, the leading candidate materials for fuel 

cladding were stainless steel and aluminum. For power reactors, the use of 

aluminum Is not promising because of i t s poor high-temperature properties. 

Thus, stainless steel was assumed In many studies. Stainless steel has a 

significant cross section for capturing theinnal and intermediate energy 

neutrons. I t therefore acts as a poison (neutron absorber) causing many 

neutrons to be "lost" rather than to be used to produce new fuel and enhance 

breeding. 

Zirconium was not seriously considered as a cladding material In 

these early studies because of I ts apparent high neutron absorption. However, 

at Oak Ridge National Laboratory I t was discovered that the neutron poisoning 

in natural zirconium was due to 2 or 3 percent of hafnium that was present, 

and the zirconium I tse l f absorbs relatively few neutrons. Practical pro­

duction processes were developed for removal of hafnium and other impurities, 

and high-performance zirconium alloys were then developed. Both of these 

developments resulted from the Naval Reactors program, which introduced the 

practical use of Zircaloy, a highly corrosion-resistant and low-neutron-

absorbing material for fuel cladding (Reference 5). 
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The LWBR core contains many components fabricated of Zircaloy 

material Including fuel rod cladding, full length shells between seed and 

blanket assemblies, and the support posts used for fuel rod grid 

attachments. Fuel rod cladding specifications for LWBR limited the hafnium 

content to a maximum of 40 ppm (parts per million parts of Zircaloy by weight) 

and an average of 35 ppm. Certification data Indicates that the final hafnium 

content averaged over all LWBR fuel rod cladding Is 29 ppm. 

Many out-of-plle material properties programs have been conducted 

on low hafnium material and extensive data are presented in Reference 6. 

Irradiation tests of both low and high hafnium Zircaloy material (<50 ppm 

compared to 50 to 100 ppm) have been conducted with no apparent difference in 

tubing response attributable to hafnium content. 

Neutron economy was also Improved In the LWBR core by minimizing 

the volume of Zircaloy. This was achieved by reducing the cladding thickness 

on all fuel rods in blanket regions to the point where the cladding must be 

supported by the fuel pellets. The LWBR fuel rod cladding has a 

diameter/thickness (D/t) ratio of about 20 in all blanket regions. Typical 

LWR cores have a D/T ratio of about 16. The LWBR seed rods on the other hand 

have a value of D/t of 13.9. 

D. Use of Close Fuel Rod Spacing 

The rod lattice of the LWBR core 1s closely spaced in order to minimize 

neutron losses by capture in water and increase neutron captures in the thorium 

atoms to enhance conversion to uranium-233. This is especially true 1n the regular 

blanket, which Is a region of high breeding gain, where the metal/water volume ratio 

(M/W) 1s 3.0. The core is designed to maximize neutron economy and thus significant 

thoria conversion also occurs in the seed and the power flattening blanket. However 

to enhance thermal fissioning of U-233 in these regions, wetter lattices are 

employed (M/W = 1.72 for seed, 1.75 for the power flattening blanket). A typical 

commercial PWR lattice has a 0.82 metal/water ratio. 

There are actually several effects on neutron economy and fuel 

utilization due to the closely spaced LWBR fuel lattice and the resulting neutron 

distribution which has more neutrons at intermediate and higher energies than 
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current commercial LWR's. In a reactor with a closely spaced fuel lattice a 

relatively large fraction of the neutrons absorbed 1n uranlum-233 are of 

intermediate energy*, implying a rather low value of n : that is, a value between 

the 2.13 for intermediate energy neutrons and the 2.3 which applies to thermal 

neutrons (see Figure 1). However, there are additional effects which take place 

when the neutron energy spectrum is shifted from thermal toward the Intermediate and 

higher energy range. Additional neutrons are produced, both by fast fission In 

thorium and by (n,2n) reactions, so that the effective value of n 1s greater while 

the neutron losses by absorption in water and other parasitic reactions are 

significantly reduced. Parasitic absorption is reduced because the absorption cross 

sections for all structural metals in the core, as well as the major fission product 

absorbers (xenon and samarium), are smaller for higher energy neutrons than for 

thermal neutrons. This design approach, i.e., balancing the reduced neutron losses 

in dry lattices against the reduced magnitude of n , Is one of the Important 

developments that has led to breeding In the LWBR. The use of a closely spaced fuel 

lattice required engineering development In fuel element, thermal-hydraulic, and 

structural areas (Reference 1). 

E. Fuel Rod Support Grid System 

Projected neutron absorption by the fuel rod support grid system was 

also closely controlled for the Shipplngport LWBR core. Zircaloy grid spring 

relaxation during Irradiation was a major concern at the time the LWBR grid was 

•developed. A stainless steel grid material, which has better relaxation properties 

than other candidate grid materials such as Inconel or Zircaloy, was used in the 

Shipplngport LWBR. The choice of AM-350 stainless steel for the grid material was 

based on good relaxation properties but it also has a relatively low aggregate 

neutron absorption cross section compared to Inconel. For example, stainless steel-

304 has an aggregate neutron absorption cross section about 8 percent greater than 

AM-350, due primarily to the higher nickel and manganese content 1n SS-304. 

Optimizing breeding requires minimizing parasitic neutron losses. This need 

provided the basis for a comprehensive technological development program to assure 

* The term "intermediate energy neutrons" here may be thought of as covering 

a range from near 1 ev to several thousand ev. Thermal neutrons average 

about 1/20 ev In a reactor. 
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an adequate but not excessive rod support grid design. Following extensive full 

size grid t e s t s and analysis I t was determined that the grid material thickness 

could be reduced from the original specif icat ions. The seed region grid thickness 

was reduced frm 14 to 13.5 mils (3.6 percent) and the blanket region grid thickness 

was reduced from 15 to 14 mils (6.7 percent) . 

IV. FUTURE IMPROVEMENTS IN NEUTRON CONSERVATION TECHNOLOGY 

Improved fuel u t i l i za t ion efficiency can be achieved by Increasing fuel 

burnup so long as breeding Is maintained. This Is I l lus t ra ted in the following 

general formula for fuel u t i l i za t ion efficiency. Consider a fuel loading cycle. 

I . e . , a period of time between reactor refuellngs; for any such cycle 

energy obtained 

Fuel Ut i l . = fuel fissioned from the reactor 
Efficiency fuel fissioned + reproc. losses + fuel makeup energy potent ial ly 

avai l . from the fuel 

This may be written In terms of fractions of the beg1nn1ng-of-cycle fuel 

loading as 

py£ _ % burnup where 

% burnup + % losses + % makeup 

% burnup = number of heavy atoms fissioned ; 

number of heavy atans present a t beginning of l i f e 

FUE 1 

1 + % losses + % makeup 

% burnup % burnup 

If the end-of-cycle F i ss i l e Inventory Ratio (FIR) Is high enough to offset the 

fractional loss to spent core recycling ( I . e . , reprocessing and 

refabricat ion) , then the fuel makeup required i s zero and the reactor i s said 

to be breeding. In that case the greater the fraction of fuel fissioned per 
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cycle, the better wi l l be the fuel u t i l i za t ion . That Is to say, when a 

breeder cycle is attained, where FIR 2. 1 + fractional losses, there Is no 

makeup required and the fuel ut i l izat ion from that time on Is determined by 

the reprocessing losses and the burnup per cycle. 

Increasing the power density in the core would cause a reduction 1n 

FIR due to Increased concentrations of xenon and protactinlum-233. Longer 

fuel burnup would result In larger fission product concentrations and cause a 

reduction 1n FIR. Thus, I f breeding Is to be achieved, any increase In power 

density or Increase In burnup would require design changes to Improve FIR to 

offset the added losses. 

In addition, design features to improve FIR would be needed to make up 

for reductions In FIR which arise through the change In the Isotopic com­

position of recycled uranium. In i t ia l uranium loading in the LWBR core at 

Shipplngport contained over 98 percent U-233 and less than 0.1 percent U-235 

and U-236. In subsequent fuel cycles, using recycled fue l , the fraction of U-

235 and U-236 would be .increased. Eventually an equilibrium distr ibution of 

uranium Isotopes would be achieved. An increase in the U-235/U-233 ratio 

would cause a reduction In FIR because of the lower eta for U-235, as dis­

cussed in section 11.A. Larger neutron absorption by U-236 would also reduce 

the FIR. 

Features which could be Included in future l ight water reactor designs 

to further improve neutron conservation and enhance breeding are presented In 

the following sections. Development of these concepts Is continuing 1n the 

Advanced Water Breeder Applications (AWBA) program. 

A. Further Development of Neutron Economic Reactivity Control 

Variable geometry reactivity control In the LWBR made a large 

Improvement in fuel ut i l izat ion by elimination of poison control rods or 

soluble boron control. Two features desired for improving performance of 

l ight water breeders are reduced nuclear peaking factors and reduced 

structural neutron absorption. One means of achieving these 1s to use a 
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movable finger control concept which could combine the movable poison finger 

concept of present commercial reactors with neutron economic control presently 

used In the Shipplngport LWBR core. 

Movable finger control could use two types of movable rods In the 

fuel la t t ice rather than moving an entire fuel assembly as in the Shipplngport 

LWBR core. Poison finger rods would provide accident shutdown capability and 

could be withdrawn from the core prior to operation of the plant at power. 

Thoria fuel finger rods of various lengths could be used for reactivity 

control during normal reactor power operations. This concept Is being 

developed under the AWBA program to determine I f I t Is practical for a power 

reactor. 

High local power peaks in the LWBR arise from the necessity for 

the stepped fuel arrangement used to obtain reactivity control. The finger 

control concept would disperse the movable fuel elements throughout the fuel 

assembly. A fuel assembly designed with the finger control concept could 

Improve fuel u t i l i zat ion by eliminating the need for the large hydraulic 

Isolation and support shells found In the Shipplngport LWBR core design. As 

in commercial LWR's, the finger rods would travel within vertical guide tubes 

which would provide structural support for the fuel rod grids. This concept 

would require less structural material and thus enhance breeding compared to 

the Shipplngport LWBR core design. 

Neutron absorption in water and structure above and below the fuel 

would also be reduced for the finger control design. LWBR fuel module 

displacements from the seed-blanket aligned position cause Increased neutron 

absorption In axial water and structure, shown In Figure 16. These Increased 

axial neutron losses would not occur In a finger control design core. 

However, some neutron absorption occurs In water entering the core to f i l l the 

space vacated by withdrawing the finger control rods. 

B. Use of Zircaloy Rod Support Grids 

Stainless steel (AM-350) grids for fuel rod support In the 
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Shipplngport LWBR core consume approximately 0.6 percent of the neutrons. For 

the LWBR spectrum of neutron energies, AM-350 neutron absorption Is estimated 

to be about ten times as great as In an equal volume of Zircaloy. 

Zircaloy grids are presently used In some commercial reactors. 

The strength of Zircaloy alloys Is less than the strength of stainless steel 

so the required grid ligament thickness Is greater than for an AM-350 steel 

gr id. A Zircaloy grid fuel rod support system would therefore probably 

require a larger total grid volume than an AM-350 grid system. However, since 

Zircaloy neutron absorption Is about one-tenth that for AM~350, the total grid 

neutron absorption would be much smaller for Zircaloy grids. 

Using Zircaloy grids Instead of /y^-350 could Increase the FIR for 

an LWBR by about 0.005. Zircaloy fuel rod support systems are being developed 

In the AWBA program. 

C. Fuel Element Design Modifications 

The movable finger control concept discussed 1n Section IV-A ( I f 

feasible) could lead to lower power peaking factors than 1n the Shipplngport 

LWBR core. Further reduction in fuel temperature could be achieved by using a 

duplex fuel pellet design. Duplex pellets could consist of a Th02 core inside 

of a UOg annul us. The diameter of seed rods could then be increased over 

those used In the Shipplngport LWBR core. 

The diameter/clad thickness ratio Is 13.9 for the Shipplngport 
LWBR core seed rods. For the three blanket rod types in the LWBR the 
diameter/clad thickness ratio Is about 20. Increasing the seed rod diameter 
but using a clad thickness to achieve a diameter/thickness ratio of 20 would 
reduce the Zircaloy rod cladding volume. A higher diameter/thickness ratio 
with self-standing clad could be achieved by means of pressurized fuel rods. 
An Increase In seed rod diameter/thickness from 13.9 to 20 would reduce 
neutron absorption in seed rod cladding by about 28 percent and provide an 
Increase In FIR. 
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D. Use of Fuel Management 

Fuel management techniques are generally used In large commercial 

reactors. Only part of the fuel Is replaced at each refueling and the 

remaining fuel Is cycled to new locations within the core. The present 

Shipplngport LWBR core Is much smaller than the core In a large central 

station commercial reactor plant. An effective diameter for the 12 module 

power producing region of the LWBR core is about 68 Inches compared to about 

150 Inches for current conmerclal cores. The fuel utilization and FIR 

predicted for the present LWBR core is based on a single fuel loading for the 

entire core lifetime. 

There are several potential advantages to the fuel management 

cycling and refueling techniques used In large commercial reactors. Reduction 

In local power peaks may be achieved by cycling partially depleted fuel Into 

regions where new fuel would result In higher power peaks. Excess core 

reactivity may be smaller following a partial refueling so that less 

reactivity control Is required. 

In a fuel managed commercial reactor a special power flattening 

blanket region with Increased reactivity might not be necessary. The fuel 

management process Itself would serve to flatten the radial power 

distribution. The outer fuel region could then be drier than In the 

Shipplngport LWBR coVe and breeding would be enhanced. 

Another possible advantage for fuel management Is that the fuel 

exposure time In the core might be Increased. An Increase In the fuel 

exposure time 1n the core could reduce the time averaged recycle losses and 

Improve fuel utilization so long as the core continues to breed. Application 

of fuel management techniques In large commercial LWBR cores could therefore 

Improve the overall fuel utilization relative to the present LWBR core. These 

advantages would have to be weighed against the potential advantage of not 

having to open the reactor for servicing for 3 to 4 years which the 

Shipplngport LWBR core enjoys. 
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Y. CONCLUSIONS 

The LWBR core presently operating In the Shipplngport Atomic Power 
Station Is expected to confirm that breeding can be achieved In a l igh t water 
reactor system. A best estimate calculated core FIR Is In the range 1.013 to 
1.016, depending on the power operation history. 

Two key aspects of the LWBR core design which make breeding possible 

are the fuel used and neutron conservation techniques. The f i ss i l e fuel U-233 

1s required since I t provides the largest number of neutrons produced per atom 

of f i ss i le fuel destroyed. In addition, the use of thorium as a f e r t i l e 

material w i l l demonstrate advantages which could be exploited even in reactor 

systems where breeding 1s not achieved. The primary advantage Is that U-233 

Is produced by neutron absorption In thorium. Using thorium as a f e r t i l e 

material also provides a way to u t i l i ze the abundant thorium resources as a 

source of energy and to reduce the use of uranium reserves. 

Design features Implemented In the LWBR core to reduce neutron losses 

and thus Improve fuel ut i l izat ion have been described. Use of these neutron 

conservation methods In current l igh t water reactor designs would provide a 

substantial Increase In the energy extracted from each unit of mined ore. 

Several additional features which could be Included In future 

extensions of the LWBR core concept to larger commercial reactors have also 

been discussed. An Increase In breeding ratio from such features could l ike ly 

be used to permit high power density and greater fuel burnup thereby 

potentially achieving even better fuel u t i l izat ion than would be possible with 

the Shipplngport LWBR core concept. 
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