
Centimeter
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 mm

i,,,,I,,,,i,,,,i,,,,i,,,,i,,,,i,,,,i,,,,i,,,,i,,,,i,,,,i,,,,i
1 2 3 4 5

,nches IIIII,.0++,,2--5
+m lllm.OIllll "L.L_.

III,._

IllilN11111'--4lllll'+





DOE/ID-10422

Weapons-Grade Plutonium Dispositioning
Volume 3

A NewReactorConceptWithoutUraniumor Thoriumfor
BurningWeapons-GradePlutonium

J. M. Ryskamp M.J. Gaeta
B. G. Schnitzler L.B. Lundberg
C. D. Fletcher S.N. Jahshan
R. L. Moore G.S. Chang

Contributing Authors

A. M. Ougouag D. W, Akers
J. W. Sterbentz J.P. Sekot
C. A. Wemple D.A. Brownson
V. R Dean

June 1993

Prepared for the
National Academy of Sciences

and for the

U.S. Department QfEnergy MASTER
Under DOE Idaho Operations Office

Contract DE-AC07-761D01570

DISTRIBUTION OF THIS DocUMENT IS UNLIMITED



ABSTRACT

The National Academy of Sciences (NAS) requested that the Idaho National
Engineering Laboratory (INEL) examine concepts that focus only on the destruc-
tion of 50,000 kg of weapons-grade plutonium. A concept has been developed by
the INEL for a low-temperature, low-pressure, low-power density, low-coolant-
flow-rate light water reactor that destroys plutonium quickly without using ura-
nium or thorium. This concept is very safe and could be designed, constructed, and

operated in a reasonable time frame. This concept does not produce electricity. Not
considering other missions frees the design from the paradigms and constraints
used by proponents of other dispositioning concepts. The plutonium destruction
design goal is most easily achievable with a large, moderate power reactor that
operates ata significantly lower thermal power density than is appropriate for reac-

tors with multiple design goals. This volume presents the assumptions and require-
ments, a reactor concept overview, and a list of recommendations. The appendices
contain detailed discussions on plutonium dispositioning, self-protection, fuel
types, neutronics, thermal hydraulics, off-site radiation releases, and economics.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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SUMMARY

A concept has been developed for a low-temper- a large fraction (60-80%) of the weapons-grade
ature, low-pressure, low-power-density, low-cool- plutonium in 30 to 40 years.
ant-flow-rate light water reactor (LWR) that
destroys plutonium quickly without using uranium Assumptions and Requirements
or thorium. This concept is very safe and could be
designed, constructed, and operated in a reasonable The INEL staff developed the following
time frame, assumptions and requirements following discus-

sions with the NAS:

The National Academy of Sciences (NAS) • Do not use uranium or thorium in this reactor

requested that the Idaho National Engineering Lab- in order to preclude the production of addi-
oratory (INEL) examine concepts that focus only tional weapons material and to reduce the
on the main goal: destruction of 50,000 kg pluto- plutonium stockpile as rapidly as possible.
nium as rapidly as possible. The INEL concept
does not produce electricity. Not considering other • Focus on the primary goal of plutonium
missions frees the design from the paradigms and destruction. No attempt will be made to pro-
constraints used by proponents of other disposi- duce electricity, district heating, or beneficial
tioning concepts. Because of the unique design isotopes. However, the design may be able to
goal, reactor designers have unusual flexibility in satisfy some of these missions.

specifying reactor geometry and materials. In par-
ticular, the plutonium destruction design goal • Destroy the plutonium or produce self-pro-

appears to be more easily achievable with a reactor tecting fuel as rapidly as possible.
that operates at a significantly lower thermal power
density than is appropriate for reactors with multi- • Minimize development risk in order to
pie design goals, achieve objectives as rapidly as possible.

• Design a reactor as safe as current uranium-
High reactor coolant temperatures are required fueled advanced reactor designs.

to produce electricity efficiently. Removing this
constraint allows the development of very safe • Design a reactor as environmentally sound as
concepts. Although revenue from the sale of elec- current advanced reactor designs.
tricity is lost, capital costs are reduced by eliminat-
ing turbines, generators, some support facilities, Although the INEL has strived to achieve these
some backup safety systems, and a thick-walled requirements, the general consensus among the

report authors is that plutonium is a valuablepressure vessel. Reactor containment costs are
resource for electricity generation. Furthermore, it

reduced. Reactor design becomes simpler and
is hoped that this plutonium is used in existingmore flexible, which also reduces costs. The mis-
commercial reactors to benefit society. Fuel repro-

sion of destroying plutonium is not impeded by
electricity load demand concerns and delays cessing and breeder reactors should be used to

extend the benefit of this resource. High priority
caused by maintenance of electrical systems.

should be given to examine ways to prevent prolif-
eration without wasting this resource. The INEL

Light water technology was adopted to mini- concept meets the NAS requirements, but does not
mize technology development risk, ensure the fulfill all hopes.
greatest chance of success, and reduce costs. Low

power densities, temperatures, pressures, and cool- Plutonium Dispositioning
ant flow velocities were selected to enhance reactor

safety. A few (three to six) reactors of this type All reactors without fertile materials (uranium or
[each rated at 1,000 MW(t)] would be able to bum thorium) at the same power level and capacity fac-



tor destroy plutonium at the same rate. In addition, Fuel Types
this rate is faster than the rate of any reactor con-

taining fertile materials, because fertile materials The plutonium-based fuel form to be used in
produce more weapons materials, plutonium-burning reactors is closely coupled to a

particular reactor design. However, several general
criteria apply to all circumstances. Fuel forms cho-

The total heat energy available from the fission sen for use in any type of plutonium-burner should
of 50 MT of 239pu is approximately 4.2 × 1018 (a) possess high burnup capability, (b) provide a

joules or 48,600,000 megawatt-days. Burnup times high degree of operational safety, (c) offer the
are inversely proportional to power rating, number cheapest and easiest fabrication methods with
of reactors, and capacity factor, and are directly minimum hazardous waste generation, and

proportional to the percent 239pu burnup. For (d) offer the cheapest and easiest end-of-life dis-
example, four reactors operating at 1,000 MW(t) posal option.
each and having a capacity factor of 0.75 would
burn up 33.8 MT of plutonium (67.6% of the total Only two plutonium-only fuel forms have been
inventory or all of the inventory with 67.6% bur- tested for any length of time in a nuclear reactor:
nup) in 30 years. The full 50 MT of plutonium (1) PuAI4 dispersed in aluminum and (2) PuO2
would be burned in 44.4 years, embedded in carbon and sealed in a silicon carbide

shell (TRISO-coated PuO2). The INEL has
examined these and a few advanced solid fuels that

Irradiated materials can be potent sources of have not been tested. The current fuel choice is the

gamma radiation, which reduces the likelihood of Pu-AI composite.
material diversion by terrorists. The intense
gamma environment can provide a certain degree The traditional fabrication methods for the alu-
of self-protection in the form of high biological minide fuels are fairly simple. The fuel fabrication
dose rate levels. Fission products in spent fuel pro- waste volumes can be minimized. Several varia-

vide a high amount of gamma radiation. Photon tions of the fabrication method of the aluminide
source strengths could be increased further by fuel form have been successfully applied to pro-
seeding the plutonium. Seeding is the addition of duce Pu-AI composite fuel elements. Plutonium
materials that will produce photon-emitting fabrication facilities currently exist at the Los Ala-
nuclides following irradiation and decay. Seeding mos National Laboratory and the Savannah River

offers the potential of enhancing the photon emis- Site. These facilities could be used to produce
sion of the plutonium following irradiation. Pu-AI composite fuel elements in sufficient quanti-

ties to verify fuel designs and prove the fuel perfor-
mance. The Advanced Test Reactor at the INEL

The most attractive self-protection seed candi- could be used to test these fuels.

dates are europium and cobalt. Cobalt could be
incorporated into the plutonium fuel proper or Neutronics
employed by using a cladding material with high
cobalt content. Europium is especially attractive Eliminating 238U from the reactor prevents the
because it may also be required for reactor control production of more 239pu and accelerates pluto-

purposes. The degree to which any seed material nium destruction. A major disadvantage of remov-
can enhance fuel self-protection will depend pri- ing 238Uis the reduction or elimination of a prompt
marily on the specific power level of the plutonium negative Doppler reactivity coefficient and a nega-
burner reactor. The most significant self-protection tive moderator temperature coefficient. A pure plu-
enhancements will occur for low plutonium expo- tonium fuel type is not desirable in LWRs because
sures accumulated at high power density. For the of the low mass loading per fuel rod (yielding short

proposed low-power density concept, generation fuel cycles) and strong positive temperature coeffi-
of fission products provides the best option for cients. Any workable fuel composition must have a
self-protection, and seeding is not needed, negative prompt temperature coefficient (i.e., reac-
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tor power decreases as temperature increases) for to loss-of-coolant accidents and is compatible with
safety and control purposes. Plutonium cores in passive safety injection systems.
LWRs can have negative isothermal temperature
coefficients if enough erbium or other poisons are Source Term Evaluation
added. The addition of burnable poison is also

needed to hold down the core reactivity. Potential offsite doses from hypothetical
releases are of concern for any plutonium-based
reactor facility. Offsite dose consequences may

Thermal Hydraulics result from release of both fission products and

heavy metals, especially uranium and plutonium.
To compare differences in offsite dose impacts of

A low-power-density, plutonium-burning reac-
235U and 239pu fueled reactors without developingtor that is cooled with low-temperature, low-pres-

sure light water flowing at low velocity is specific reactor accident scenarios, simple aerosol
releases were assumed. Equivalent quantities of

recommended. Primary coolant system flow is pro- 235U and 239pu were assumed to be released along
vided by pumps, but even greater safety advan-

with the fission products associated with those
rages would be attained if a natural circulation
cooling system could be employed. Preliminary heavy metals. In both cases the calculated dose
analysis indicates that such a system is feasible, but impact from all pathways is dominated by the fis-

sion products. The total dose consequence from
further study is needed. 239pu release is less than 1%of the fission product

dose.

This reactor concept has multiple thermal-hy-
draulic and safety advantages over most existing Economics
test and commercial reactor designs: (a) the margin
to critical heat flux is very large, (b) the times Costs associated with construction, operation,
required to raise fuel temperatures to damage and decontamination and decommission, and waste
melting points are long, (c) coolant flowing verti- processing and disposal must be considered for all

cally upward in the core ensures initiation and con- facilities. These nuclear facility costs demand that
tinuance of natural circulation core cooling should methods, processes, and requirements be critically
the primary coolant pumps fail, (d) the open, non- reviewed and improved if these facilities are to be
channelized, core flow arrangement avoids safety affordable in the future. Cost-reduction ideas for
issues associated with flow instability in parallel these concepts have been developed. When several
channels, (e) the low energy stored in the coolant of the cost-reduction ideas that are identified are

and structure minimizes the requirements placed implemented, the overall cost of designing,
on the containment, and (f) the low-pressure cool- constructing, and operating a reactor can be
ant system significantly reduces the safety risk due reduced significantly.
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A New Reactor Concept Without Uranium or Thorium
for Burning Weapons-Grade Plutonium

1. INTRODUCTION

Changing world conditions will result in sig- Weapons-grade plutonium consists mostly of
nificant reductions in the number of nuclear war- 239pu. Plutonium is an excellent reactor fuel from

heads in existing arsenals. The Secretary of the the standpoint of core reactivity. All reactors are
Department of Energy (DOE) has been charged capable of burning plutonium. Furthermore,
by the United States Congress to provide recom- without any fertile materials in the system, all
mendations and options for dispositioning of pure plutonium-burning reactors at the same

excess weapons-grade plutonium resulting from power level and capacity factor destroy pluto-
reducing the world arsenals. The Secretary of nium at the same rate, and this rate is faster than
Energy has chartered the National Academy of the rate of any reactor containing fertile materials
Sciences (NAS) Committee on International (e.g., 238Uand thorium).

Security and Arms Control (CISAC) to review
and compare relative merits of plutonium dis- The NAS has requested that only reactor con-

posal options ranging from simple storage cepts that do not contain any uranium or thorium
through space disposal to consumption in reac- be examined. Eliminating 238U from the reactor
tors or accelerator-based systems. The CISAC prevents the production of more 239pu. Similarly,
Reactor Panel is tasked with examination of plu- eliminating thorium from the reactor prevents the

tonium disposal options using either existing production of 233U. The main reason for not
reactors or special purpose reactors dedicated to including fertile nuclides is to preclude the pro-
plutonium burning, duction of additional weapons materials. A pluto-

nium-only based fuel provides the highest
The Idaho National Engineering Laboratory plutonium destruction rate.

(INEL) staff is supporting the committee's work

by providing technical analyses in three specific The destruction of weapons-grade plutonium

areas identified by the Reactor Panel: could be accomplished in a variety of reactor
types operating in a variety of neutron spectral

1. Provide a preconceptual analy_,is fgr a reac- regimes. Selection of a preferred reactor type
tor specifically desigp_d for destruction of must include consideration of several important
weapons-grade plutonium, constraints. One important safety aspect is the

reduction of the negative prompt Doppler reactiv-
2. Evaluate the feasibility of using plutonium ity coefficient when fertile materials are removed.

fuels (without uranium) for disposal in The reactor must be designed such that the core
existing commercial light water reactors reactivity drops as the fuel temperature increases.
(LWRs). In addition, the delayed neutron fraction for plu-

tonium is smaller than that of uranium. As a

3. Assist in evaluation of proposals submitted result, reactors without fertile materials are more
by sponsors of reactor and accelerator con- difficult to control. However, certain materials
cepts by providing a basis from which can be added to the fuel to improve the reactivity
objective comparisons can be made. coefficients.

This volume of the report presents the current Concepts that rely on passive safety, including
status and results of the activities in the first area low power densities, low coolant velocity, low
of focus. Separate volumes of this report address temperature, and low pressure can be very safe. If
the other two areas, a plutonium-burning reactor can meet its design



goal while operating at a much lower power den- large quantities of electricity as the accelerator-
sity than existing commercial reactors, then sig- based concepts do. Finally, the mission of
nificant reliability, safety, and operability destroying plutonium is not impeded by electric-
improvements can be attained, ity demand concerns and delays caused by main-

tenance of electrical systems.

A major advantage of a new plutonium burner
is the possibility for elimination of terrorist Although the INEL has strived to achieve these
threats during plutonium transportation by siting requirements, the general consensus among the

the reactor at the location where the excess pluto- report authors is that plutonium is a valuable
nium is reconfigured. Mixed-oxide fuel use in resource for electricity generation. Furthermore,
several existing LWRs would lead to transporting it is hoped that this plutonium is used in existing
weapons-grade material to several civilian sites, commercial reactors to benefit society. Fuel
The development and construction costs and the reprocessing and breeder reactors should be used
construction time frame for a new plutonium to extend the benefit of this resource. High prior-

burner may be disadvantages, However, the costs ity should be given to examining ways to prevent
of the safeguards services would be lower, and proliferation without wasting this resource. The
these services would be more easily carried out in INEL concept meets NAS requirements, but does
dedicated government operations than in the not fulfill all hopes.
commercial power industry. A dedicated, colo-
cated system avoids the perception that pluto- The objective of this study is to develop reactor

nium use will be supported by large numbers of concepts, without uranium or thorium, that
commercial reactors at many locations, destroy all plutonium isotope,,; as rapidly as pos-

sible. The INEL has developed concept ideas that
should be considered. Reactors that achieve this

Burning weapons-grade plutonium in a fission objective can be designed, constructed, and oper-
reactor is an effective dispositioning option offer- ated safely in a reasonable time frame.
ing adequate safeguards and diversion resistance.
Plutonium is also a valuable resource that could

be used to produce electricity, district heating, tri- Section 2 presents the assumptions and
tium, and medical isotopes. The NAS requested requirements upon which the INEL concept was
that the INEL examine concepts that focus only developed. Section 3 contains an overview of the

reactor concept. Section 4 lists the conclusions
on the main mission: destruction of total pluto- and recommendations. Most of the technical
nium as rapidly as possible. Not considering details and discussions are contained in the
other missions eliminates the paradigms and
constraints used by proponents of other disposi- appendices. The first task was to examine pluto-

nium destruction rates and isotopics for different
tioning concepts, neutron spectra, as discussed in Appendix A.

This study lead to the adoption of a thermal reac-

For example, high reactor coolant temperatures tor concept instead of reactors with fast or epi-
are required to produce electricity efficiently, thermal neutron spectra. The second task was to
Removing this constraint allows the development study the addition of seed materials for self-
of concepts that are safer than similar concepts protection from materials diversion. Appendix B
that produce electricity. And, although revenue illustrates that fission products provide the best
from the sale of electricity is lost, capital costs are self-protection, and seed materials are not needed

reduced by eliminating turbines, generators, for the INEL concept. Various fuel types were
some support facilities, some backup safety sys- investigated and are described in Appendix C.
tems, and a thick-walled pressure vessel. Reactor The core neutronics studies presented in Appen-
containment costs are reduced. Reactor design dix D and thermal-hydraulics studies presented in
becomes simpler and more flexible, which also Appendix E were performed concurrently. An
reduces costs. The reactor would not consume evaluation of potential offsite radiation doses



from hypothetical releases is discussed in Appen- examined. Appendix H summarizes these discus-
dix F. Appendix G presents cost reduction ideas, sions. Finally, Appendix I lists Federal standards,
During the initial INEL study, several other codes, regulations, and requirements that are

potential plutonium-burning concepts were applicable to DOE reactors.



2. ASSUMPTIONS AND REQUIREMENTS

The INEL staff developed the following - Well-tested fuel types and geometries

assumptions and requirements in conjunction are desirable.
with NAS.

- Fuel reprocessing should not be

2.1 Assumptions required between cycles (a once-
through system is desired).

• Uranium or thorium will not be used in this - The reactor designs will draw from the
reactor concept, most favorable features (fuel form,

control, safety features) of existing
• Focus will be on the primary mission of plu- reactor designs.

tonium destruction. No attempt will be
made to produce electricity, district heating, • Design a reactor as safe as current uranium-
or beneficial isotopes. However, the design fueled commercial reactors.
may be able to satisfy some of these mis-
sions. - The reactor design must have a nega-

tive net reactivity coefficient at power.

• Concept selection will be unbiased and If possible, both the prompt fuel tem-
based solely on technical grounds, perature coefficient and moderator

coefficien: should be negative.

• The amount of weapons-grade plutonium
available is 50,000 kg. A composition of - Natural circulation and other passive
95.5°_ 239pu, 4.0% 24°pu, and 0.5% 241pu safety features will be considered. For
was assumed, example, a low power density and,

therefore, a large core volume is

• The short duration of this work requires the desired.

use of approximate computations and lim- - The fuel should have a large heat
ited design effort, transfer area and should be arranged to

provide a high coolant-to-fuel volume
2.2 Requirements ratio.

• Destroy the plutonium or produce self-pro- - A large margin should exist between
tecting fuel as rapidly as possible, the normal fuel operating temperature

and the temperature at which fuel

- For destruction, the total plutonium damage occurs.
content after irradiation must be less

than some fraction (such as 10%) of - The design should be robust against
fuel dimension and compositionthe original plutonium loading.
uncertainties.

- For self-protection, the spent fuel must
- The plutonium source term should be

be activated such that 10 years after
minimized, or the plutonium shouldremoval from the core the radioactiv-
be well contained.

ity is still above 100 rem/hr at 3 ft
from a fuel assembly. - The fuel and core should be amenable

to inspection.
• Minimize development risk in order to suc-

cessfully achieve objectives as rapidly as • Design a reactor as environmentally sound
possible, as current advanced reactor designs.



- Minimize wastes throughout the fuel • Reactor-grade plutonium with any level of
life cycle, irradiation is a potentially explosive mate-

rial.

- Select a fuel type that lends itself to • The difficulties of developing an effective,
disposal, simple, weapon design are about the same

for reactor-grade plutonium as for weapons-

2.3 Discussion grade plutonium.

• The hazards of handling reactor-grade plu-

See Appendix I for a more detailed set of tonium, though somewhat greater than

requirements. Specific issues include mission those associated with weapons-grade pluto-
requirements, potential burnup criteria, heat nium, are of the same type and can be met
rejection, economic resources, environmental by applying the same precautions.

impact, safety, technology development risk, • The need for safeguards to protect against
completion schedule, repository issues, social the diversion and misuse of separated pluto-
and political acceptance, and diversion and pro- nium _.pplies to all grades of plutonium.
liferation. In addition to these issues, others that

need to be considered include plutonium han- In view of these facts, the INEL modified the

dling, waste disposal, environmental regulations, requirements to allow only two options: destruc-
safety regulations and analysis, safeguards and tion of all plutonium isotopes or production of
security, technology development, economic self-protecting fuel. The self-protection criterion
analysis, and government and public policies. A is only a temporary solution to a longer-term
variety of reactor concepts exists, and each con- problem. All plutonium must eventually be
cept has unique and specific concerns. The intent destroyed; therefore, the INEL has focused on
is not to present a complete set of requirements, this goal. However, it may be more proliferation
but to briefly discuss a few selected issues, resistant to run the entire plutonium stockpile

through a reactor quickly to render it self-protect-
ing. Subsequently, the plutonium would then be

2.3.1 BurnuplSelf-Protectlon. Several returned to a reactor for further burning.
potential burnup criteria exist, two of which are
contained in the first main requirement. The pri- Fuel elements that have been irradiated in a

mary goal of burnup criteria is to ensure sufficient reactor pose less of a risk for diversion than fresh
destruction or denaturing to render weapons- unburned fuel elements because of the fission
grade plutonium fuel unattractive and difficult to product radiation hazard. Other hazardous iso-
use in the construction of nuclear weapons. Selec- topes could also be bred into the spent fuel. Such
tion of an acceptable burnup criterion could, isotopes and their daughter decay products, as
together with the mission time requirement, well as fission products, emit gamma radiation
determine the number and type of plutonium- that would pose a radiological threat to humans
burning reactors. The potential for diverting and would provide a strong gamma signal for

material that could be used in producing nuclear detection.
weapons must be minimized during the time that

The plutonium cannot be completely burned in
the option is being readied for operation, during

a once-through cycle because of fuel bumup lim-
the processing of plutonium, and after final dis-

its and the statistical improbability of all pluto-
positioning of the denatured product, nium being struck by a neutron. However, with

the right fuel choice perhaps 70-95% can be

When this study was begu,l, it was believed burned. The remaining 5-30% could then be
that rapid denaturing of 239pu by producing 240pu extracted via reprocessing and returned to a reac-
was a good method for dispositioning. However, tor. Thus, a fraction of the entire plutonium stock-
a recent report I concludes the following: pile could be burned in one concept in a couple of



decades, then, following reprocessing, the To minimize technology development risk, the

remainder would be burned again in the same or a INEL has focused on LWR concepts similar to
different reactor concept. For example, an LWR those in the commercial industry. This technol-
could perform the initial burn and a fast reactor ogy is considered to be the most mature and well
built later could complete the job. established. In addition, LWRs are reliable,

accepted, and licensable. A new concept has the

The approach is to develop concepts for the best chance of being designed and constructed
first burn cycle, because this will burn the most quickly and economically if it is based on LWR
plutonium over the next three decades. Further- technology. Furthermore, nuclear facility man-
more, the plutonium mass remaining in each fuel agement and operational infrastructures are well
rod after the first burn cycle should be less than established.

contained in a spent fuel rod from a commercial The completion schedule issue is linked to the
reactor. If direct disposal of commercial spent mission time, diversion and proliferation, safety,
fuel is acceptable, then it seems appropriate that a and economics. The time required from the
second burn cycle would not be required. The beginning of the development phase to the end of
need to reprocess material to ensure complete the decontamination and decommissioning phase
destruction is less desirable, because it provides will have an influence on the overall success of

additional opportunities for diversion. It must be the project to destroy plutonium. The longer the
possible to track the weapons-grade plutonium time required, the higher the potential for diver-
through all processes associated with a disposal sion of material or rearmament. The possibility of
option. Methods must be available to verify the accidents and environmental damage would also

quantity of plutonium present and location of all be expected to be greater for longer mission
material. This is difficult when reprocessing is times. In addition, longer project durations imply
performed, higher project costs. Using existing technology as

much as possible will minimize development risk
2.3.2 Development Risk. The second main and reduce the technology development time.
requirement is to minimize development risk in

2.3.3 Reactor Safety. The third main require-order to successfully achieve objectives as rap-
idly as possible. Some of the dispositioning ment is to design a reactor as safe as or safer than

options will require significant technology devel- current uranium-fueled commercial reactors. All
health and safety regulations must be met, andopment before they can be used on the scale nec-

essary to dispose of 50 MT of plutonium, risk to the workers and the public must be mini-
Because failure to burn the plutonium prolongs mized. As mentioned in the introduction, elimi-
proliferation concerns, uncertainties in the suc- nating uranium from the reactor reduces the
cess of technology development efforts are con- ability to control the reactor. The attainment of a
sidered to be very important. Technology design as safe as commercial reactors requires

development risk or uncertainty will likely be innovative uses of technology.

strongly dependent on the option. For example, There may be unique safety risks associated
reactor option uncertainties could include devel- with some of the proposed options that must be
opment of a new fuel form, core design, balance identified and considered early in the develop-
of plant, and disposal of waste. The INEL is ment phase. For example, current accident source
focusing on using existing technology as much as term limits may severely restrict the mass of plu-
possible. However, very few reactors have oper- tonium that could be loaded into some reactor
ated without any uranium, so some new technol- concepts at any given time. These restrictions
ogy development is required for this concept, could result in increased processing time (mis-
Uncertainties in technology development will be sion time).
minimized to provide assurance that the selected

option will be effective with;, reasonable time Passive safety features will be employed to
frame, ensure potential hazards to the public are as low



as reasonably achievable. Appendix E contains a heat removal under accident conditions, disposal
more detailed discussion of such passive safety of a fraction of the full thermal power into rela-
features, tively small bodies of water, such as lakes or

manmade ponds, may be acceptable. Therefore,
2.3.4 Environment. The fourth main require- an additional concern in the site selection process

ment is to design a reactor as environmentally will be the availability of water resource or sup-
sound as current advanced reactor designs. Meth- ply for the cooling towers and ponds.
ods for disposing of the spent fuel must meet all
environmental regulations and must have a mini-
mal negative impact on the environment. Cur- Burning 239pu will generate thermal energy
rently, no clear advantages or disadvantages from (heat) that must be rejected to the environment.
the waste disposal standpoint for the fuel types An environmentally acceptable method of heat

being considered are seen. In addition, a fuel type rejection to the environment (ultimate heat sink)
that precludes fuel reprocessing should not be will be required for each disposal concept. For a
used if the fuel must be burned twice, concept with electric power generation capability,

the rejected heat will be significantly reduced to
The methods of heat rejection to the environ- about two-thirds of the total thermal power (33%

ment have changed over the years. In first genera- reduction). Thus, because the proposed concept
tion plants, it was common to reject heat to a large does not produce electricity, the heat rejected to
body of water, such as an ocean, lake, or river, the local environment will be higher. If several of

Over time the heat discharge has been moved the proposed 1,000 MW(t) reactors are located at
from bodies of water to the atmosphere through the same site, the high heat rejection would
the use of wet and dry cooling towers. For decay require environmental analysis.



3. REACTOR CONCEPT OVERVIEW

Reactor design is driven by performance goals and lower margins of safety are accepted because

that vary according to the application. For exam- materials are operated at elevated temperatures.
pie, a commercial power reactor is designed for Reliance on forced-convection core cooling
optimum deposition of thermal power within the raises the need to ensure continued operation of
core coolant, while a test reactor might be coolant pumps during power operation. Reliance
designed for maximum neutron flux at a particu- on a pressurized coolant for heat removal raises
lar location within the core. For a plutonium- the need to ensure continued coolant system pres-

burning reactor, the design goal is unique: the surization. Reactor operability is made more
destruction of plutonium. Plutonium destruction complex by all these issues, and complexity gen-
is totally dependent on the reactor power and erally increases risk. If a plutonium-burning reac-
capacity factor. Furthermore, a reactor fueled by tor can meet its design goal while operating at a
plutonium and without the presence of other fer- much lower power density than existing reactors,
tile materials (such as uranium or thorium) has an then significant reliability, safety, and operability
abundance of reactivity as compared with exist- improvements over existing reactors can be

ing reactor designs. Because of its unique design attained.
goal, the designers of a plutonium-burning reac-

tor have unusual flexibility in specifying reactor 3,1 Concept Description
geometry and materials. In particular, the design
goal of a plutonium-burning reactor appears to be
achievable with a reactor that operates at a signif- This section presents an overview of the INEL

icantly lower thermal power density than is concept. This concept is not completely defined
because of the short duration of this project.

appropriate for reactors with other design goals.
Table 1 lists the design parameters that have beenFor example, commercial power reactors operate

at a thermal power density of about 100 MW/m 3 chosen. The ranges indicate the design flexibility
(based on total core fluid and structure volume); for minimizing fuel fabrication costs within

for the Advanced Test Reactor, this figure is acceptable safety limits. The INEL selected a
1,000 MW/m 3. power level of 1,000 MW(t) to achieve an

acceptable plutonium destruction rate with a low

To attain these goals, existing reactor designs power density over a large, but reasonably sized
core. Although the core has a low power density,typically employ neutronically efficient core

geometries, elevated material operating tempera- the fuel is expected to remain in the reactor for
several years to achieve high burnup. A fewtures, and forced-convection cooling of the core

with a rapidly-flowing pressurized coolant. The (three to six) reactors of this power level could
thermal limits of fuel and other materials often burn most of the plutonium in a reasonable time

limit the power density and thus overall reactor frame (30-40 years).
performance. Additionally, the need for fuel heat
removal at high power densities leads to a forced- Section 2.3 discusses the main reason for
convection core cooling scheme and a pressur- adopting light water technology: to minimize
ized coolant, technology development risk. LWRs have well

established technology, and are reliable,

The reliability, safety, and operability of exist- accepted, and licensable. Water is cheap, easy to
ing reactors, although acceptable, are affected by use, a good moderator, and a good coolant. Fur-
these design features. Narrow coolant channels thermore, operations personnel can see the fuel
decrease the coolant volume available to receive assemblies through the water, making refueling
heat from the core. Increased fuel rod failure rates easier.



Table 1. Plutonium burner reactor concept design parameters.

Parameters Baseline Possible range

General parameters

Reactor power [MW(t)! 1,000 a

Fuel material PuAlx PuO2/TRISO

Cladding material Aluminum Stainless steel or zircaloy

Coolant type Light water m

Moderator type Light water m

Fuel cycle length (yr) 3 I-5

Batch resident time (yr) 12 5-12

Core geometric data

Core total height (m) 3.66 E

Core total diameter (m) 5.90 3.40-5.90

Core height/diameter 0.62 0.62-1.08

Fuel volume fraction 0.34 0.18-0.42

Coolant volume fraction 0.55 0.51-0.60

Structure volume fraction 0.11 0.06--0.22

Core volume (m3) 100 33-100

Fuel volume (m3) 34 11-34

Total fuel element surface area

in core (m2) 16,461 6,360-19,100

Fuel data

Fuel element shape Clad rod u

Fuel diameter (mm) 8.19 8-16

Cladding thickness (mm) 0.572 0.5-2.0

Fuel-cladding gap width (mm) 0.082 0.0-0.1

Fuel element height (m) 3.66

Fuel element pitch (m) 12.5 12.5-22.0

Fuel element pitch/diameter 1.53 1.38-1.57

Number of fllel rods 174,800 58,200-174,800

Number of rods per assembly 264 w

Total number of assemblies 620 224--672
in core



Table 1. (continued).

Parameters Baseline Possible range

Assembly dimensions (m × m) 0.21 × 0.21 (0.21 × 0.21)- (0.39 × 0.29)

Plutonium loading per rod (g) 28.6 20-70

Core physics data

Average power density (MW/m 3) 10 10-30

Core plutonium loading at BOC (MT) 5 5-10

Resonance absorber poison Tungsten, erbium Tungsten, erbium, europium

Average capacity factor 0.75 0.7-0.9

Average plutonium batch burnup (%) 67.6 50-80

Thermal-hydraulic data

Coolant outlet pressure (MPa) 0.20

Core pressure drop (MPa) 0.0027

Coolant velocity (m/s) 0.75

Coolant bulk inlet temperature (K) 325

Coolant bulk outlet temperature (K) 347

Average heat flux 0.0523 0.0523-0.1572

Average power density in
fuel (MW/m 3) 29.7 29.4-88.5

Peak hot element centerline

temperature (K) 409 400-500

Heat rejection method Cooling towers m

Also to minimize technology development type of plutonium-burner should (a) possess high
risk, the basic geometry and dimensions of LWR burnup capability, (b) provide a high degree of

fuel assemblies are probably acceptable. Fuel in operational safety, (c) offer cheap and easy fab-
the form of rods (as opposed to plates) is accept- rication methods with minimum hazardous waste
able because of the low power densities that are generation, and (d) offer cheap and easy end-of-
proposed. Adoption of LWR technology reduces life disposal.
costs and development time. Fabricated fuel
assemblies facilitate item accountability. Fuel Only two plutonium-only fuel forms have been

tested for any length of time in a nuclear reactor:assemblies cannot be removed from the reactor

without observable activity. Both of these issues PuAI4 dispersed in aluminum, and PuO2embedded in carbon and sealed in a silicon car-

improve safeguards and security, bide shell (TRISO coated PuO2). The INEL has
examined these and a few advanced solid fuels

3.1.1 Fuel Types. The plutonium-based fuel that have not been tested.
form to be used in plutonium-burning reactors is
closely coupled to a particular reactor design. The reactor could possibly operate with several

However, several general criteria apply to all cir- fuel types: PuAlx, PuZr, Pu02/Zr02,
cumstances. Fuel forms chosen for use in any Pu02/Zr02/Ca0, Pu02/C (TRISO), or PuZrHi.6.
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The current top fuel choice is the Pu-AI compos- cycles) and strong positive temperature coeffi-
ire. Appendix C presents the advantages and dis- cients. Any workable fuel composition must have
advantages of each fuel type. Some of these fuels a negative prompt temperature coefficient (i.e.,

are able to withstand very high exposures. As dis- reactor power decreases as temperature increases)
cussed in Appendix D, plutonium in these fuels for safety and control purposes. Plutonium cores
provides ample core reactivity and must be in LWRs can have negative isothermal tempera-
diluted with other materials. Appendix C presents ture coefficients if enough tungsten, erbium, or
the advantages and disadvantages of each fuel other resonance absorbers are added. The addi-
type. tion of burnable poison is also needed to hold

down the core reactivity.

These fuels will be clad in aluminum, zircaloy,
or stainless steel. Present calculations indicate Because a large excess reactivity is available,

that all are acceptable. Tungsten, erbium, or euro- the cycle lengths can be greater than one year, and

pium will be added to the fuel to provide a nega- probably several years. With about 30 g Pu/rod,
rive Doppler reactivtty feedback, as stated in 5 MT of plutonium would be present in the core
Appendix D, These or other poisons such as initially. Confining a large amount of weapons-
boron or gadolinium will also be required to hold grade plutonium in a reactor limits proliferation.

down the core reactivity at beginning of cycle
More dilute fuel could be burned more com-(BOC). The poisons could be mixed in the fuel or

cladding, or be separate rods in the reactor. All of pletely in shorter cycles. However, capacity fac-

these poisons appear to be compatible with the tors would likely be higher with longer cycles.
fuels being examined. The fuel could be managed similar to a commer-

cial LWR. Cycles could last one or two years,

Fabrication processes, such as extruding then one-third or one-fourth of the core could be
PuAlx, are discussed in greater detail in Volume 4 replaced with fresh fuel. Thus, the typical fuel
of this report. The traditional fabrication methods assembly would remain in the core several years,
for the aluminum-based fuels are fairly simple, until a high exposure level is achieved. Commer-
The fuel fabrication waste volumes can be mini- cial LWR fuel management strategies could be

mized. Several variations of the fabrication used to maintain relatively flat power distribu-
method of aluminum-based fuel form have been tions.

successfully applied to produce Pu-AI composite
fuel elements. Plutonium fabrication facilities Appendix D gives a detailed explanation of the

core neutronic aspects of this concept.currently exist at the Los Alamos National Labo-

ratory (LANL) and the Savannah River Site 3.1.3 Thermal Hydraulics. The proposed
(SRS). These facilities could be used to produce reactor will have a low power density
Pu-Al composite fuel elements in sufficient quan- ( 10-30 MW/m 3) and be cooled by water with a
tities to verify fuel designs and prove the fuel per- low flow velocity. Appendix E discusses theseformance. The Advanced Test Reactor at the
INEL could be used to test these fuels, passive safety features and the thermal hydraulics

of the INEL concept. As a result of the low-power
densities, the reactor pressures and temperatures

3.1.2 Neutronlcs. Eliminating 238U from the are very low compared to a commercial LWR.

reactor prevents the production of more 239pu and This enhances safety by reducing stresses on vail-
accelerates plutonium destruction. A major dis- ous components and by providing wider margins
advantage of removing 238U is the reduction or between steady-state fuel temperature and maxi-
elimination of a prompt negative Doppler reactiv- mum allowable fuel temperature. Low coolant
ity coefficient and a negative moderator tempera- velocities, low pressures, and low temperatures
ture coefficient. A pure plutonium fuel type is not also reduce capital costs as discussed in Appen-
desirable in LWRs because of the low allowable dix G. With low pressure coolant, a thick pressure
mass loading per fuel rod (yielding short fuel vessel is not needed, and the core can be quite
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large (approximately 5 meters in diameter), destroy the same amount of plutonium per mega-
i

Cores with low power densities are less sensitive watt. It is also clear that if any fertile materials are
to uncertainties in fuel content. This reduces present in the system, some will fission and pro-
inspection requirements, which could be a major duce energy. If the same power level is used, less
concern for mixed oxide fuel in LWRs because plutonium will be consumed. Thus, the rate of
remote inspections are required, plutonium destroyed per megawatt is less if the

reactor contains fertile material.

The core cooling flow is provided by pumps,
but even greater safety advantages would be The above information allows us the freedom
attained if a natural circulation cooling system to explore a variety of reactor designs. A high
could be employed. Preliminary analysis indi- capacity factor is needed to maximize the abso-
cates that such a system is feasible, but further lute quantity of plutonium consumed over a long
study is needed, period. Continuous operation during refueling is

desirable, eliminating the need to shut the reactor

This reactor concept has multiple thermal- down for refueling. The next best design would
hydraulic and safety advantages over most exist- probably have long cycles with short refueling
ing test and commercial reactor designs: (a) the and maintenance outages. Fuel exposures greater
margin to critical heat flux is very large, (b) the than 700 GWD/MT are possible from a core

times required to raise fuel temperatures to dam- reactivity standpoint. The remaining design driv-
age and melting points are long, (c) coolant flow- ers include security, safety, licensing, economics,

and the environment. For example, plutoniuming vertically upward in the core ensures
initiation and continuance of natural circulation located in the core for a long period is an impedi-

ment to diversion because it is surrounded by fis-core cooling should the primary coolant pumps

fail, (d) the open, nonchannelized, core flow sion products and cannot be handled easily. Thus,
arrangement avoids safety issues associated with long cycles may be desirable.

flow instability in parallel channels, (e) the low
If the main burnup criterion becomes self-energy stored in the coolant and structure mini-

mizes the requirements placed on the contain- protection, then the design could evolve in a dif-
ferent direction. In this case it would be

ment, and (f) the low pressure coolant system

significantly reduces the safety risk due to loss- advantageous to have continuous refueling or
of-coolant accidents and is compatible with short cycles with short refueling and maintenance
passive safety injection systems, outages. Or, as stated earlier, all of the plutonium

inventory could undergo a short burn for self-
protection, and then be placed back in the reactor

3.2 Plutonium Dispositioning for a long bum. For self-protection concepts, the
plutonium feed rate through the system is a mea-

All reactors without fertile materials at the sure of irradiation rate.

same power level and capacity factor destroy plu-
tonium at the same rate. In addition, this rate is If the goal is to achieve a specified absorber
faster than the rate of any reactor containing fer- content, such as a specified fraction of 24°pu in

tile materials (uranium or thorium), because fer- total plutonium, operation in a thermal spectrum
tile materials produce more weapons materials, is superior to operation in a fast spectrum. Nota-
All plutonium isotopes release about the same ble exposure-dependent isotopic composition dif-
amount of energy per fission (within 2%, and ferences are observed between the thermal and

nearly independent of the incident neutron fast spectra, as shown in Appendix A. Operation
energy). Without fertile nuclides in the system, in a thermal spectrum yields a specified parasitic
all of the fission energy comes from plutonium, absorber content at much lower exposures. Thus,
Therefore, if the reactor is operated at a certain although this is not currently a goal, a thermal
power level, the total amount of plutonium will reactor concept is advantageous if such a goal

decrease linearly in time. Thus, all reactors were adopted.

12



3.2.1 Plutonium Destruction. The total heat because it may also be used for reactor control

energy available from the fission of 50 MT of purposes. The degree to which any seed material

239pu is approximately 4.2 × 1018 joules or can enhance fuel self-protection will depend pri-
48,600,000 megawatt days (MWD). Burnup marily on the specific power level of the pluto-
times are inversely proportional to power rating, nium burner reactor. The most significant
number of reactors, and capacity factor, and are self-protection enhancements will occur for low

directly proportional to the percent 239pu bumup, plutonium exposures accumulated at high power
For example, four reactors operating at density. For the proposed low-power density con-
1,000 MW(t) each and having a capacity factor cept, generation of fission products provides the
of 0.75 would burn up 33.8 MT of plutonium best option for self-protection, and seed materials

(67.6% of the total inventory) in 30 years. The are not used. Appendix B discusses self-protec-
full 50 MT of plutonium would be burned in tion in greater detail.
44.4 years.

3.3 Source Term Evaluation
Building one giant 4,000 MW(t) reactor may

reduce the probability of overall mission success,
may produce a high fission product source term, Potential offsite doses from hypothetical
and has less ability to adopt passive safety fea- releases are of concern for any plutonium-based
tures. Building ten 400 MW(t) reactors is more reactor facility. Offsite dose consequences may
diverse, and the impact on the environment could result from release of both fission products and
be distributed. However, the capital costs for sev- heavy metals, especially uranium and plutonium.

eral smaller reactors could be higher than for a To compare differences in offsite dose impacts of
few moderate-sized reactors. As a starting point, 235U and 239pu fueled reactors without develop-
the INEL investigated reactor designs at a power ing specific reactor accident scenarios, simple
level of 1,000 MW(t) as a reasonable middle aerosol releases were assumed. Appendix F pres-
ground. A few reactors of this size could destroy ents an evaluation of offslte releases from a pluto-
most of the plutonium in a reasonable time frame, nium-burning reactor. Equivalent quantities of

235U and 239pu were assumed to be released

along with the fission products associated with
3.2.2 Self-Protection. Irradiated materialscan those heavy metals. In both casesthe calculated
be potent sources of gamma radiation, which dose impact from all pathways is dominatedby
reduces the likelihood of material diversion by the fission products.The total doseconsequence
terrorists. An intense gamma environment can from 239ptl release is less than 1% of the fission

provide a certain degree of self-protection in the product dose.
form of high biological dose rate levels. Fission

products in spent fuel provide a high amount of 3.4 Economics
gamma radiation. Photonsourcestrengthscould
be increased further by seedingthe plutonium.

Costs associatedwith construction,operation,Seedingis the additionof materialsthat will pro-
duce photon-emitting nuclides following irradi- decontaminationand decommission,and waste
ation and decay.Seedingoffers the potential of processingand disposal,must be consideredfor
enhancingthe photonemissionof the plutonium all facilities. These nuclearfacility costsdemand
following irradiation, that methods, processes, and requirements be

critically reviewed and improved if these facili-
ties are to be affordable in the future. Cost reduc-

The most attractive self-protection seed candi- tion ideas for these concepts have been developed
dates are europium and cobalt. Cobalt could be and are discussed in Appendix G. When several

incorporated into the plutonium fuel proper or of the cost reduction ideas are implemented, the
employed by using a cladding material with high overall cost of designing, constructing, and oper-
cobalt content. Europium is especially attractive ating a reactor can be reduced significantly.
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4. CONCLUSIONS AND RECOMMENDATIONS

A reactor concept without uranium or thorium assembly calculations with the pro-

that destroys plutonium quickly has been devel- posed fuel forms and loadings, pin
oped. This concept is very safe and could be dimensions and pitches, and reactiv-
designed, constructed, and operated in a reason- ity/shutdown control mechanisms.
able time frame. Determine the core reactivity coeffi-

cient at design power levels for the

Light water technology was adopted to mini- complete cycle.
mize technology development risk, ensure the

greatest chance of success, and reduce costs. Low • Materials
power densities, temperatures, pressures, and
coolant flow velocities were selected to enhance Establish a credible list of fuel com-

reactor safety. Electricity production was not con- position candidates along with candi-
sidered at the request of NAS, thus allowing date cladding materials. Plutonium-

focus on the main mission of plutonium disposi- destruction performance and safety
tioning. A few (three to six) reactors of this type can be optimized. Burnable poison
[l,000 MW(t)I would be able to burn a large additions should be considered as an

fraction of the weapons-grade plutonium in integral part of this study.
30-40 years.

- Define and evaluate all existing U.S.

The following preconceptual design studies are plutonium fabrication facilities to esti-
recommended: mate their potential for fabricating fuel

elements. Reactor designs that can use

• Reactor physics/neutronics existing fabrication facilities for fuel
elements should be given the greatest

- Determine an acceptable weapons- attention.
grade plutonium loading in the fuel
elements. A range of plutonium load- - Outline a fuel development plan,
ings for candidate fuel forms accept- including cost and schedule estimates.
able from a core neutronics standpoint
should be determined. - Select component materials to define a

credible conceptual design.

Select a burnable poison and deter-
mine its loading in the fuel elements. • Thermal transport system
The reactivity effects of the poison
over the life cycle, as its concentration - Evaluate thermal-hydraulic safety

decreases, burnable plutonium parameters for core configurations
decreases, and fission products consistent with the reactor physics
increase, should be determined, studies.

- Perform fuel cycle optimization and Develop conceptual designs of pri-
isotope concentration studies. Investi- mary and secondary coolant loops.

gate incore fuel management and fuel- The feasibility of natural circulation
loading schemes in order to achieve for both should be investigated in
the desired bumup, more detail.

- Investigate reactor kinetics and con- - Propose concepts for an emergency
trol. Perform full core calculations and core cooling system.
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- Examine the use of alternative cool- • Characterize the spent fuel so that methods

ants and concepts such as the Modular of handling and storage can be developed.

High Temperature Gas-Cooled Reac-
tor (MHTGR) and the Advanced Liq-

• Economics
uid Metal Reactor (ALMR). There

was not time in the preliminary design
work to study in detail the possibility Examine reactor costs from reactor

of use of other coolants. Alternative design, licensing, siting, and construc-
coolants should be evaluated consider- tion, fuel fabrication, safeguards,

ing both core neutronics and thermal security, and processing, to waste han-
hydraulics, dling and storage, and reactor decon-

tamination and decommissioning.
- Develop a list of thermal-hydraulic Suggest ideas and methods to reduce

testing needs, the costs, Develop a baseline cost esti-
mate for this reactor.

• Study various accident scenarios. Loss-of-
coolant, inadvertent reactivity insertion,

control rod ejection, fission product release, - Investigate other uses of the reactor.
fuel handling, and other accident scenarios Flux traps could be designed into the
should be investigated. Safety margins reactor for the production of medical
should be determined. Passive safety isotopes, tritium, or 238pu, or for bum-

options should be examined, ing actinides.
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Appendix A

Plutonium Destruction Rates and Isotopics for
Different Neutron Spectra

A-1. INTRODUCTION

The destruction or denaturing of weapons- activity. The influence of reactor type (essentially
grade plutonium could be accomplished in a vari- neutron spectrum) on the potential life of the plu-

ety of reactor types operating in a variety of tonium fuel and the influence of reactor type on
neutron spectral regimes. Potential strategies the exposure dependent isotopic compositions
range from maximum use of existing technology must be understood. The main limits on fuel
and facilities designed for electrical power pro- exposure are reactivity and materials. To date,
duction through new concepts designed and this study has examined only the reactivity limit.
developed specifically for plutonium destruction.

Eventual selection of a preferred reactor type
must ultimately include consideration of a signif- Definitive answers to reactivity life and isoto-
icant number of important or potentially impor- pic composition questions require a reasonably
tant technical and political aspects described mature design and substantial reactor physics
elsewhere in this document, efforts. The methods employed for this assess-

ment are described below. Although preliminary,
Initial investigations have been focused on two these results provide a reasonable perspective on

important characteristics crucial to any pluto- trends that could be expected from different reac-
nium-buming reactor design and/or assessment tor types.
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A-2. ASSESSMENT METHODOLOGY

The Oak Ridge National Laboratory ORI- fuel was assumed to operate at a specific power of
GEN2 isotopic generation and depletion code I 37.5 MW/MT for a total of 880 days, yielding an
was employed to assess both isotopic composi- exposure of 33 GWD/MT. Results of the four
tions and changes in fuel reactivity. The ORI- cases examined are shown in Figure A-I. The
GEN2 code is a zero-dimensional isotopic upper figure illustrates the calculated infinite
generation and depletion code. The code uses multiplication factor (kinf). The calculated reac-
cross-section libraries developed for a variety of tivity, defined as (k-1)/k, is illustrated in the
particular reactor designs. The libraries include lower figure.
spectrum-averaged, one-group cross sections for

the heavy metals (including plutonium), fission The curve labels employ the abbreviations
products, and structural materials. Exposure- HM, FP, and L representing heavy metals, fission
dependent fission and radiative-capture cross products, and light (structural) materials, respec-
sections are included for a number of heavy tively. The case including heavy metals, fission
metals, including the plutonium isotopes of products, and structurals (labeled "HM+FP+L")

interest to this assessment, represents the best estimate calculation. Expo-
sure-dependent cross sections were employed for

Reactivity changes and plutonium isotopic all cases, except the one labeled "Constant XS."
compositions were fit'st examined for a commer- These results clearly illustrate that the fission
cial pressurized water reactor (PWR) operating products must be included and that the structurals

on a low enrichment (3.2 wt% 235U) equilibrium may be excluded with only small errors. Use of
fuel cycle. The results aided in understanding the the constant cross-section set introduces a small,
significance of a number of approximations made but acceptable, exposure-dependent error in the
in this assessment. The results also provided calculated reactivity.
some perspective on the plutonium composition

in spent commercial reactor fuels. The calculated plutonium isotopic composi-
tions are shown in Figure A-2. The 24°pu isotopic

Typical analyses to determine reactivity content reaches 20% of total plutonium at an
changes would normally include isotopic genera- exposure of about 18 GWD/MT. The parasitic
tion and depletion in the heavy metals generated absorber (24°pu plus 242pu) content reaches 20%

from the initially loaded uranium fuels, in the fis- at a slightly lower exposure of about 16 GWD/
sion products, and in activation of structural MT. Although these values can be considered
materials. Exposure-dependent, cross-section representative, the plutonium content is depen-
sets would also normally be employed, dent on the initial enrichment and the particular
Exposure-dependent, cross-section sets require fuel management schemes employed. Current
significant development effort and are only avail- LWR operations employ initial enrichments in
able for selected reactor types. Existing sets are excess of 4% 2350 tO achieve exposures in excess
not suitable for the high exposure plutonium of 40 GWD/MT.
irradiations of interest. It is also convenient if the

effects of absorption in structural materials can be One metric ton of 239pu was selected as the

ignored. This is not a serious omission because basis for all plutonium irradiations. Weapons-
one of the important criteria employed in the grade plutonium will in fact contain some small

selection of suitable structural materials is that fraction of higher plutonium isotopes (primarily
they be neutronically benign. 24°pu). Using pure 239pu as the starting composi-

tion is acceptable for these evaluations because
Four specific cases were examined to assess equivalent higher plutonium isotopic "contami-

the impact of not using exposure-dependent cross nation" will be achieved at low exposure in any
sections and of ignoring structural materials. The reactor irradiation.
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Figure A-1. Exposure dependent infinite multiplication factor and reactivity in a generic PWR

equilibrium cycle.
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Figure A-2. Exposure dependent isotopic composition in a 3.2 wt% 235U generic PWR equilibrium
cycle.

Five existing reactor types were selected for at a nominal specific power of 1,000 MW/MT.
consideration to cover a broad range of possible This specific power is consistent with, for exam-

neutron spectral characteristics. In alphabetical pie, a current generation PWR, if the power is
order, the types examined are a boiling water normalized to the fissile content rather than to the
reactor (BWR), a Canadian deuterium-uranium total uranium content. Isotopic compositions and
(CANDU) reactor, a high-temperature gas-cooled reactivity changes should be only weakly depen-
reactor (HTGR), a liquid metal reactor (LMR), dent on the assumed specific power. The pluto-
and a PWR. nium irradiations were continued until the

material could no longer support irradiation from

All irradiations were assumed to be performed a reactivity standpoint.
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A-3. RESULTS

The reactivity changes with exposure for pure 241pu, and 242pu components are shown in the
plutonium irradiations (no uranium present) in upper figure. The lower figure illustrates the frac-
five reactor spectra are illustrated in Figure A-3. tional contribution of each isotope to the total
The exposure at which zero reactivity is reached plutonium inventory. The same graphic format is
is a reasonable first-order indicator of the maxi- used for all five reactor types.
mum useful fuel life. Irradiation in a CANDU

spectrum reaches zero reactivity soonest, and The isotopic content reaches 20% 240pu at an
irradiation in an LMR spectrum reaches zero
reactivity last. All cases are fairly tightly grouped exposure of about 300 GWD/MT. The zero reac-
with a maximum difference of about 12% in tivity point is reached at an exposure of about

achievable exposure. There is little justification 750 GWD/MT. At the zero reactivity point, the

for preference of any particular reactor type, total plutonium inventory has been reduced to
about 228 kg with 77.2% of the initial loading

based on achievable exposure, destroyed. The parasitic plutonium (24°pu plus
242pu components) is about 53% at the zero reac-

Boiling Water Reactor (BWR) tivity point. The residual plutonium is subcritical
after the zero reactivity point and would have to

r The exposure-dependent isotopic composi- be externally driven to achieve greater exposure.
tions of one metric ton of plutonium, irradiated in At an exposure of 925 GWD/MT, the residual
a BWR spectrum, are shown in Figure A-4. plutonium is less than 10 kg of the initial
Moles of total plutonium and the 239pu, 24°pu, 1,009 kg.

"*"LMR -_"CANDU -" BWR -e- PWR 4- HTGR

0.75 ..............

oo ............
o.25

o.oo..............
-0.25 ....

0 200 400 600 800 1000

Exposure (GWD/MT)

Figure A-3. Reactivity as a function of exposure for plutonium irradiated in selected reactor spectra.
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Figure A-4. Exposure dependent isotopic composition of plutonium irradiated in a boiling water

reactor (BWR) spectrum.
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Canadian Deuterium-Uranium Pressurized Water Reactor
(CANDU) Reactor (PWR)

Results for irradiation in a CANDU spectrum Results for irradiation in a PWR spectrum are

are shown _n Figure A-5. The 20% 24°pu corn- shown in Figure A-8. The results are essentially
position is reached at a slightly higher exposure indistinguishable from those obtained for the
of 325 GWD/MT. The zero reactivity point is BWR case.
reached at a slightly lower exposure of about

725 GWD/MT. At the zero reactivity point, the
total plutonium inventory is slightly higher at Net Plutonium Destruction Rates
262 kg or 73.8% of the initial loading destroyed.

The parasitic plutonium is higher at 63% at the The two primary removal mechanisms for fis-

zero reactivity point. At an exposure of sile plutonium (239pu and 241pu) are fission and
925 GWD/MT, the residual plutonium is less radiative capture. Net fissile destruction rates are
than 26 kg of the initial 1,000 kg. shown in Figure A-9 for irradiations in the five

reactor spectra. At low exposure, the net fissile
High-Temperature Gas-Cooled rates are somewhat higher in thermal spectrum

Reactor (HTGR) reactors. At exposures in excess of about
650 GWD/MT, higher fissile destruction rates

Isotopic compositions during irradiation in an are achieved in fast (LMR) or epithermal (HTGR)
HTGR spectrum are plotted in Figure A-6. The spectrum reactors.
240pu composition reaches about 20% at an expo-

sure of about 500 GWD/MT. The zero reactivity Total plutonium destruction as a function of
point is reached at an exposure of about exposure is illustrated in Figure A-10 for the five
750 GWD/MT. The total plutonium inventory at reactor types considered. The very slight differ-
the zero reactivity point is 213 kg. At the zero ences observable only at high exposure are not
reactivity point, the parasitic plutonium content is significant.
about 32%. At an exposure of 925 GWD/MT, the
residual plutonium is about 3 kg of the initial
1,000 kg. Plutonium Compositions

Liquid Metal Reactor (LMR) Figure A-ll illustrates the growth in parasitic
absorber plutonium isotopes with exposure in the

The LMR spectrum results are shown in five reactor spectra. The three thermal spectrum

Figure A-7. A composition of 20% 24°pu is not reactor types (BWR, CANDU, and PWR) all
reached until an exposure in excess of achieve about 20% parasitic absorber fraction at
475 GWD/MT. The zero reactivity point is at an an exposure of about 300 GWD/MT. The epither-
exposure of 800 GWD/MT, the highest of the mal spectrum HTGR achieves a 20% parasitic
five reactor types, plutonium content is about absorber fraction at an exposure of about
53% at the zero reactivity point. At an exposure 450 GWD/MT. The fast spectrum LMR achieves
of 925 GWD/MT, the residual plutonium is 20% parasitic absorber fraction at an exposure of

about 59 kg of the initial 1,000 kg. about 475 GWD/MT.
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Figure A-5. Exposure dependent isotopic composition of plutonium irradiated in a CANDU reactor
spectrum.
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Figure A-6. Exposuredependent isotopic composition of plutonium irradiatedin an HTGR spectrum.
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FigureA-7.Exposuredependentisotopiccompositionofplutoniumirradiatedin a liquidmetal
reactorspectrum.
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FigureA-8.Exposuredependentisotopiccompositionof plutoniumirradiatedina PWRspectrum.
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Figure A-9. Exposure dependent net fissile destruction rates for one metric ton of 239pu irradiated in

selected reactor spectra.
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Figure A-IO. Exposure dependent total plutonium destruction for one metric ton of 239pu irradiated in

selected reactor spectra.
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Figure A-11. Exposure dependent plutonium parasitic fraction for one metric ton of 23_)puirradiated in

selected reactor spectra.
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A-4. CONCLUSIONS

All five reactor types operating on nominal composition differences are observed between
weapons-grade plutonium appear capable of the thermal and fast spectrum cases. Operation in
achieving very high fuel exposures based solely a thermal spectrum allows achieving a specified
on reactivity loss considerations. Plutonium irra- parasitic absorber content at much lower expo-
diated in all five reactor spectra maintains a posi- sures.
tive reactivity to exposures in excess of

700 GWD/MT. A positive reactivity is main-
tained to about 800 GWD/MT in the LMR spec- Some care must be taken in interpretation of
trum. these results. The study methodology unavoid-

ably incorporates the assumption that any pluto-

All five reactor types have comparable total nium-burning reactor operating in a given
plutonium destruction rates. If the goal is the total spectral regime will possess spectral characteris-
destruction of all plutonium isotopes, there is tics identical to the commercial reactor type from
little to distinguish among the five reactor types which the cross-section sets were derived. The
considered in this assessment, results of this study should not be construed as

establishing plutonium isotopic compositions

If the goal is achieving a specified absorber and destruction rates for any particular plutonium
content, operation in a thermal spectrum offers burner reactor design. Rather, the composition
significant advantages over operation in a fast studies are useful in selecting a spectral regime in
spectrum. Notable exposure-dependent isotopic which to concentrate reactor design efforts.
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Appendix B

Self-Protection

Irradiated special nuclear materials can be material, the physical form, the quantity of mate-
potent sources of gamma radiation. The intense rial, the susceptibility to diversion, the level of
gamma environment can provide a certain degree physical security provided, and possibly interna-

of self-protection in the form of high biological tional agreements. For the purposes of this
dose rate levels. The dose rate needed to render a assessment, the biological dose rates from weap-

material self-protecting is somewhat arbitrary, ons-grade plutonium fuels were considered in
Very intense sources producing very high radi- relation to the 100 rem/hr at 3-ft criterion and to
ation fields can be safely handled within a facility the dose rate level provided by commercial spent
and transported offsite with adequate planning, fuels.
handling equipment, and shielding. Such
activities are routinely accomplished within both

Fission product decay is the dominant source
the letter of the regulatory law and the spirit of the of photons in irradiated fuels. Fission product
as-low-as-reasonably-achievable (ALARA) phi- beta decay is also responsible for some photon
losophy, production via bremsstrahlung in the fuel materi-

The Code of Federal Regulations (10 CFR als, but these contributions are concentrated at
lower photon energies that are less effective for

73.6) establishes requirements for the physical self-protection. Contributions from activated
protection of special nuclear materials of moder- structural materials are usually relatively small.
ate and low strategic significance. Current prac-
tice allows only for some reduction in the level of
physical security at some facilities if the special Photon source strengths could be increased by
nuclear material provides a dose rate in excess of seeding or spiking the special nuclear material. In
100 rem/hr at a distance of 3 ft (91.44 cm) from this context, spiking is the addition of radioactive
any accessible surface without intervening photon-emitting materials. Spiking is not consid-

shielding, ered in this assessment. Seeding is the addition of
materials that will produce photon-emitting

Guidelines for self-protection of any special nuclides following irradiation and decay. Seeding
nuclear material (including weapons-grade pluto- offers the potential of enhancing the photon emis-
nium) must be established within the context of sion of the special nuclear material following
the strategic and perceived importance of the irradiation.
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B-1. ASSESSMENT METHODOLOGY

Evaluation of biological dose rates from irra- concentration is increased because of self-shield-

diated fuels is a three-step process requiring ing. Irradiated seed photon strengths are more
determination of the photon source strength, dependent on specific power than are the fission
determination of the resulting energy flux at product source strengths. Effective production
selected dose point locations, and conversion of cross sections should be evaluated later for spe-
the energy flux to biological dose rate. The meth- cific plutonium-burning reactor fuel geometries,
ods employed to perform these assessments are operating power levels, and seed concentrations.
summarized below.

Photon transport from the irradiated fuel to the
dose point was evaluated using previously calcu-

The Oak Ridge National Laboratory ORI- lated photon transport factors for a single TRIGA
GEN2 isotopic generation and depletion code i fuel pin. Reference 2 contains photon transport
was employed to calculate isotopic compositions factors developed for 16 different research and
and resulting photon source strengths. Isotopic test reactor fuel elements using the three-dimen-

compositions are a function of initial composi- sional point-kernel shielding code QAD. 3 In all
tion, reactor type (neutron spectrum), total expo- cases the dose point was located at a distance of
sure, the manner in which the exposure is 3 ft (91.44 cm) from the element surface at the

accumulated, and decay time. A pressurized axial midplane of the element. The validity of the
water reactor (PWR) spectrum was assumed for QAD uncollided flux solution was verified using
all irradiations, and decay time is explicitly RAFFLE V,4 a general purpose Monte Carlo

treated in the calculations. An initial composition transport code. The RAFFLE-calculated total
and irradiation history typical of a current genera- photon fluxes (uncollided plus scattered) also
tion PWR was assumed for the PWR baseline cal- provided a sound basis for the selection of iron
culations. For all plutonium irradiations the dose buildup factors for the QAD calculation.
initial composition was assumed to be 100% The TRIGA pin photon transport factors should
239pu. A specific power of I MW/kg of initial fis- be considered representative. Photon transport

sile plutonium was assumed for the plutonium should be evaluated later for specific plutonium
irradiations. Seeding was evaluated by including burner reactor fuel geometries.
small quantities of potential seed materials in the
fuel irradiations. The seed mass was assumed to Photon flux-to-dose conversions factors were

be 0.1 wt% of the plutonium mass. All seed mate- calculated using the analytic expression provided
rial cross sections are based on very dilute con- in ANSI/ANS-6.1.1. 5 The energy group struc-

centrations in the fuel. The effective cross section ture, photon transport factors, and flux-to-dose
of the seed material will be lowered as the seed conversions are listed in Table B-1.
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Table B-1. Photon transport factors and flux-to-dose conversion factors.

Group Energy flux per Flux-to-dose Dose rate per
midpoint unit source conversion unit source

Energy energy ['MeV/cm2s ) [ rein/hour "] ( rem/hour'_group (MeV) \ MeV/s _,MeV/cm2s/ x MeV/s ]

1 0.225 5.00 × 10-6 2.51 × 10-_ 1.26 × I0-I

2 0.375 5.70 × 10 --6 2.49 X 10-6 1.42 X 10-_

3 0.575 6.80 × 10--6 2.29 × 10-6 !.56 × !0-_

4 0.850 7.35 × 10-6 2.07 × 10-6 1.52 × 10-_

5 1.25 7.65 × 10-6 1.86 × 10-6 1.42 × 10-_

6 1.75 7.70 × 10-6 1.67 X 10-6 1.29 × 10-_

7 2.25 7.70 × 10-6 1.54 × 10-6 1.19 × 10- t

8 2.75 7.65 × 10-6 1.44 × 10-6 1.10 × 10- _

9 3.50 7.55 × 10-6 1.32 × 10-6 9.97 X 10- 2

10 5.00 7.40 × 10-6 1.16 × 10-6 8.58 X 10-2

I 1 7.00 7.20 × 10-6 1.04 × 10-6 7.49 × 1O- 2

12 11.0 7.00 × 10--6 9.33 × 10 -7 6.53 × 10-12
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B-2. RESULTS
J

Commercial Spent Fuels from a complete bundle has not yet been '
examined, but a 264-pin bundle is expected to

Time-dependent biological dose rates were yield 50 to 100 times the dose rate of a single pin.
evaluated for a representative commercial spent For the complete bundle, the 100-rem/hr level
fuel form to provide a basis for comparison. A would not be reached for approximately
3,2 wt% 235U fuel was assumed to operate at a 100 years.
specific power of 37,5 megawatts per metric ton
of initial heavy metal (MW/MTHM) for a total of
880 days, providing a total exposure of 33 giga- Potential Seed Materials
watt-days per metric ton of initial heavy metal

(GWD/MTHM). This corresponds to an exposure Potential seed materials were first screened by
of 1,031 GWD/MTIE Dose rates were evaluated examining the ORIGEN2 library of known radio-
for a single fuel rod at the 3-ft dose point. Dose nuclides. Nuclides with a half-life of less than one

rates were evaluated for a fuel exposure of year were rejected because of relatively rapid loss
3.2 GWD/MTHM or 100 GWD/MTIF. This of self-protection by decay. Nuclides with a half-
exposure represents approximately 10% of life of greater than 1,000 years were rejected
design exposure for the fuel. The relative time- because of relatively low specific activity. The
dependent dose rate contributions from fission remaining nuclides are shown in Table B-2 along
products, heavy metals, and structural material with values of half-life.
activation products are shown in Figure B-1. The

dose rate is dominated by contributions from the Most of the nuclides shown in Table B-2 must

fission products at all decay times of interest. The be rejected as potential seed materials because of
heavy metals contribute less than 10% of the total some combination of little or no photon yield,
dose rate over the first three days and then drop poor production by neutron irradiation, and poor
rapidly to the millirem-per-hour level at about chemical tbma such as a noble gas. The list was

45 days. Contributions from activated structural narrowed to the four potential seed materials
materials (zircaloy and 304 stainless steel for shown in Table B-3, along with selected charac-
these cases) are approximately two orders of teristics of interest for fuel self-protection.
magnitude lower than the fission products.

The total dose rates for three different fuel Commercial Fuels Seeded with
exposures are shown in Figure B-2. At short Co-59
decay times, the dose rates are dominated by

short-lived fission products and are comparable Time-dependent dose rates were evaluated for
i because they are primarily a function of the spe- the representative 3.2 wt% 235U fuel case with

cific power at which the exposure was accumu- cobalt as a seed. Dose rates were evaluated at
lated. At longer decay times, the dose rates are

10% of design exposure (3.2 GWD/MTHM).
dominated by long-lived fission products and

Natural cobalt (1()0% 5_Co) was included in the
scale approximately with the total accumulated

fuel at 0. I wt% ( 1 kg 59Co per metric ton of initial
exposure, heavy metal). The relative time-dependent dose

The dose rates shown in both Figures B-1 and rate contributions following shutdown are shown

B-2 are for a single pin. Dose rates from even a in Figure B-3. For the 0. I wt% case, the 6°Co
near full exposure single pin decay to less than dose contribution is only slightly larger than that
100 rem/hr at the 3-ft dose point after only about of the fission products at decay times between
three years. If the pins are left in a complete 2 and 10 years. For the I wt% case, the 6°Co dose
assembly, the 100-rem/hr level is reached at con- contribution exceeds that of the fission products

siderably longer decay times. Photon transport for decay times between about 0.5 and 30 years.
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Figure B-1. Relative biological dose rate contributions at 3 ft from a PWR pin irradiated to
approximately 10% of design exposure.
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Figure B-2. Relative biological dose rate contributions at 3 ft from a PWR pin for selected fuel
exposure levels.
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Table B-2. Potential self-protection radionuclides with half-lives between I and i,(10()years.

Nuclide Half-life (yr) Comments

Si-32 =650 Reject--beta only

Pt-193 =5(X) Reject--beta only and poor production path

Ar-39 269 Reject--noble gas and beta only

Ir-192m 241 Possibleiphoton yield from It-192

Tb- 157 150 Reject--no production path

Ag-108m 127 Possiblemphoton yield from Ag-108m + weak Ag-108

Ni-63 93.0 Reject--beta only

Sm- 151 90.0 Rejectmlow photon yield

Sn- 121m 50.0 Reject--low photon yield

Ar-42 33.0 Reject--noble gas

Ho-163 33.0 Reject--beta only and no production path

Cs-137 30.0 Spike only--no production path except fission yield

Sr-90 29.1 Spike onlymno production path except fission yield

Pm- 145 17.7 Reject--no production path

Eu- 152 13.6 Good photon yield

Nb-93m 13.6 Reject--no production path

H-3 12.4 Reject--gas and beta only

Ba- 133 10.7 Reject--no production path

Kr-85 10.7 Reject--noble gas

Eu- 154 8.6 Good photon yield

Os-194 6.00 Reject--poor production path and low photon yield

Co-60 5.27 Good photon yield

Eu- 155 4.96 Incidental via Eu- 153 (n, "i,)Eu- 154--Iow photon yield

TI-204 3.8 Reject--no photon yield

Sb- 125 2.77 Fair photon yield but poor production path from Sn- 124

Pm- 147 2.62 Reject--poor photon yield

Na-22 2.60 Reject--no production path

Fe-55 2.60 Reject--no photon yield

Cs- 134 2.06 Good photon yield

Tm- 171 1.92 Reject--poor photon yield

Cd-109 1.27 Reject--good photon yield and no production path

Ru-106 1.01 Spike only--no production path except fission yield
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Figure B-3. Relative biological dose ratecontributionsat 3 ft from a PWR pin at 10%designexposure
with cobalt self-protection seed.
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Table B-3, Potential self-protection seed materials.

LWR LWR
spectrum spectrum

pioduction removal
cross cross Approximate

Half-life Method of section section cost Photon yield
Nuclide (yr) production (barns) _barns) ($/kg) (Mev/decay)

Eu-152 i3.6 Eu-151 (n,_,) 740 191 50,000 1.146

Eu- 154 8.6 Eu- 153 (n,7) 71.8 129 50,t_qO !.228

Co-60 5.27 Co-59 (n,¥) 4.83 0.268 ? 2.500

Eu- 155 4.96 Eu- 154 (n,_,) 129 366 50,000 0.061

Sb-125 2.77 Sn-124 (n,y) + [3 0.402 0.762 13 0.431

Cs-134 2.06 Cs-133 (n,y) 11.8 22.9 25,000 1.553
i ill i ii i i i i i i i -- it -- , i i

Slightly higher seed concentrations would prob- Seed materials could either be alloyed with the
ably be required to obtain the indicated dose plutonium fuel or used in the clad or other struc-
levels because of self-shielding in the heavier rural material. Cobalt is attractive because cobalt-
cobalt loadings, bearing steels could be substituted for the more

traditional stainless steel clad materials.

Seeded Plutonium Fuels
Europium seeding provides somewhat higher

dose rates for the cases examined. Europium is
Time-dependent dose rates were evaluated for attractive because it is also one of the candidate

plutonium-based fuels using 59Co, ]33Cs, natural materials for providing a prompt negative tem-
tin, or natural europium as seed materials. Seed perature coefficient for the plutonium fuels. Theconcentrations of 0.1 wt% were assumed for all

primary disadvantage of europium is the highercases. All fuels were assumed to be irradiatedat a
(but probably acceptable) cost. At a 0.3 wt%

specific power ofl MW/kg of initial fissile mate- loading, the europium cost for 50 MT ofrial. Dose rates were examined as a function of
weapons-grade plutonium would be less than

decay time for fuel exposures of 10, 100, and 950 $8 million.
GWD/MTIF. These exposures correspond to
approximately 1%, 10%, and 95% initial pluto-
nium burnup, respectively.

The seed performance is generally poorer for
the plutonium fuels examined than for the 23_U

Time-dependent relative biological dose rates low enrichment commercial fuel examined. This
for the fission products and the four possible seed is due primarily to lower fluxes for any given
materials are shown in Figure B-4 for the 10% power level in the plutonium-based fuels. Seed
burnup case. Natural tin can be rejected because activation rates are a strong function of flux level,
of the very low dose rate contribution. The corn- and flux levels are generally lower for the pluto-
bination of relative volatility and a two-year half- nium fuels. Low power density plutonium-
life limits the attractiveness of cesium. Europium burning reactordesigns will further aggravate this
and cobalt are the most attractive of the four seed problem. Flux levels at any particularpower level
materials, but they only add less than 10% to the are also dependent on the fissile concentration in
dose rate relative to the unseeded fuel. the fuel. Plutonium-burning reactor designs using
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Figure B-4. Relative biological dose rates for a plutonium fuel pin irradiated to 10% bumup with
selected self-protection seed materials.
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low plutonium content fuels will exhibit higher dose rate behavior is due to the mixture of euro-

flux levels. Specific designs must be analyzed to pium isotopes and the relatively high europium
determine which of the competiilg effects will radiative capture cross sections. The europium
dominate, seed material is severely depleted in the high

(95%) burnup case. The europium dose rate con-
Effectiveness of the europium seed at different tributions are al'- ays less than the corresponding

levels of plutonium burnup is illustrated in fission product dose rate contributions for the

Figure B-5. The dose rate contributions from fis- seed concentration, specific power, and pluto-
sion products and from the europium seed materi- nium burnup combinations examined. Europium
als are shown at exposure levels corresponding to dose rates can be increased by raising the seed
plutonium burnup values of !%, 10%, and 95%. concentration in the fuels, but additional analyses

At decay times of longer than one year, the fission are required. The europium seed performs best
product dose levels scale approximately with plu- for low plutonium exposures accumulated at high

tonium burnup. The rather complex europium specific power levels.
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Figure B-5. Relative biological dose rates at 3 ft from a europium-seededplutonium pin at selected
plutonium burnup levels.
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B-3. CONCLUSIONS

Fission products in high-exposure fuel provide cant self-protection enhancements will occur for
a high level of self-protection. The most attrac- low plutonium exposures accumulated at high
tive self-protection seed candidates are europium power density. Seeding will need to be evaluated
and cobalt. Cobalt could be incorporated into the for specific plutonium bumer designs. The bene-

plutonium fuel itself or employed by using a clad- fit from using seed materials is limited, especially
ding material with high cobalt content. Europium considering added costs for testing and fabrica-
is especially attractive because it may be needed tion of these fuel types. For the proposed low-
for reactor control purposes. The degree to which power density concept, generation of fission
any seed material can enhance fuel self-protection products provides the best option for self-protec-
will depend primarily on the specific power level tion, and seeding is not needed.

of the plutonium burner reactor. The most signifi-
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Appendix C

Fuel Types

The plutonium-based fuel form to be used in The fabrication of plutonium-bearing fuels
plutonium-burning reactors is closely coupled to from weapons components, plutonium scrap, and
a particular reactor design, but there are se,,eral other sources of weapons-grade plutonium will
general criteria that apply to all circumstances, be a major hurdle in providing fuel elements for
Fuel forms chosen for use in any type of pluto- any reactor design. Fuel form choices (and reac-

nium burner should (a) possess a high burnup tor design choices) should be made based on the
capability, (b) provide a high degree of opera- existence or ease of modification of existing fab-
tional safety, (c) offer the cheapest and easiest rication facilities capable of producing and han-
fabrication methods with minimum hazardous dling plutonium fuel. These facilities will have to
waste, and (d) offer the cheapest and easiest end- be both safe and environmentally acceptable. All
of-life disposal. Candidate fuel forms considered fabrication and interim storage facilities should

in this study for use in a plutonium burner do not reside on a highly secure DOE reservation. Secu-
include uranium or thorium as a constituent, rity from theft and diversion is essential and will

be a major component and operating cost of any
The amount of plutonium that can be fissioned fabrication facility. Because of cost and schedule

before the fuel has to be removed from the reactor considerations, it will be very difficult to build a
for either loss of reactivity, fuel element swelling, new fabrication facility to produce fuel for a plu-

or irradiation damage that threatens reactor safety tonium-bumer. A plutonium production facility
must be considered, Weapons-grade plutonium sufficiently large and secure could easily cost
generates approximately one noble gas atom for $1 billion and take at least eight years to design,
every four fissions. At very high bumups, this finance, build, and make operational.
will cause the fuel to swell to volumes that are

unacceptable for most traditional fuel forms. The operational costs of a plutonium-fuel fab-
rication facility are expected to be two to three

The fabrication methods must be as inexpen- times those currently encountered for the ura-
sive as possible, but a cheap fabrication method nium-based fuel fabrication facilities, because of

that generates large quantities of hazardous waste such considerations as personnel safety, physical
may not be inexpensive overall. The spent fuel security, and environmental restraints. Pluto-
must be disposable with inexpensive methods nium-fuel fabrication times are also expected to
and facilities that are in place now or will be be increased by factors of 2 or 3 when compared
available when the reactor starts to burn up the to uranium-fuel fabrication times for similar
plutonium, reasons.

Very little practical reactor experience exists This brief study addresses only the very basic
with fuel forms that contain plutonium as the issues related to plutonium-burner fuel, and the
only fissile element. Some fuel testing will be list of viable candidates is not inclusive. How-

required to verify the fabrication, performance, ever, the processes and criteria defined in this
and safety of any fuel form selected. A pilot fuel report for selecting plutonium fuel forms can be
fabrication and test program will have to be initi- applied to the consideration of any candidate.
ated at the earliest possible date to prevent undue More discussion on fuels and materials is
delay in starting the buming of plutonium, contained in Volume 4 of this report.
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C-1. PLUTONIUM-BURNER CANDIDATE FUELS

The following discussion of plutonium-burner 24 MW(t). The plutonium reactor-grade fuel was
fuel candidates is divided according to whether isotopically 67% 239pu, 23% 24°pu, 6% 241pu,
the fuel form has been fabricated and tested, and and 4% other plutonium isotopes (that is, not
other fuel forms that do not have extensive testing weapons-grade plutonium). The primary goal of

but may be attractive for an advanced reactor the Phoenix program was to demonstrate
design, extended core life reactivity by conversion of the

initial high 24°pu loading into fissile 241pu.

Fuels with Operating Experience
Pu-AI Composite Fuels

There appears to be only two plutonium-only
fuel forms that have been tested for any length of Pu-AI fuel forms fabricated to date have been

time in a nuclear reactor: PuAI4 dispersed in alu- composite plates to operate in low-temperature,
minum, and PuP2 embedded in carbon and sealed water-cooled, thermal reactors such as the MTR

in a silicon carbide shell (TRISO-coated PUP2). or one of the Savannah River Site (SRS) produc-
Data relevant to these two fuel forms are summa- tion reactors. This fuel type has the limitations
rized in Table C-1. associated with all aluminide fuels, such as low i

melting temperatures and relatively low heat

Plutonium Fuel Experiences inputs required for melting, which are governed
by the relatively low melting temperature of alu-

A literature review has identified reports from minum (933 K).
the Phoenix Fuel Program TM and the Plutonium

Recycle Program 5,6 conducted by the Pacific Because of the low temperature operation limit
Northwest Laboratory (PNL) in the early 1970s. of this fuel form, compatible cladding materials

are not necessarily limited to aluminum. As indi-

The Phoenix program experiments were con- cared in Table C-1, stainless steels or zircaloy
ducted in the Materials Test Reactor (MTR) at the could be used for cladding, especially because

INEL, the Plutonium Recycle Critical Facility at high heat rejection rates are not required.
PNL, and the Physical Constants Testing Reactor
at PNL. A considerable amount of operating experience

with U-Ai fuels in aluminum and aluminum alloy

The Plutonium Recycle Program concentrated cladding exists. This should be at least partially
mainly on mixed oxide fuels (uranium and pluto- applicable to the Pu-A! fuels. The maximum
nium); however, some efforts were devoted to the bumup level expected with Pu-A! fuels without a

fabrication and testing of zircaloy-cladded, pluto- recycle step is based on the performance of U-A!
nium-aluminum fuels in the Plutonium Recycle fuel plates irradiated in the Advanced Test Reac-

Test Reactor and the Experimental Boiling Water tor. 7 This bumup level (70% FIMA) is based on
Reactor at the INEL. fuel element swelling and fission product release

limitations in a thin plate geometry under condi-
The Phoenix core in the light water MTR was tions of high fission rates. More robust geome-

composed of fuel plate bundles containing a tries might be fissioned to safe burnup levels in
Pu-AI alloy fuel (aluminum clad) and was excess of 90%. Burnable poisons have been
designed specifically for small, high power reac- added to U-AI fuel plates with little difficulty, so
tors. The MTR Phoenix core operated success- burnable poisons could probably be added to a

fully with a peak steady state power level of Pu-AI fuel form.
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Table C-1. Candidate plutonium-burner fuels with operating experience.

Fuel material Pu-AI PuO2/C

Form PuAI4 dispersed in aluminum TRISO-coated particles

Practical maximum

Pu density (atoms/m 3) 5 × 1027 5 × 1026in compacts

Cladding(s): demonstrated Aluminum, aluminum alloys Graphite/SiC
Possible or compatible Stainless steel, zircaloy Stainless steel, aluminum

Compatible coolant(s) Water Helium, water (in metal
clad)

Practical maximum safe

operating temperature 850 K 1600 K

Maximum bumup a
(% of initial FIMA) 70 75

Element reactor

operating experience MTR, SRS Dragon, Peach Bottom

Fabrication: demonstrated Rolled aluminum plates with cast Fuel particles consolidated
process(es) or powder fueled cores into graphite compacts

Current capabilities on SRSopowder metallurgy None
DOE reservations processing and extrusion

LANLmplutonium alloy casting

a. For reasons other than loss of reactivity, such as fuel swelling, cladding irradiation damage, or
cladding corrosion.

The traditional fabrication methods for the alu- PuO2/C TRISO
minide fuels are fairly simple. The fuel fabrica-
tion waste volumes can be made quite small. This fuel form hasbeen successfullyoperated
Severalvariations of fabrication of the aluminide in reactorsto very high bumups. The plutonium

fuel form havingfuel meatencasedin purealumi- density limit, which is aboutan order of magni-
num or aluminumalloys have beensuccessfully tudebelow thatof the Pu-AI system,is driven by

i applied to produce Pu-A! composite fuel ele- the fact that a quantity of carbon is needed inside
ments. Plutonium fabrication facilities currently a TRISO particle to chemically stabilize the

exist at Los Alamos National Laboratory (LANL) PuO2, in addition to all the other materials needed
and SRS that could be used to produce Pu-AI to make the fission product container parts of the

composite fuel elements, using weapons-grade particle and the compact graphite.

plutonium, in sufficient quantities to verify fuel This fuel form would require a considerable

designs and prove performance of such modifica- development effort both in fabrication and opti-
tions as burnable neutron poisons. The feasibility mization of performance. The addition of bum-
of using these facilities for fabricating Pu-A! fuel able poisons would probably be made directly to
in large quantities is not established at this point, the PuO2, but studies would have to be performed

but they should be considered in any planning to optimize the performance and reliability of this
exercise, modified fuel form.
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This fuel form could be further contained in PuO2 can be mixed with the oxides of most

cladding materials such as stainless steel or alu- burnable poison rare earth elements such as euro-
minum for low temperature operation in a water- plum, erbium, or gadolinium. PuO2 can also be
cooled reactor. A water corrosion resistant mixed with oxides such as ZrO2 and AI203 for

cladding is necessary because the compact graph- purposes of dilution. These fuel forms could be
ite is quite porous and cannot be expected to keep clad in stainless steel for low temperature opera-
water from directly contacting and corroding the tion. These fuel forms should perform similar to
fuel particle surfaces, the UO2-based fuels and would require minimal

development. This has been assumed by Westing-

The fabrication of PuOz/TRISO fuel particles house (SRS) in a proposal to use PUO2-77 wt%
and their incorporation into graphite compacts is ZrO2-9 wt% CaO in a plutonium-disposing
a complex process that requires a considerable power reactor, even though the INEL is not aware
effort to develop for the production of high qual- of any reactor experience with this fuel form,

ity fuel particles. No facilities currently exist for The 5 vol% PuO2/SS cermet was considered
the fabrication of PuO_q'RISO fuel particles and because of the good in-pile performance demon-
compacts, and several years would probably be strated by UO2/SS cermets. These cermets can be

required to develop capabilities for producing loaded with fissile materials to densities only
even small quantities for test purposes, slightly below the aluminide fuel forms, and they

have good thermal conductivity. PuO2 cermets

Advanced Fuel Concepts have been successfully fabricated with other
matrix materials, such as molybdenum.

A few advanced solid fuel concepts were con- The Pu-Fe and Pu-Ni composites are expected
sidered in this study to indicate some of the to be like the Pu-AI composites, but more robust
improvements that might obtained in reactor and capable of withstanding higher temperatures.
design or operation. There are no operating data Both iron and nickel form intermetallic corn-

for these fuel forms, so only the perceived advan- pounds with plutonium, which should allow for
tages of each fuel form considered are briefly the production of a composite structure as in the
presented. The feasibility of the fabrication of Pu-AI fuel forms. Some neutronic advantages
these advanced fuel forms was assumed mostly might be gained with the use of either nickel or
on the basis of the known feasibility of the fab- iron from their resonance absorption properties.
rication of similar systems. Liquid fuel forms,
such as molten salts, were also considered, but The Pu-28 wt% Zr alloy is being proposed for
the containment of these highly corrosive materi- the advanced liquid metal reactor plutonium-
als was considered to be a major unsolved prob- burning power reactor. It appears attractive for

lem that would significantly delay their use in fast reactor concepts, but considerably more dilu-
plutonium burning, tion of the plutonium would be required in a ther-

mal reactor. The melting temperature of this alloy
system is roughly proponional to the atomic per-

A list of advanced fuel forms studied is pres-
ented below; the neutronic acceptability of these centage of zirconium, which melts at 2130 K
various fuel forms has not been studied in detail: (plutonium melts at 915 K). Fabrication could be

achieved by melting and casting the alloy.

• PuO_ with burnable poisons such as Eu203 The ZrHI.6-10 wt% plutonium fuel form was
• PUO2-77 wt% ZrO2-9 wt% CaO considered in this study, but neutronic calcula-
• 5 v/o PuO2/SS cermet tions indicate that it would have a positive fuel
• Pu-Ni composite temperature coefficient of reactivity. Conse-
• Pu-Fe composite quently, the addition of burnable poisons must be

• Pu-28 wt% Zr. explored if this fuel form is considered.
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C-2. PLUTONIUM FUEL EVALUATION METHODOLOGY

The plulonium fuel evaluation methodology is • Lattice effects
a multistep evaluation process designed to test
and accept or reject a fuel composition based on • Materials characteristics.
its performance characteristics relative to a typi-
cal LWR fuel and core environment. The first A fuel composition can be eliminated or modi-

step in the process is to establish mass ioadings or fled if any of the performance characteristics are
volume fractions for a fixed reactivity level deficient. For example, the plutonium mass load-
(k-infinity). The second step is to evaluate the ing should meet a minimum quantity per rod to
fuel against the following performance character- burn for the desired cycle length at a specified
istics: average pin power. In addition, the net tempera-

lure coefficient must be negative and burnable

• Prompt fuel Doppler temperature coeffi- poisons should burn at rates comparable to the
cient plutonium.

• Moderator temperature coefficient The third step will evaluate fuel compositions
with favorable characteristics for fabricability

• Plutonium bumup time (constant power) and a_,ailability and identify potential develop-
mental risks.

• Fission power density
Most of the work performed to date in this area

• Isotope reaction rates/depletion is discussed in Volume 4 of this report.
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Appendlx D

Neutronlcs

A companion team at the INEL is evaluating higher energies with increasing moderator tern-
the feasibility of using plutonium fuels for dis- perature, (c) reduction in water moderator den-

posal in existing commercial LWRs. Most of the sity with increasing temperature, and
results obtained by that team can be applied (d) dimension changes. The companion study
directly to the t,WR concept. The companion indicates that plutonium cores in LWRs can have

team's findings are presented in Volume 4 of this negative isothermal temperature coefficients if'
report. Its pertinent findings are summarized in enough erbium or europium is added. Therefore,
this appendix, the concept will contain at least one of the bum-

able poisons. Additional calculations will be per-
formed to determine the right amount of poison.

Eliminating 23SUfrom the reactor prevents the

production of more 239pu and accelerates pluto- The addition of burnable poison is also needed
nium destruction. A major disadvantage of to hold down the core reactivity at beginning of
removing 23aU is the reduction or elimination of life and, thus, allow more plutonium in the fresh

a prompt negative Doppler reactivity coefficient, fuel. Other poisons such as boron or gadolinium
As the plutonium fuel temperature rises, the plu- could also be used in the fuel or cladding or as

tonium fission resonances broaden, increasing separate rods. Because the poisons and the pluto-
the core reactivity. Without adequate control, this nium are consumed over the cycle, it is not clear
can lead to even higher fuel temperatures and how the temperature coefficients change with

cause a reactor accident. In addition, the delayed exposure. This still needs to be examined. I
neutron fraction for 239pu (0,0022) is much

smaller than that of 238U (0.0069). This also Commercial LWRs typically depend on a com-
makes a pure plutonium reactor more difficult to bination of the fertile materials and burnable poi-
control. Removal of 238U eliminates the primary sons to achieve the required safety characteristics,
reactivity holddown mechanism in LWRs. provide adequate holddown reactivity, and obtain

desired cycle lengths. The proposed use of euro-

Volume 4 of this report concludes that a pure pium or erbium plus other poisons in plutonium-

plutonium fuel type is not desirable in LWRs fueled devices should mimic the desired
because of the low mass loading per fuel rod attributes of commercial reactors.
(yielding short fuel cycles), relatively small
prompt Doppler temperature coefficients, and An alternative approach is the use of materials
strong positive isothermal temperature coeffi- that exhibit thermal and resonance capture behav-

cients. Any workable fuel composition must have ior similar to 238U. The added neo-fertile material
a negative prompt temperature coefficient (reac- would make the mixed plutonium fuels perform
tot power decreases as temperature increases) for like the uranium fuels in LWRs but without the

liability of additional fissile material production.

safety and control purposes. Based on a preliminary survey, natural tungsten
appears to have the desired characteristics.

The isothermal temperature coefficient is a
measure of the combined thermal reactivity feed- Typical plutonium fuel loadings could range

back response to heating both the light water from around 50 grams for an 8-mm-diameter rod
moderator and fuel uniformly. The isothermal (nominal PWR size) to around 200 g for a larger
temperature coefficient includes feedback mecha- 16-mm-diameter rod. On the order of 5 MT of
nisms from (a) Doppler broadened resonances plutonium would be included in the initial core

(prompt), (b) moderator thermal spectral shift to load. Lower plutonium ioadings could allow
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higher bumup, but would shorten the cycle. Low performed to ensure that assemblies with pluto-
plutonium densities produce less fission product nium are undemloderated at typical rod diameters
accumulation and less subsequent deterioration and pitches so that a negative moderator tempera-
of the fuel pin. Low plutonium densities also lure coefficient exists. Cycles could last one to
reduce the self-shielding effect, increasing two years, then one-third or one-fourlh of the core
bumup at a given fluence. Higher plutonium den- could be replaced with fresh fuel. Thus, the typical
sities increase the cycle length and capacity fac- fuel assembly would remain in the core for several
tot, reduce the volume of waste, reduce fuel years until a high exposure level is achieved.
fabrication costs, and increase the concentration Commercial LWR fuel management strategies

of the radioactive hazard in order to prevent could be used to maintain relatively flat powerdis-
diversion, but increase reactivity control require- tributions. Shorter cycles with batch refueling
merits. An acceptable plutonium loading still provide higher fuel exposure because fresh fuel
needs to be determined based on these tradeoffs, maintains the core reactivity longer while older

fuel continues to bum. On the other hand, without

batch refueling one core loading could bum over
Fuel assembly dimensions and fuel manage- a long cycle to minimize the potential for material

ment procedures would be similar to those of a diversion. Better bumup criteria areneeded before
commercial LWR. Calculations still need to be this tradeoff can be optimized.

D-4



D-1. CHOOSING THE BASIC LATTICE

Because fertile material is not used in the con- selecting a cladding that has a thermal expansion

cept, the LWR-type fuel design may require mod- coefficient less than or equal to than theirof the
ification. The plutonium must be diluted to fuel. Four candidates have thermal expansion
reduce excess reactivity. The diluting materials coefficients less than or equal to that of the fuel.
sholdd be compatible with the plutonium. These Table D-I summarizes the expansion coefficient
m_terials should have some other technical and other cladding properties. All tkmr candidates
advantages such as low cost, good thermal con- can withstand temperatures equal to or higher

ductivity, thermal expansion, absorption reso- than the allowed fuel centerline temperature.
nances of suitable width and energy, and material
strength. Aluminum, zirconium, iron, and nickel For some preliminary calculations, the fuel
are primary diluent candidates. Ceramics, such as pellet diameter and active core height are taken as
PuO2 and ZrO2, are also possible candidates and 8 mm and 3.66 m (12 It), respectively. Design

are addressed by others in the companion team considerations can change both of these dimen-
from the INEL in Volume 4 of this report. Metals sions when needed. Some of the considerations
have high thermal conductivity and in general for the fuel shape are that it can be easily
low thermal expansion properties. Many of these manufactured, as in an extrusion process, and that
metals are among the resonance absorption candi- it has a reasonable diameter with uniform fuel
dates for a thermal spectrum (e.g., tungsten, density. The fuel height and diameter should be

molybdenum, dysprosium, europium, erbium, made such that the rod is structurally rugged and
iridium, and antimony). The base metal has to able to withstand flow induced vibrations.
have a lower melting temperature than the other Finally, thermal considerations require that the
components in the alloy, so that these would not fuel thickness be compatible with the power den-

precipitate out or melt off in various operating sity and the available heat removal rate to avoid
scenarios. For these reasons, and several others, excessive fuel centerline temperatures.
Pu-A! was chosen as a first candidate. Pu-Zr,

Pu-Fe, Pu-AI-W, and TRISO particles will be A cladding thickness of 2 mm was assumed,
looked at as alternates. At this stage, Pu-AI is mainly for safety consideration for high burnup
taken as the base fuel. The preliminary neutronic fuel. These considerations include fission product [
analyses are made with I, 2, 3 and 4 vol% 239pu release and high neutron and photon fluences.
in aluminum. These correspond to 8.21, 15.30, The thickness and material selections are open to

21.49, and 26.94 wt% 239pU, respectively, change based on any of the above considerations,
including cost.

The choice of cladding requires consideration
of thermal and hydraulic requirements, material Furthermore, there may be an overriding con-
compatibility, and fission gas buildup. Alumi- sideration because of the effect of relative mate-
num, stainless steel, zircaloy, and molybdenum rial expansion on the instantaneous reactivity

are possible candidates. The stainless steel and feedback effect, as explained below.
molybdenum alloys are acceptable based on their
material strength and ability to withstand long- The next choice is for the type of coolant. As
term irradiation as compared to the traditional zir- stated earlier, either spectrum will achieve the
caloys. For optimal heat removal, the design same burnup rate (see Appendix A). For the pres-

should minimize fuel-to-clad gaps at normal ent, light water is chosen because of cost and
operating conditions. This can be achieved by cumulative experience considerations.
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Table D..1. Basic characteristics of fuel cladding options.

Resonances/

Fuel expansion neutron Manufacturability/
Clad coefficient (K!) absorption Strength Experience cost

Aluminum 26 X 10-6 Few/low Moderate High Very easy/low

Stainless steel 6 x 10-6 Many/high High High Easy/low

Molybdenum 5 x 10-6 Many/high Very high Low/none Moderate/high

Zirconium 5 × 10-6 Many/low Moderate High Easy/moderate
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D-2. DETERMINING THE LATTICE PARAMETERS

The first design task is to determine the allow- requires a finite time to reach the cladding. Figure
able pin pitch for the chosen fuel and cladding D-3 explores various cases of fuel clad in a mod-
specifications. The lattice must have a negative est resonance absorber (stainless steel)containing
moderator temperature coefficient (MTC) and not small amounts of resonance absorbers.
be overmoderated. For this reason, several pin

unit cell cases for a square lattice have been ana- Preliminary evaluations were carried out for
lyzed using the Monte Carlo code MCNE I The Pu-Al fuels containing natural tungsten. A typical
results given in Figures D-l to D-3 are for Pu-Al LWR uranium enrichment is about 3%. The

pellets of 8-mm diameter and clad with 2-mm- effective capture cross section for natural tung-
thick aluminum, molybdenum, or stainless steel, sten is about 6.67 times higher than that of 238U.

Scaling the effective 238U volume fraction of
In Figure D- 1, the curves 1, 2, and 6 show that 97% by a factor of 6.67 yields a tungsten effective

an undermoderated region cannot be achieved in volume fraction of about 14.5%. A tungsten vol-
square lattices of this type when only fissile mate- ume fraction of 12% was also examined to pro-
rial is used (239pu or 235U). At a pin pitch of vide information on the sensitivity to this
12 mm, the fuel pins are touching. The atom ratio parameter. With an assumed plutonium volume
of 235U to aluminum, or 239pu to aluminum in fraction of 3%, the remaining aluminum volume

this lattice, is the same as that in a typical plate- fractions are 82.5% and 85%. The plutonium-
type test reactor fuel. When the 4.5 at% of 24°pu fueled configurations that were evaluated con-
(weapons-grade plutonium) is reintroduced, the sisted of an 8.9-mm-diameter fuel pellet, a
undermoderated region reappears, Curve 3. 0.127-mm gap, and a 0.7112-mm thick aluminum

Curves 4, 5, and 7 through 10 yield the additional cladding. A 3% 235U metal rod of the same
effect of the introduction of small amounts of res- dimensions was also evaluated to serve as a refer-
onance absorbers. The resonance absorbers are ence case.

intended to be integral with the fuel, and having

resonance energies and widths that yield an The calculated results of the relation of infinite

acceptable Doppler coefficient, multiplication factor to pin pitch are shown in

Figure D-4. The infinite multiplication factor
Two candidate resonance absorbers were curve shape of Pu-Al plus tungsten looks very

explored, natural europium and natural tungsten, similar to the reference uranium metal lattices.
Both are capable of producing the desired nega- The infinite multiplication factor maximum
tive moderator temperature coefficient region. On occurs at a pin pitch of about 19 mm. This result

a per atom basis, europium depresses the multi- agrees quite well with results for a 3.06%
plication factor by over 100 times more strongly enriched uranium lattice reported in Reference 2.
than tungsten. Several factors must be considered

in the evaluation of these two representative The steep curve decline on the undermoderated
absorbers. These include the self-protection side in Figure D-4 will ensure a strong negative
potential of europium, the actual Doppler effect moderator temperature coefficient. For a given
realizable, europium depletion rates, and cost. fuel rod and cladding configuration, to maximize

the reactor safety and fuel performance, one

Figure D-2 shows the effect of a good reso- would like to choose the pin pitch on the under-
nance absorber (molybdenum) in the cladding, moderated side and near the peak of the infinite
However, this good influence on the fuel-to-mod- multiplication factor to ensure negative modera-
erator ratio may not also yield an adequate Dop- tor void and temperature coefficients. A suitable

pier response because the cladding is not integral pin pitch for the mixed Pu-AI plus tungsten lat-
with the fuel, and temperature rise in the fuel tices is 15 ram.
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Figure D-1. The infinite multiplicationfactor as a function of pin pitch (mm) in a squarelattice. The
Pu-AIfuel is 8 mm in diameter,with an aluminum cladding of 2-mm thickness, and no fuel-clad gap.
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A mixed Pu-AI plus tungsten fuel without ura- 24-mm fuel diameter. The same gap and cladding
nium or thorium for the plutonium burner reactor dimensions were retained.
has been shown to have some of the same safety

features of conventional uranium fuels. Naturaleuropium (47.8% 151Eu, 52.2% 153Eu)

Compared to most burnable poisons used in cur- was added to provide a negative prompt Doppler
rent LWRs, tungsten has a very low thermal cap- coefficient. Numerous compositions were
ture cross section, examined and one was selected for additional

temperature coefficient evaluations. The com-
Therefore, the depletion rate of tungsten is position (in atom percent) was 98.95% alumi-

more compatible with plutonium-fueled reactors, num, 1% plutonium, and 0.05% europium.
Although detailed analyses have not been per- Plutonium weight fractions of 0.955 239pu, 0.04

formed, this new mixed Pu-AI plus tungsten fuel 24°pu, and 0.005 241pu were assumed. The pluto-
exhibits characteristics comparable to LWR ura- nium content of a 8-mm-diameter rod of 3.66-m

nium fuels, length is about 50 grams.

Several plutonium burner fuel and cladding Unit cell calculations were performed using the
combinations could be employed. The pluto- COMBINE-V 3 spectrum code. Several pin

nium-aluminum composite was selected as the pitches in a square lattice were examined for each
preferred fuel form. Possible cladding materials rod diameter in order to establish an acceptable
include aluminum, stainless steel, zircaloy, (undermoderated) region of operation with a neg-
molybdenum, and tungsten. Aluminum and ative moderator temperature coefficient. Calcu-
stainless steel are the preferred cladding materi- lated effective multiplication factors for the unit
als. Aluminum is acceptable at the relatively cells are shown in Figure D-5. Undermoderated
benign operating conditions expected and may (left-of-peak) regions exist even with low absorp-
provide fabrication advantages, such as the abil- tion aluminum clad and very low europium con-
ity to coextrude the Pu-Al fuel and aluminum tent. A lattice configuration can be selected with
cladding. Stainless steel would provide superior a negative temperature coefficient, although the
containment, temperature coefficient magnitudes are small for

the cases examined. The temperature coefficient

Both the prompt Doppler reactivity coefficient magnitude could be increased by using a more
and the moderator temperature coefficient must absorbing cladding such as stainless steel, by
be negative. Because of low cladding absorption, additional europium absorber content, by addi-

the aluminum cladding configurations are tion of a nonresonance absorber to the fuel, or by
expected to present the greatest challenge in some combination of these methods. Acceptable
achieving negative temperature coefficients. Pre- ranges of moderator temperature coefficient
liminary evaluations have been performed for would need to be established as part of compre-
selected Pu-AI in aluminum cladding configura- hensive safety evaluations.
tions.

Prompt temperature feedback and total temper-
Three fuel rod diameters were examined. The ature defect were examined at beginning-of-life

first was a nominal pressurized water reactor for three configurations corresponding to condi-
(PWR) rod configuration with a fuel diameter of tions near the peaks of the three curves shown in
8.19 mm, a 0.082-mm gap, and a 0.572-mm alu- Figure D-5. The 8-mm rod was examined at a

minum cladding. The gap and thin cladding may pitch of 12 mm, the 16-mm rod was examined at
not be representative of an eventual design, but a 22-mm pitch, and the 24-mm rod was examined
these assumptions are conservative for the inves- at a 31-mm pitch. Unit cell effective multiplica-
tigation of temperature coefficients. Sensitivity to tion factors were determined for three cases for
rod diameter was investigated by examining con- each of the three configurations. Results of these

figurations with 16-mm fuel diameter and with evaluations are shown in Table D-2.

D-12



Table D-2. Unit cell multiplication factors for selected Pu-AI in aluminum-clad configurations.

Unit cell effective multiplication factor

for selected fuel diameters/lattice rod pitches

Configuration 8mm/l 2mm 16mm/22mm 24mm/31 mm

Room temperature !.4993823 1.4974456 1.4911421

Prompt jump 1.4977597 1.4957619 1.4893298

Temperature defect 1.4970660 1.4955369 1.4892973

Plutonium - Europium - Aluminum Lattice
I% Pu, 0.05% Eu, 98.95% AI (Atom %)

8 mm diameter e 16 mm diameter _ 24 rnm diameter

1.52

1.50 "_"

1.46 .L

1.44 .. '
1.42 "

1.40 I I I w " , I I J _ I I J I I I i

10 15 20 25 30 35 _0

Pin Pitch(mm)

Figure D-5. Effective multiplication factor as a function of pin pitch for selected fuel pin diameters.
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The "Room Temperature" case corresponds to plutonium, europium, 135Xe, and 149Sm cross
an isothermal unit cell at 296 K. For the "Prompt sections from the COMBINE results. At this

Jump" case, the temperature assumed for the exposure, approximately 50% of the initial pluto-
Nordheim resonance treatment was increased to nium and 23% of the europium have been con-
the assumed operating fuel temperature of 500 K. sumed. Approximately 60% of the remaining
For the "Temperature Defect" case, the unit cell europium is 153Eu.The remaining plutonium is

operating conditions were assumed. The fuel, approximately 23% 24°pu. The COMBINE cal-
clad, and moderator temperatures were assumed culations were repeated with the 500 GWD/MT
to be 500 K, 420 K, and 350 K, respectively, compositions and results are shown in Table D-3.
Radial expansion of the fuel and clad regions was

modeled. The reduced moderator density was The calculated change is small but negative at
modeled and temperature dependent scattering this exposure. Again, the results should be
kernels applied in the calculation, viewed as conservative because Doppler broad-

ening is not treated in t53Eu. The contributions

The calculated prompt change is small, but from europium transmutation products (primarily
negative, for all three configurations examined, gadolinium) have not yet been evaluated. Most of
The calculated negative response is due primarily the observed negative contribution is from 24°pu.
to Doppler broadening in 151Eu and 240pu. This

calculation underestimates the actual negative Although certainly not conclusive, these

change because the available t53Eu cross sections results indicate it is probably feasible to design
had been processed assuming infinite dilution, Pu-A! fueled configurations with aluminum clad
and Doppler broadening in 153Eu could not be and relatively low europium content that exhibit
evaluated. When the 153Eu response is included, both negative prompt temperature coefficients
a more negative prompt change will be observed and negative moderator temperature coefficients
at this europium concentration, and even lower over a wide range of exposures.
europium concentrations may prove acceptable.

The lattice analyses are continuing to incorpo-
The prompt Doppler reactivity coefficient and rate the design safety and performance require-

the moderator temperature coefficient must ments. For plutonium, the temperature feedback
remain negative over the entire fuel exposure, mechanism has to be chosen carefully. Regular
The prompt change was evaluated only at one examination of the neutron spectra is required as
other exposure in an attempt to provide some absorbers are added. Strong low-lying resonances
insight into exposure-dependent behavior. The exist in plutonium; for example, a 239pu reso-
16-mm-diameter rod was evaluated at an expo- nance near 0.3 eV and a 24°pu resonance near

sure of 500 GWD/MT. Isotopic compositions 1.0 eV. These can interfere with the temperature
were calculated using the ORIGEN2 isotopic feedback if they lie in the predominant region of
generation and depletion code 4 with appropriate the neutron distribution (the "Maxwellian").

Tablo D-3. Unit cell multiplication at 0 GWD/MT and 500 GWD/MT exposure.

Unit cell effective multiplication factor
16-mm rod on 22-ram square pitch

Configuration 0 GWD/MT 500 GWD/MT

Room temperature 1.4974456 1.3754804

Temperature defect 1.4955369 1.3753790
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D-3. CONTROL AND SHUTDOWN CONSIDERATIONS

Reactivity control may be described based on Metallurgical compatibility evaluations are also
response time considerations. The longest time is under way.
associated with "permanent" reactivity holddown
and can be achieved with borosilicate glass rods Two spatial control issues must be addressed
that can be placed in the lattice. The experience for large reactors. The first is the potential for
with borosilicate glass in the LWR industry is spatial fluctuations of the flux among loosely
extensive and very satisfactory. Borosilicate glass coupled (or decoupled) regions of the reactor.The
is also relatively cheap. Boron-10 is a l/v strength (or weakness) of the coupling between
absorber and, thus, supplies reactivity holddown the various regions of a reactor is a function of the
over a large neutron energy range, but without ratio of the average neutron mean free path in the
resonance absorption. Reactivity holddown with fast group to the average distance between the
materials such as gadolinium or boron in the fuel regions. The fast neutron mean free path in a light
complicates the material properties and burnup water moderated reactor, such as the proposed
characteristics. Control rods made of a suitable design, is much larger than the mean free path of

material that covers a broad spectrum of neutron the thermal neutrons. The interregion coupling
energies such as hafnium or B4C can be used, as will, therefore, be driven primarily by the fast
shown in Table D-4. The insertion time for such neutron group. The fast neutron mean free path
rods is estimated to be in the tenths of a second, for the proposed design is expected to be of the

using available technology, same order of magnitude as that of existing non-
boiling LWRs. Therefore, it is possible that

Short-term negative reactivity response on the power fluctuations similar to those occurring in
order of milliseconds, but larger than the mean PWRs might arise in the proposed reactor con-
neutron lifetime, can be provided by the modera- cept. The fluctuations because of the "decoupled

tor coefficient, which is dependent on the varia- regions" effect would not, however, be a serious
tion of the moderator (water) density and concern. These concerns are likely to be signifi-
scattering characteristics. Table D-5 presents a cant only when the reactor is operated at very low
summary of these response times, power, and hence, the corresponding peaking

would not lead to local temperatures above the
Reactivity control on the order of the mean operating envelope. This effect would also be

neutron lifetime (e.g., 10-4 seconds)is achievable countered by the negative temperature feedback

from material expansion from the fuel and from built into the concept. An alternative measure of
the integral resonance absorbers that can be how tightly coupled the various regions of the
included in the fuel. core are is the ratio of the size of the reactor to the

migration length. In the INEL reactor concept the
The resonance absorbers provide negative ratio is expected to be large, and hence the reactor

feedback because of Doppler broadening of the to be loosely coupled.
resonances. As mentioned above, the resonance

absorbers may be tungsten, dysprosium, iridium, The second spatial control issue is that of
europium, erbium, and other rare earth metals xenon oscillations. When operating at high pow-
with resonances in the eV to tens of eV range, ers, a large reactor such as the one proposed in the
Specific neutronic analyses performed to obtain conceptual design could be subject to xenon spa-
the temperature coefficient of reactivity and tial oscillations and to the corresponding power
quantities needed in the fuel alloy are under way oscillations. This effect is manageable using flux

for several of the candidate resonance absorbers, monitoring and real-time control equipment.
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Table D-4. Possible materials for control and shutdown systems.
i,ll i ,ll i .i,, t lll l i , ii i ,i i i i i i ,,,i., i -

Material Form Remarks

Shutdown material

Hafnium Rods Broad neutron absorption energy
Cruciform blades range and exter,sive experience
Drums

B4C Rods Broad spectrum, lower cost, and
Cruciform blades extensive experience; for shut-
Drums down, no concern with 4He off-

gassing.

Control material

Hafnium .... Rods No off-gassing and strong parasitic
capture.

Ag-ln-Cd Rods Large industry experience, expen-
sive, may not be black enough for
plu,onium fuel, exhibits parasitic
capture over broad energy range.

B4C Rods Least expensive, off-gassing,
strong I/V absorber, industry expe-
rience.

Holddown material

Borosilicate or B4C Rods Broad absorption range, extensive
experience, least expensive. Con-
siderably slower burnup than
gadolinium. No off-gassing con-
cern when clad and displacing fuel
pin in lattice.
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Table D-6. Active (engineered) and inherent control requirements based on response time and relative

reactivity magnitude.
i ,,u,

Available

Purpose Response time Material reactivity Remarks
[ i i _llJll [11 i i,111i i:

Shutdown Standby Hf and B4C Unlimited

Scram 10.2 sec Hf and B4C Unlimited Same system as
above; insertion
speed determined
by drive
mechanism

Control 10.2 sec Hf rods Unlimited Depletable

10+1 min Soluble boron TBD May affect mod-
erator temperature
coefficient, may
be undesirable in
primary

Holddown Cycle length Borosilicate rods Unlimited

Moderator N/A < 50 pcma Magnitude
temperature depends reactor
coefficient pool temperature,

clad choice, core
loading, bumup,
presence of other
absorbers

Doppler < 10-4 sec Resonance TBD Depends on reso-
absorber loading nance absorber

loading and
bumup rate,
fission product
production

Fuel expansion < 10-4 sec Fuel, clad, H20 TBD Depends on
displacement relative fuel-clad

expansion
coefficient

a. 1 pcm is 10.5 X Ak.
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D-4. CRITERIA AFFECTING CLADDING CHOICE

Strength and Durability Figures D-2 and D-3. Furthermore, the relative
temperatureexpansionshave anotherinteresting

Because ample excess reactivity exists in plu- effect. Assuming the fuel has an average expan-
tonium-burning reactors, it is desirable to keep sion coefficient of aluminum (2(_ x 10.6 K1),
the cladding thick and strong to withstand high while aluminum, stainless steel, or a molybde-
fluence (high bumups), corrosion, thermal cycl- num alloy cladding has average thermal expan-
ing, and other fuel-cladding interaction mecha- sion coefficients of 26 ×, 6 ×, and 5 × 10.6
nisms. The cladding thicknesses that have been K"l, respectively, then as the temperature rises,
examined range up to four times as thick as the the axial linear fuel density varies differently
cladding in commercial LWRs. inside each of the three cladding materials. Corre-

spondingly, the axial linear moderator density

Cost and Manufacturability also varies in each of the three clad materials.
Both of these linear density changes affect the
moderator-to-fuel ratio and, hence, the degree of

Stainless steels and molybdenum or molybde- reactivity control that can be obtained from the
num alloy clads are manufacturable and at rela- moderator temperature coefficient.
tively low cost. Aluminum alloys seem more

attractive becauseof even lower cost, and to Fuel Pin Backfill Pressure and
being co-extrudablewith the Pu-AI fuel. There is
a large bodyof satisfactoryexperiencewith alu- Plenum Requirements
minum claddingextendingintohigh bumups,but
not reaching90% bumup. It is not clear,at pres- Contraryto cclamic fuel, suchasUO2,the total
ent, if aluminum alloy claddingwill be satisfac- fission product gasesmay be releasedinto the
tory for bumup approaching90%. More details plenum rather than locked in the fuel structure.
on manufacturabilityare includedin Volume4 of Clearly somegaseswill be lockedin pocketsin
thisreport, the fuel alloy. However, the initial backfill pres-

sure in the plenum and the total plenum size

Thermal Expansion and should be determined basedon a 100% pluto-niumbumup.The time-dependentfissionproduct
Reactivity Feedback gassourcetermcanbedeterminedfromappropri-

ate isotopic generation and depletion calcula-
The resonancesin the claddinghave a consid- tions.The pressureandclad requirementscan be

crablceffect on the relationof the infinite multi- calculated from the correspondingfuel perfor-
plication factor to the pin pitch, as seen in mancemodels.
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D-5. BURNUP CALCULATIONS

The rangeof the acceptable lattice specifica- increasethe Dopplereffect with bumup in LWR
tions (fuel material composition, clad, and rood- fuels. Absorptionfrom both actinidesand fission
erator,as well as the respectivedimensions) will products contribute to maintaining a negative
be affectedby theburnupbehaviorof the isotopes moderator temperaturecoefficient with increas-
involved. These will include the plutonium as ing burnup. Specific depletion calculations will
well as the burnable absorbers.As seen fromthe yield the magnitude of the contribution and the

pin-pitch data presented earlier,the range of the correspondingisotopic composition of the fuel as
a function of exposure.undermoderated region changes with the pres-

ence of absorbers, especially resonance absorb- The reactivity holddown supplied initially by
ers. The contribution of the resonance absorbers borosilicate rods will be evaluated versus fuel

to the Dopplercoefficient, afterthey aredepleted depletion. These analyses will lead to determin-
with fuel exposure, is expected to be partially ing the pin-pitch range as well as the fuel cycle
compensated for by the production of actinides length and the desiredfuel shuffling patterns for
higher than 239pu. These actinides tend to optimal powerdistributions.

D-19



D-6. REACTOR OPERATIONS AND FUEL MANAGEMENT

This reactor will be much like an ordinary and the fuel may be shuffled in several reactor

LWR in its operation. The basic reactivity control cycles. Reactivity holddown will be achieved
may be achieved with control rods. The operating with burnable poisons such as borosilicate rods.
cycle will be designed to be as long as practical,
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Appendix E

Thermal-Hydraulic Considerations

This appendix summarizes thermal-hydraulic low velocity. A reactor with this cooling system
considerations for a plutonium-burning reactor design is shown to be very safe. This discussion

and recommends for this purpose a low-power- assumes a plutonium-burning reactor that is rated

density reactor that is cooled with low- at 1,000 MW(t), with a power density in the
temperature, low-pressure light water flowing at range of 10-30 MW/m 3 and rod-type fuel.
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E-1. GENERAL FUEL GEOMETRY AND MATERIALS ISSUES

Reactor thermal-hydraulic considerations start fuel rod-to-coolant heat flux that is a primary
with the fuel materials and geometry. The fuel rod safety parameter. A reactor operating at a low
diameter defines the conduction path length power density generally is advantageous over a
through which energy must pass to reach the sur- high power density reactor from the perspective
face of the fuel rod. A thinner fuel rod has a of all of these considerations.

shorter heat conduction length and, therefore, a

smaller internal thermal gradient. Similarly, high- Table E- I shows pertinent thermo-physical

conductivity fuel materials produce smaller fuel property data for three potential fuel/cladding
rod internal thermal gradients. Thus, a thin fuel materials for a plutonium-burning reactor. Also
rod constructed of high thermal conductivity shown are the fuel material thermal margins
materials has a low operating temperature. This is available for a representative fuel configuration
advantageous because it increases the heat input operating at a low core power density. These data
required to raise the fuel temperatures to failure indicate that (a) the margins between the fuel

or melting temperatures. For the same reason, operating temperatures and the fuel damage and
fuel materials possessing high melting point tern- melting point temperatures are large and (b) for a
peratures and high thermal capacitances are loss-of-fuel-cooling event in which core power
advantageous. Low fuel temperatures are also an continues at its full rate, the times required to

indication of low fuel stored energy during reac- damage and melt fuel also are large, when
tor operation, the removal of which must be compared with high-power-density reactors.
accommodated during off-normal events. A thin Therefore, all three of these potential fuel mate-
fuel rod is also advantageous because it possesses rial types appear to be acceptable from a thermal-
a large surface area-to-volume ratio; a large fuel hydraulic viewpoint for a low-power-density,

rod surface area is important because it lowers the plutonium-burning reactor.
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Table E-1. Thermo-physical properties and representative operating temperature and accident responses

for potential plutonium-burning reactor fuel materials.

Fuel materials

PuAl4 in Al PuO2 in Zr02 PuZrHi.6 with
Fuel pellet properties with Al clad with Zr clad Zr clad

Specific heat (J/kg-K) 962 628 335

Density (kg/m 3) 2,699 5,350 6,388

Thermal capacitance (MJ/m3-K) 2.60 3.36 2.14

Thermal conductivity (W/m-K) 180 1.8 20

Melting temperature (K) 933 2,973 2,125

Practical fuel operating 850 ? 1,023
temperature limit (K)

Assumed configuration and conditions

Fuel rod pitch: 12.5 mm

Pellet diameter: 8.19 mm

Gap thickness: 0.082 mm

Gap conductance: 5676 W/m2-K

Cladding thickness: 0.572 mm

Core average power density (structures and fluids): 13.38 MW/m 3

Core maximum fuel power density (fuel pellet): 70.83 MW/m 3

Fuel maximum/average power ratio: 2.4

Coolant outlet temperature: 344.7 K

Core flow velocity: 0.97 m/s

Results

Maximum fuel operating temperature 424 596 446
(K)

Heat input required (MJ/m 3) to raise fuel 1,320 7,980 3,590
from maximum operating to melting
temperature

Minimum time (s) to fuel melting (loss- 18.6a 112.6 a 50.7 a
of-fuel cooling at full power)

a. Compare to 1 s for the Advanced Test Reactor and 8 s for a commercial pressurized water reactor.
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E-2. STEAM EXPLOSION CONSIDERATIONS

Because the plutonium-burning reactor pro- of the shock wave from the core to the surround-

posed in this report is assumed to use a metal or ing structure, nor does it provide a detailed vessel
oxide fuel, (such as Pu-AI, Pu-ZrO2, or Pu- wall pressure history that is needed to define fail-
ZrHI.6) the potential for an energetic steam ure of the vessel wail. The model does yield an
explosion is of some concern, provided an acci- upper bound on the theoretical work that can be
dent sequence can be identified that leads to large generated from a vapor explosion. The value of

quantities of molten fuel and cladding. The pur- the calculated work from this model is usually
pose of this section is to discuss some of the much higher than any value measured from the
steam explosion concerns involving aluminum- many experiments that have been run to date.
water and zirconium-water in relation to the pro- However, this approach does provide a means of

posed low power density, low flow plutonium- measuring the relative importance (in terms of
burning reactor, maximum work produced) that the different fuel

materials will contribute to the overall severity of

a vapor explosion provided one were to occur.When contact of a hot liquid (usually a molten

material) and a cooler volatile liquid (coolant) This is the vapor explosion model that was used
to evaluate two fuel materials, aluminum and zir-

occurs, the energy transfer between the molten
conium, using the assumption that Pu-AI willmaterial and the coolant may suddenly become so
behave in the same manner as pure aluminum,rapid and coherent that an explosion results. Such

an explosion is referred to as a vapor explosion and that Pu-ZrO2 and Pu-ZrHI.6 will behave in

(called a steam explosion when water is used as the same manner as the pure base materials.
the coolant).

When a metallic fuel interacts with water there

is also the possibility that chemical energy will be

At the present time there are basically two released to the system. Past vapor explosion stud-
approaches used to model vapor explosions. The ies have neglected the contribution because of a
first approach is a mechanistic one where the var- chemical reaction between the metallic fuel and

ious events during a severe accident are modeled the water because it was thought to be small when
in detail. This approach, while appealing, is better compared to the thermal energy release from the

left to the evaluation of safety concems because fuel. Recently reported experimental studies on
of a energetic vapor explosion in existing reactors aluminum-water steam explosions have indicated
or reactors that are in their final design stages, that ignition of the molten metallic fuel may have
This method is expensive both in terms of model occurred in some of the experiments at some yet
development and computer requirements, l_"any unknown critical fuel temperature. For this rea-

of the phenomenological models used in this type son the results presented will address both the
of analysis are at best crude representations of the case of no fuel ignition and the case correspond-
actual phenomena, however, they are the best ing to the ignition of some percentage of the fuel.
mechanistic model that researchers have been The analysis was conducted using the following

able to formulate at this time. thermal properties.

The second approach is to use a thermody- Results based on the Hicks-Menzies thermo-
namic model that was first proposed by Hicks- dynamic model for both the no fuel ignition case
Menzies. l The advantage of this model is that a and fuel ignition case are discussed. First the no
detailed description of the vapor explosion pro- ignition case will be considered. For this case it
cess does not have to be specified. This model was assumed that the aluminum and zirconium

does not account for any rate processes that occur fuels were each 200 K above their respective melt-
during the vapor explosion, such as the heat trans- ing temperatures (s_'e Table E-2) when they
fer from the fuel to the coolant or the propagation contacted the coolaJlt. The choice of 200 K is
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Table E-2. Material considered for plutonium-burning reactor vapor explosiot study.

Melting temperature Density Specific heat Chemical energy
Material (K) (kg/m 3) (J/kg-K) (kJ/kg)

Aluminum 933 2,700 1,090 17,48 l

Zirconium 2,123 6,184 356 6,513

strictly arbitrary because there are presently no fuel will be generated, independent of the type of
severe accident analyses for the plutonium-burn- fuel used, and that the likelihood of a vapor explo-
ing reactor design. However, preliminary molten sion is equally probable once the different materi-
fuel analyses for the Advanced Test Reactor, als are molten. The likelihood that each material
which uses aluminum clad fuel, indicate that the will have an equal probability of causing a vapor
maximum molten fuel temperature as it leaves the explosion is low however. Both the experimental

core and first contacts the coolant will be approxi- and analytical databases are not extensive enough
mately 200 K above its melting temperature. This to be able to address this issue properly.
does not mean that at some time later in the acci-

dent sequence the fuel will not exceed this 200 K Next to be considered is the case where 20% of

superheat. Because of the interest in differences the cladding material is oxidized. That is, chemi-
between the vapor _plosion work term for the cal energy from an arbitrary 20% of the cladding
two fuel materials and not absolute values, a is added to the thermal energy from vapor explo-
choice of 200 K fuel superheat (above melting sion. The results show that zirconium yields the
temperature) is acceptable from the standpoint of lowest calculated work term, and aluminum

making comparisons between the two fuel mate- yields the highest work term. The reason for the
rials. In addition, it is assumed the coolant is 50 K reversal is that the chemical energy released per
subcooled (323 K) based on the saturation temo unit volume for aluminum (47,200 MJ/m 3) is

perature for an initial system pressure of higher than for zirconium (40,280 MJ/m3).
0.101 MPa. It is also assumed that the initial

coolant void fraction is zero. Varying these The results from this study, based on vapor

parameters will only affect the absolute magni- explosion energetics, indicate that the best choice
tude of the results and not the comparisons of fuel material (assuming that aluminum and zir-
among the results, conium can be used) depends on whether or not

the possibility of fuel ignition during the course

The analysis indicates that aluminum fuel of a vapor explosion event can be ruled out. If the
clearly has an advantage from a maximum work chance for ignition appears to be high, zirconium-
standpoint (smallest potential for the generation based fuel is the logical choice based on vapor
of work per unit fuel volume) over the entire range explosion energetics. If the possibility of ignition
of coolant-to-fuel-volume ratios considered. For can be ruled out, then an aluminum-based fuel is

example, results obtained with the Hicks-Menzies the logical choice from an energetics standpoint.
model, no ignition, and a fuel-to-coolant volume
ratio of 1.0, show a work term per unit fuel vol- Because only a low power density reactor is
ume of 1200 MJ/m 3 with aluminum and 3100 being considered, there is little chance that the

MJ/m 3 with zirconium. Zirconium appears to be molten aluminum will reach a temperature high
the less desirable material from an energetic enough to cause chemical ignition to occur. From

standpoint for the case of no ignition. These an energetic standpoint Pu-Al fuel material is a
results are based on the assumption that molten logical first choice as a fuel material.
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E-3. GENERAL CORE COOLING ISSUES

Fuel operating temperatures are affected other considerations, such as neutronics, for

directly by the temperature of the fluid employed which employing a small pitch is advantageous
to cool the fuel. Energy generated primarily for avoiding overmoderation.

within the fuel pellet flows radially outward

through the pellet, through a gas-filled gap, Energy is driven from the fuel rod into the

through the cladding, and into the coolant. Thus, coolant by the difference between the fuel rod
surface and the bulk coolant temperatures. Thethe coolant temperature represents a sink temper-

ature to which the fuel heat must be passed; if the heat transfer coefficient associated with this pro-
cess is determined by the temperatures of the fuel

coolant temperature is raised, then the fuel tem-
rod and coolant, and the coolant pressure and

peratures are also raised. As discussed in the pre-

vious section, for a low-power-density reactor the velocity. Typically, high-power-density reactors

thermal gradients within the fucl rod and the fuel require that fluid be forced through the core at
high velocity using centrifugal pumps in order for

material temperatures are moderate. If fuel rod the heat transfer coefficient to be sufficiently
and bundle geometries comparable to those of large. A forced-convection cooling system gener-
commercial pressurized water reactors (PWRs) ates a considerable frictional pressure drop and,

are employed in a low-power-density reactor, therefore, the pressure can vary significantly from
then the heat flux between the fuel clad wall and

one location to another within the coolant system.
the coolant is reduced along with the power den- For high-power-density reactors, it is also neces-
sity. From a thermal-hydraulic viewpoint, a large sary to pressurize the coolant to prevent it from
fuel rod pitch is desirable because it reduces the boiling and to raise the margin to fuel rod depar-
core frictional pressure drop and increases the ture from nucleate boiling. High-power-density

fluid-to-fuel volume ratio. However, because of reactors with a design goal of electric power pro-
the modest thermal requirements for a low- duction also require employing a high-
power-density reactor, fuel rod pitch and diameter temperature coolant in order to maximize the

selections instead may be based primarily on steam turbine cycle efficiency.
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E-4. THERMAL-HYDRAULIC RECOMMENDATIONS FOR A
PLUTONIUM-BURNING REACTOR

To take advantage of the opportunities for Multiple pumped primary coolant loops would

improving safety afforded by a reactor operating transport warm coolant from the core outlet
at low power density, a plutonium-burning reac- upward to elevated heat exchangers. Pumped heat
tor that is cooled by low-temperature, low- exchanger secondary systems would employ a
pressure light water flowing at low velocity is light water coolant to transport reactor heat to
recommended, cooling towers and ultimately to the environ-

ment. The core flow velocity of 0.75 m/s corre-
The recommended reactor consists of a vertical sponds approximately to that for a commercial

core, assembled from cylindrical fuel pins fabri- PWR under conditions where decay heat is
cated from aluminum (the other fuel materials removed to the steam generators by loop natural
described in Table E- 1 would also be acceptable), circulation.
The fuel pins would be sized and arranged in a
manner similar to that employed in commercial
PWRs. There would be no channelization of the The recommended core exit pressure of
flow within the core and coolant would flow 0.2 MPa is attainable by assuming the uppermost

upward through the core. A sketch of the coolant elevation of the coolant loops is at atmospheric
loop arrangement of such a reactor appears in pressure, with the static head of the coolant loops,
Figure E- 1. Table E-3 compares its core thermal- elevated about 10 m above the core, providing the
hydraulic parameters with those of two represen- difference. The core inlet temperature, 325 K, is
tative high-power-density reactors. Data in the achievable based on Advanced Test Reactor
first column are based on a simple one-dimen- experience, and the core outlet temperature,

sional RELAP5/MOD3 computer model of the 347 K, is based on the core geometry of a corn-
plutonium-burning reactor core. mercial PWR. The average core fuel rod heat flux

Table E-3. Comparison of thermal-hydraulic parameters for a low-pressure and temperature plutonium-
buming reactor, a commercial pressurized water reactor, and the Advanced Test Reactor.

Pressurized
Plutonium water Advanced

burner reactor Test Reactor

Core power (MW) 1,000 3,000 250

Core height (m) 3.66 3.66 1.22

Core diameter (m) 5.90 3.63 0.511

Average power density (MW/m 3) 10.0 100 1,000

Coolant velocity (m/s) 0.75 4.57 14.6

Coolant inlet temperature (K) 325.0 555 325

Coolant outlet temperature (K) 346.6 589 348

Core outlet pressure (MPa) 0.20 15.51 1.86

Core frictional pressure drop (MPa) 0.0027 0.14 0.69

Average fuel/coolant heat flux (MW/m 2) 0.0523 0.65 1.99

Maximum fuel temperature (K) 409.2 2155 533
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Figure E-l, Schematic diagram of low-flow low-pressure reactor concept.
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is similarly based. The maximum fuel tempera- The major constraint on the design of the primary
ture assumes using the plutonium-aluminum fuel side of the heat exchanger is whether (for a given
material described in Table E-I and a very con- power and flow rate) a reasonably-sized heat
servative peak-to-average power ratio of 3.33. exchanger is capable of rejecting energy at the

required rate with a pressure drop within accept-

The core of the recommended reactor concept able limits, initial studies indicate that this is pos-
would necessarily be physically large because of sible. The constraints used in the study are
its low power density. For example, a described as follows. It is desired to have the heat
1,000-MW(t) plutonium-burning reactor with a exchanger design be as close as possible to con-
power density of 10 MW/m 3 would have a vol- ventional nuclear power plant technology so as to
ume, core cross-sectional area, and number of reduce any component development cost. There-
fuel pins 3.33 times greater that ofa 3,000-MW(t) fore, the heat exchanger should contain about the
commercial PWR. Assuming both have the same same number of tubes of about the same diameter

3.66-m core height, then the diameter of the plu- and length as commercial power plant steam gen-
tonium burner would be 6.62 m, as compared erators. Energy rejection from the secondary sys-
with 3.63 m for the commercial reactor. Higher tern to the ultimate heat sink should use
costs would be associated with the greater sizes conventional cooling tower technology, because
and numbers of components required for a large the secondary system requirements are very close

reactor. However, compensating cost savings to those of the Advanced Test Reactor.
would accrue from the reduced construction

A heat exchanger design program 2 wasrequirements for a reactor operating at low pres-
sure and temperature. Clearly, cost issues would employed to develop a rough design for the rec-
be a major factor in the reactor design and, there- ommended reactor. Geometric data for a Babcock

fore, increasing the power density above and Wilcox PWR once-through steam generator
10MW/m 3 might be more appropriate, was used as a rough upper limit on heat

exchanger size, and the Advanced Test Reactor
primary heat exchanger data was used as a basis

Because of its low core flow velocity and oper- for a single phase-to-single phase water heat
ating pressure, the coolant-loop requirements for

exchanger. The recommended counterflow heat
supplying flow through the recommended reactor

exchanger design features a shell arrangement
core will be different than for a commercial plant, with a once-through primary flow on the tube
In particular, the low core flow velocity will side. Nine of these heat exchangers, operating in
result in a low core pressure drop. However, parallel, would be required, and their total dry
because the core flow area is large, the total core weight would be less than that of two Babcock

volumetric and mass flow rates are large. As a and Wilcox steam generators. Each heat
result, the velocities and pressure drops through exchanger would employ 11,470 2-cm OD tubes
the noncore portions of the primary coolant sys- of 7. l-m length; the shell diameter is 3.7 m. Pri-
tern would also be large, and this situation is not

mary and secondary-side inlet/outlet tempera-
compatible with the proposed low-pressure cool-

tures are 347/325 K and 302/333 K, respectively.
ant system. Therefore, primary coolant loops Primary and secondary-side total mass flow rates
appropriate for the recommended reactor would are 10,859 kg/s and 7,707 kg/s, respectively. Pri-
need to be designed for lower velocities and pres- mary and secondary-side frictional pressure
sure drops than the loops of a commercial power losses are 2.36 kPa (0.35 psi) and 56.7 kPa
reactor. This would be accomplished by increas-

(8.2 psi), respectively. The model assumed a
ing the number of coolant loops, using larger- fouling thermal resistance magnitude of the order
diameter piping, and designing heat exchangers of the shell side heat transfer resistance.
appropriate for this application.

Because the primary-system total frictional
Consideration was given to the design of a heat pressure drops are so small, the recommended

exchanger for the recommended reactor concept, reactor concept primary pump requirements
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could be accommodated with multiple low-head core flow because coolant temperatures are high-

centrifugal pumps. Core decay heat removal to est at the core outlet, and the core outlet pressure
the secondary system in the event of a primary is lower (by the static head of water created by the
pumping power failure would be accomplished core height) than it is with downward core flow.

by loop natural circulation. Additional failure of However, the advantage of avoiding flow stagna-
the secondary-side pumps would require decay tion with upward flow outweighs this disadvan-
heat removal from the secondary system to be tage. Employing elevated coolant loop heat
accomplished by (1) secondary-loop natural cir- exchangers is advantageous because it provides
culation to the cooling towers, (2) evaporation of the potential for buoyancy forces to deliver flow
the secondary coolant to the atmosphere, or (3) a through the core in the absence of coolant pump
combination of these two. Option I would require power. An open core flow arrangement (such as

the cooling towers to be elevated significantly employed in commercial PWRs) is advanta-
above the heat exchangers while Option 2 would geous, compared to one where core flow is chan-
require an adequate volume of secondary water nelized, because issues associated with flow
and a capability for opening the secondary system instability in parallel heated channels are

to the atmosphere. Option 2 appears to be more avoided. With channelized flow, thermal-
feasible. For a 1,000-MW reactor, the water vol- hydraulic design must avoid hot-channel boiling.

umes required to remove (by evaporation at If the coolant boils, the hot-channel hydraulic

atmospheric pressure) the decay heat generated resistance increases and its flow decreases, an
over the first hour, day, and week following shut- unstable condition that leads to fuel burnout. An
down are 29, 274, and 1,133 m3, respectively, open core flow arrangement is preferred because

Assuming this water is stored in a 20-m-diameter the hydraulic effects of boiling are averaged
cylindrical tank, evaporation of these water vol- across the entire core. As a result, the hydraulic
umes would result in tank level declines of 0.093, stability safety limits for an ope,_ _',_reare much
0.873, and 3.607 m, respectively. These required less restrictive than for a channel_, ,'u core.
water volumes are reasonable and, therefore, in

the absence of secondary system pumps and
assuming an adequate evaporator can be Heat Flux
designed, it appears feasible to remove decay heat
to the environment through evaporation of the

A low-power-density design directly leads to a
secondary system coolant, low fuel rod-to-coolant heat flux in normal opera-

tion. A low heat flux is important because the

The thermal-hydraulic advantages and disad- margin between it and the critical heat flux
vantages of the recommended plutonium-burning (exceeding the critical heat flux would result in
reactor concept are described as follows: fuel rod heat-up) is increased. The critical heat

flux itself is adversely affected by the use of low

Hydraulic Stability core coolant pressure and velocity. However,
employing a low temperature core coolant results
in a compensating beneficial effect. A cursory

A reactor with vertically-upward flowing core evaluation of the critical heat flux using the Ber-
coolant, unconstrained by internal flow channels nath correlation 4 for the conditions of the recom-

within the core, has relatively stable hydraulics, mended reactor indicates a ratio of critical to
Employing a vertical core ensures a potential to average fuel rod heat fluxes of 68.7. Assuming a
initiate and continue buoyancy-driven natural cir- maximum-to-average heat flux ratio of 3.33, this
culation. An upward normal core coolant flow provides a minimum departure from nucleate
direction avoids any concern of momentary core boiling ratio (DNBR) of 20.6. For a commercial

flow stagnation during transition from forced- PWR, the minimum DNBR is about 2. This dem-
convection to natural-circulation core cooling. A onstrates one safety advantage of the recom-
safety margin penalty is incurred with upward mended reactor concept.
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Low Temperature operational transients) are significant contribu-
tors to the overall safety risk. The low-pressure

A reactor operating with low temperature cool- design of ',he recommended concept is advanta-
ant features low coolant and structure stored geous because coolant system pressure is sup-

energy. This feature is advantageous from the per- plied solely by gravity force. Additionally,
because the recommended concept employs Iow-

spective of containment requirements. The con- velocity coolant, pressure does not vary signifi-
tainment must be designed to absorb any energy cantly around the coolant loop. Therefore, when
release from the reactor system. In normal opera- compared with high pressure designs, the core
tion, the energy release rate is low, due mainly to
piping heat losses, but nevertheless it must be pressure for the recommended concept can be

expected to remain much more stable during tran-
accommodated with containment coolers. During i
a loss-of-coolant accident event, the energy sients and accidents. Pressure stability is impor- i
release rate is high because of expulsion of pri- tant because safety margins generally decline
mary coolant, and the containment must be along with the coolant system pressure. To the
designed to absorb this energy without leaking to extent that normal core operating pressure can be
the environment. The recommended design is maintained, then safety can be enhanced. There-
advantageous in both of these respects: lower fore, the recommended design has safety advan-

tages because the core pressure is relatively
containment cooling costs during normal opera-
tion and significantly lower costs associated with insensitive to external events (such as rupture of
constructing a containment capable of withstand- piping or loss of pumping power).

ing the loss-of-coolant accident loading. A low-pressure coolant system also is advanta-
geous because replenishment of core coolant

The main disadvantage of a low-temperature invent3ry can be accomplished with passive
reactor is that the temperature of the coolant is not safety injection systems. With a high pressure
sufficiently high to efficiently produce electricity system, safety injection must be accomplished
with the core power, and heat rejection is more with active components such as centrifugal
difficult. Therefore, the recommended concept is pumps. Thus, failure of these active components
not suitable if electric power generation is a reac- must be accounted for when evaluating risk. With
tot design goal, the adverse cost implications of a low-pressure system, a tank of water that is ele-
this limitation are obvious. The recommended rated above the primary coolant system is capa-
reactor would, however, still produce a high ther- ble of injecting coolant into the system. The
mal power that must be removed. It may be pos- probability of failure in such an injection system
sible to find otherwise useful applications for this is significantly less than that of the typical active
low temperature process heat. In any event, the system.
total core power must either be used or expelled
to the environment. As previously discussed, one disadvantage of a

low-pressure system is that critical heat fluxes are

Low Pressure lower than for a pressurized system. However, the
low temperature feature of the recommended con-

cept has proven to compensate for this effect.
A low-pressure core coolant system yields two Another disadvantage of a low-pressure system is

significant safety advantages over a high pressure that the saturation temperature is also low. How-
system (a) reduced risk because of coolant system ever, the saturation temperature rises rapidly with
depressurization events and (b) compatibility pressure. For example, saturation temperature at

with passive safety injection systems, atmospheric pressure is 372.8 K, but rises to
393.4 K at twice that pressure. Significant

For most existing reactors, the risks associated increases in the saturation temperature and the
with depressurization events (primarily loss-of- safety margins based upon it may be realized with

coolant accidents, but also other accidents and relatively minor increases in system pressure. In
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this example, the pressure increase can be accom- employs forced-convection core cooling, it is
plished with the gravity head of a water column expected that the loss-of-flow event will be a sig-
with a height of only about 10 m. Therefore, pas- nificant contributor to overall risk. As with exist-
sively pressurizing the recommended reactor in ing reactors, this risk can be minimized by
such a manner appears to have significant ensuring the core flow remains near normal until
advantages, reactor scram can decrease the core power to the

decay heat generation rate. The elevated heat

LOWCore Flow Velocity exchangers of the recommended design should be
effective for removing decay heat under loop nat-

With the recommended core and coolant loop ural circulation conditions.

configurations, the frictional pressure losses
around the primary coolant loop are minimized. One disadvantage of a low-velocity coolant

This effect reduces the core pressure variation system is that critical heat fluxes are lower than
caused by events affecting the core flow rate (for for a high velocity system. However, the low tem-
example a loss of pump power), which enhances perature feature of the recommended concept has
safety. However, for any coolant system that proven to compensate for this effect.
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E-5. EXPLORING THE POTENTIAL FOR PROVIDING CORE FLOW
WITH A NATURAL CIRCULATION COOLANT SYSTEM

The recommended plutonium-burning reactor determining the driving pressure. In particular,
features a low velocity core flow that appears to the driving pressure is directly proportional to the
be easily attainable with the conventional cooling elevation rise and the fluid density differences
system technology of commercial power reactors, from the heating center (in the core) to the cool-

Specifically, at the suggested coolant velocity, the ing center (in the heat exchanger). Note, however,
primary loop frictional pressure drop is quite low that the driving pressure must overcome the fric-
and, thus, forced core flow requirements may be tional pressure drop of both the horizontal and
met with relatively low-head centrifugal coolant vertical sections of the cooling loop plus any
pumps. For example, for a commercial PWR in lumped flow resistances (such as due to piping
normal operation, the reactor coolant pumps are bends and fittings). To a first approximation, the

required to produce a pressure increase of driving pressure available in a natural circulation
0.65 MPa to overcome the frictional pressure loop may be calculated simply by multiplying

drop of the entire coolant loop (core, reactor yes- together (1) the difference in densities between
sel, steam generator primary, piping, and fit- the fluids in the core outlet and inlet piping,
tings). As previously discussed, for the (2) the acceleration because of gravity, and (3) the
recommended reactor the core frictional pressure elevation rise from the heating center to the cool-

drop is about 2.7 kPa and the heat exchanger fric- ing center. Factor 1 is inversely proportional to
tional pressure drop is about 2.4 kPa. The fric- the flow rate (that is, a higher flow rate results in
tional pressure drop through the remaining loop a lower density difference), while the driving
piping is estimated at 2.3 kPa. This estimate is pressure required to force flow around the loop is
based on nine coolant loops with hot and cold roughly proportional to the square of the flow

legs that are each 20 m long and constructed from rate. Therefore, the loop natural circulation flow
0.762-m diameter pipes. Therefore, for the rec- rate is determined solely by the geometry of the
ommended reactor concept the total loop fric- coolant loop and the rate at which it is transport-
tional pressure drop, required to be compensated ing heat.
for with the pumps, is only 7.4 kPa, or
0.0074 MPa, about 1% of a PWR value. The viability of removing core thermal powers

on the order of 300 MW with natural circulation

Because of the modest pressure increase cooling systems is demonstrated by decay heat
needed to force the primary coolant flow, a pos- removal without benefit of primary coolant pump

power in commercial PWRs. However, employ-

sible alternative to coolant pumps for providing ing a natural circulation cooling system as a pri-
the core flow for a plutonium-burning reactor mary means of heat removal for a reactor with a
might be a natural circulation coolant loop rated thermal power of 1,000 MW is believed to
arrangement. A natural circulation cooling sys- be unprecedented.
tem would be advantageous because core cooling

would be provided passively, by gravity. The For the recommended reactor concept, the den-
safety advantage of such a system is that the prob- sity difference is 11.82 kg/m 3. The required driv-

ability of loss-of-core-flow events is greatly ing pressure has been estimated at 0.0074 MPa.
diminished over that for coolant systems that are For these assumptions, a natural circulation sys-
driven with pumps, tem would require an elevation rise from heating

to cooling center of 63.9 m and it might be unrea-
A natural circulation loop takes advantage of sonable for a system this tall to be located within

the density difference between fluids in the core a containment. Therefore, employing a natural
outlet and inlet piping to provide a buoyancy- circulation cooling system might not be feasible.
driven flow around the loop. Only the vertical However, the parameters listed in Table E-3 rep-
sections of the coolant loop are important for resent only first suggestions, and this design
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appears to have rather large safety margins as and heat exchanger tubes. However, this configu-

compared with existing plants. Furthermore, the ration was elongated, such that the heating/cool-
required natural circulation system height is par- ing center elevation gain is 30.48 m (100 ft).
ticularly sensitive to the system flow rate. For These decisions were made because (a) it was
example, assume that lowering the flow rate by anticipated that a greater elevation gain would be
50% from that shown in Taot_ E-2 still results in needed in order to approach 1,000 MW heat
acceptable safety margins. With the 50% flow removal capacity, (b) the base configuration has

reduction, the density difference is doubled, the proven itself for removing decay heat rates of
required driving pressure is reduced by a factor of hundreds of megawatts in commercial power
about four, and the required elevation rise is plants, and (c) the total coolant loop resistance for
reduced to only about 8 m. Under this flow the base configuration was conveniently avail-
assumption, therefore, a natural circulation sys- able.
tem for primary core cooling appears feasible.

The mass flow rate in a natural-circulation loop
can be determined from the following equation3:

Designing a system for natural circulation
cooling would require constructing as tall of a

system as practical and with as low a flow resis- [2flATgAL 2] r_-_tance as posaible. Seismic risk may limit attempts m = - p (1)
to increase the elevation difference. Attempts to

lower the flow resistance generally will involve where
employing larger diameter piping, and this

approach would have cost disadvantages l_do _ i Qintet_Oinlet I
(although these might be offset to some extent fl = - "_ \dT] "_ _aveAT
because of the low-pressure design). If the feasi- (2)
bility of a natural circulation cooling system can
be demonstrated, then the tradeoff appears to be and AT is the temperature difference across the
whether its net safety advantages over a pumped core of the reactor, g is the acceleration because of
system would be worth its net added cost. gravity, Oo is the fluid density at the core inlet, R

is the loop hydraulic-resistance constant, n is 0.2
for turbulent flow, and AL is the elevation differ-

The following incomplete study is offered as ence between the thermal center of the core and

an initial investigation into the viability of a natu- the thermal center of the heat exchanger. The sub-
ral circulation cooling system for a plutonium- scripts, "inlet" and "outlet," refer to the inlet and
burning reactor. If there is interest in the outlet of the core.

advantages such a system would offer, this study
will be extended. Using typical full power operating conditions

for a commercial PWR, such as reported in

Table 3-1 of Reference 4, the loop hydraulic
An initial study regarding feasibility of nor-

resistance may be determined from
mal-operation natural circulation cooling for a

plutonium-burning reactor was performed using a
simple but informative model of a natural circula- R - Apf _t

I/,h2 - ntion loop consisting of a reactor core and heat _ (3)
exchanger as depicted in Figure E-1, except with

the pump removed. As there are many core and where APf is the total friction-related pressure
coolant loop parameters that remain to be drop in the loop, and Pl is the liquid density,

selected, it was decided to base this study on the taken for this case to be the density of the coolant
configuration of a commercial PWR (same fuel at the inlet to the core. Using information from
pin diameter and pitch, same number of fuel pins, Reference 4, the total loop hydraulic resistance R
same number and geometry for the coolant loops was assumed to be 24.2 kg 0"2/S0"2 m4. Note that R
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was not increased to account for increasing the hD h Re0.8pr0.4
elevation gain; however, this effect is minor. Nu°h - k = 0. 023 oh (6)
Equation (1) can be used in conjunction with

algebraic equations relating the temperature rise where Re is the Reynolds number, Pr is :._le
across the core to the average power density of Prandtl number, Dh is the hydraulic diameter of a
the fuel and the core flow to evaluate the feasibil- single core flow channel, and k is the thermal con-
ity of designing a reactor that operates on loop ductivity of the coolant evaluated at the average
natural circulation, fluid temperature (assumed to be tile average of

the core inlet and outlet temperatures).

The reactor design is assumed to have a power
The coolant outlet temperature can be calcu-of 1,000 MW(t), and a peak-to-average core

power density ratio of 2.4. The maximum fuel lated using the following equation:
cladding temperature has been constrained to be

less than the minimum saturation temperature of q'"Af Hcore

the coolant within the core. The core outlet tem- To "-- mCp + Ti (7)
perature also has been constrained to be at least

10 K below the minimum coolant saturation tem- where To is the coolant outlet temperature, Hcore

perature. These constraints are not necessarily is the height of the core (3.66 m), Cp is the spe-
optimum, and for safety reasons may need to be cific heat of the coolant, evaluated at its average

reduced. However, they represent reasonable esti- temperature, and Ti is the coolant inlet tempera-

mates that allow investigation of the overall per- ture. The surface temperature of the cladding
formance of a natural circulation reactor coolant adjacent to the flowing coolant is
system. A core inlet temperature of 325 K was

assumed, q'max
Too - + T ave .

2ztrcoh (8)
The system of equations used to evaluate the

natural circulation option is described as follows. The cladding temperature at the inner diameter

The heat transferred from the surface of the fuel of the cladding is
cladding to the bulk coolant is

q = 2a-trcoh(Tco - Tare) (4) Tci = + Tco
2ztkc (9)

where q' is the maximum linear power in the where rci is the inner radius of the cladding and kc

core, rco is the outside radius of the cladding, h is is the thermal conductivity of the cladding.
the cladding-to-coolant heat transfer coeffi-

cient, Tco is the surface temperature of the clad- The fuel pin used for this evaluation is

ding, and Tave is the bulk temperature of coolant, assumed to have a 0.082-mm gas-filled gap,
The average internal heat generation rate of the which is typical of a standard commercial pres-
core is surized PWR fuel pin. A gap conductance of

5676 W/m2-K was assumed. Therefore, the tern-

q, perature of the outer fuel surface is
lft

Af F (5) q'
Tfo - + Tci "

hgap2_rf (10)
where Afis the cross-sectional area of the fuel and
F is the maximum peaking factor in the core. The With the fuel surface temperature and internal

heat transfer coefficient in Equation (4) is calcu- heat generation rate known, the fuel centerline
lated using the Dittus-Boelter equation: temperature is calculated from:
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'"-* Equations (1), (2), and (4) through (11) were
Fq r_

- solved simultaneously, subject to the two
Tfct 4kf + Tf° (11) constraints listed above, using the simultaneous

equation solver in Mathcad. 5The results obtained

where F is the peaking factor and kf is the thermal with this model are summarized in Table E-4 for
conductivity of the fuel. eight different cases.
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Table E-4. Thermal-hydraulic results for a natural-circulation-cooled, plutonium-burning reactor concept.

Fuel power Core Coolant Cladding Maximum Equivalent Elevation
Fuel type/ density power Mass flow outlet surface fuel Reactor core between heat

Case cladding (maximum) density per channel temperature temperature temperature power diameter exchanger and
number material (MW/m 3) (MW/m 3) (kg/sec) (K) (K) (K) (MW) (m) core (m)

1 Pu-AIa/AI 160.1 22.5 0.0448 393 413 474 655 3.18 30.48

2 Pu-AIa/SS 160.1 22.5 0.0448 393 413 484 655 3.18 30.48

3 Pu-AIa/AI 246.6 34.6 0.0613 401 426 501 1,008 3.18 45.72

4 Pu-AIa/AI 79.1 11.1 0.0269 381 396 425 324 3.18 15.24

5 Pu- 160.1 22.5 0.0448 393 413 851 655 3.18 30.48

ZrO2a/Zr

6 Pu-ZrHa/Zr 160.1 22.5 0.0448 393 413 514 655 3.18 30.48

7 Pu-AIb/AI 179.7 16.7 0.0463 396 413 483 702 3.82 30.48

8 Pu-AIC/A1 133.7 10.9 0.0410 385 413 465 522 4.07 30.4g

a. Standard PWR fuel/pitch, fuel diameter (8.19 mm), gap thickness (0.082 mm), cladding thickness (0.572 mm), pitch (12.5 mm).

b. Fuel diameter (8.0 mm), gap thickness (0.082 ram), cladding thickness (2.0 ram), pitch (15.0 mm).

c. Same as footnote b, except the pin pitch was changed to 16.0 mrn.



Case 1 uses the same fuel rod diameter and plutonium in ZrO2 and ZrHI.6, respectively. The
pitch as for a commercial PWR but the rod was cladding material for both of these cases was
assumed to be composed of plutonium-aluminum assumed to be zircaloy. Results for Cases 5 and 6

fuel clad with aluminum. A core inlet pressure of were identical to those for Case 1, except the fuel
0.398 MPa (57.7 psia) was assumed, based on an centerline temperature increased to 851 K with
atmospheric pressure condition at the top of the the plutonium-ZrO2 fuel and to 514 K with the
heat exchanger and the gravity-generated static plutonium-Zrl.6 fuel. These centerline tempera-
pressure head at the core inlet. Case 1 shows the tures are very much below the respective fuel
standard, but elongated, reactor configuration is melting temperatures and, therefore, it appears

capable of removing 655 MW under the assumed from a thermal-hydraulic viewpoint that pluto-
constraints, nium fuels based in zirconium could be used in a

The core power density would be 22.5 natural-circulation reactor concept.
MW/m 2, the coolant outlet temperature would be
393 K, and the maximum fuel temperature would Cases 7 and 8 evaluated the effects of changing
be 474 K (assuming a 2.4 peak-to-average fuel the fuel rod diameter and pitch as compared with
power density ratio). The core flow velocity Case 1 (which employed typical commercial
associated with the 0.0448 kg/s-per-fuel rod mass PWR geometry). For Cases 7 and 8 it was

flow rate is 0.539 m/s. assumed that the fuel pellet diameter was 8 mm,

Case 2 evaluated the increased fuel centerline with a 0.082-mm gap width and a 2-mm cladding

temperature that would result if aluminum clad- thickness (the corresponding typical-reactor val-
ding is replaced with stainless steel. The results ues are 8.19 mm, 0.082 mm, and 0.572 mm,
indicate that using stainless steel cladding will respectively). Fuel rod pitches of 15 mm and
only cause the fuel centerline temperature to 16 mm were evaluated. The larger pin diameters
increase by 10 K above that obtained with alumi- and pitches in Cases 7 and 8 resulted in lower core

num cladding. Thus, at these low fuel power den- power densities than did the standard geometry in
sities it makes little difference from a Case 1, and the core power removal capabilities

thermal-hydraulic viewpoint what cladding mate- indicated for Cases 7 and 8 bracket that in Case 1.
rial is used for the fuel pin. Thus, for a given pin diameter, there appears to be

a pitch-to-diameter ratio that would optimize core
Cases 3 and 4 evaluated the influence of vary- power density and limit the physical size of the

ing the elevation difference between the core and reactor.
heat exchanger. In Case 3, the elevation differ-
ence was increased to 45.72 m (150 ft). This The studies presented in this section indicate
change increased the core inlet pressure to that a natural-circulation cooling system might be

0.546 MPa (79.2 psia) and allowed the maximum a viable option for providing the core flow for the
cladding surface temperature to rise from 413 K recommended plutonium-burning reactor.
to 426 K, the minimum core saturation tempera- Although these studies used simple models and
ture at this higher pressure. The Case 3 results hand calculations, it is believed that the findings
show the natural circulation system is capable of are indicative of what would be seen if more

removing 1,008 MW and that is more than the detailed calculations were made. It should be
1,000-MW goal. The resulting core power den- noted that the results presented are based on a total
sity would be 34.6 MW/m 3. Case 4 performed a loop hydraulic resistance corresponding to a that
similar evaluation for reducing the elevation dif- of a typical PWR coolant loop. If a reactor coolant
ference to 15.24 m (50 ft). This reduction low- system (both the core and loops) were designed

ered the maximum allowable cladding primarily fornatural-circulationoperation, then
the total loop hydraulic resistance likely could betemperature to 396 K and the heat removal capa-

bility to only 324 MW. made significantly smaller. Equation (1) shows
that lowering the hydraulic resistance will

Cases 5 and 6 evaluated the effects of changing increase the core mass flow rate, thus allowing a

the fuel material from plutonium in aluminum to more compact reactor to be constructed.
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E-6. SUMMARY

A very safe low-power-density, plutonium- flux is very large, (b) the times required to raise

burning reactor that is cooled with low-tempera- fuel temperatures to damage and melting points
ture, low-pressure light water flowing at low are long, (c) vertically upward flowing coolant in
velocity is recommended. The current recom- the core ensures initiation and continuation of
mendation for providing primary coolant system natural circulation core cooling should the pri-
flow is to employ low-head pumps. However, mary coolant pumps fail, (d) the open, nonchan-
additional safety advantages appear to be attain- nelized, core flow arrangement diminishes safety

able if a natural circulation cooling system could issues associated with flow instability, (e) the low
be employed. Initial investigations into this pos- coolant and structure stored energy minimize the
sibility have not yet excluded it from consider- requirements placed on the containment, and
ation. (f) the low-pressure coolant system significantly

reduces the safety risk because of loss-of-coolant
The recommended reactor concept is shown to

accidents and is compatible with passive safety
have multiple thermal-hydraulic and safety

injection systems.
advantages over most existing test and commer-
cial reactor designs: (a) the margin to critical heat
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Appendix F

Evaluation of Offsite Releases

An evaluation was performed to assess the The principal organ dose because of 239pu is to
effects of a plutonium-based reactor on offsite the bone. When the bone is the principal organ,
doses in the vicinity of the reactor. This evalua- ingestion and transfer to the bone is assumed.
tion was performed using the PCDOSE 1and

RSAC 2 computer codes. The PCDOSE code was Dose impacts were calculated using the RSAC
developed for the Nuclear Regulatory Commis- code to assess the differences in the worker

sion (NRC) to calculate offsite doses around (100 m) and public (500 m) doses. This assess-
commercial reactor facilities. The RSAC code ment indicates that the differences in the dose

can be used to calculate doses to the public as a impact were similar to those calculated using the
result of commercial reactor accidents. PCDOSE code and that there is a substantial dif-

ference in the dose impact of the two radionu-

To compare the differences in the relative dose clides. However, as discussed below, the dose
impacts of235U and 239pu fueled reactors without from the fissile material is not the controlling
developing reactor specific accident scenarios, dose at the site boundary.
equivalent quantities of 235U and 239pu were

assumed to be released from a plant vent as aero- In addition to the dose because of the release of

sols as the result of an explosive release. Standard fissile material, the dose impact of the fission
atmospheric dispersion factors, site boundaries, products present in 1kg of 235U or 239pu was also
and dose factors were used for the calculations, calculated to assess the relative impact of a

plutonium-fueled reactor on the total dose to the
Table F-1 lists the calculated doses at a stan- environment. The fission yields were assumed to

dard facility boundary using the PCDOSE code. be the same for this analysis. Nominally, doses to
As indicated, the dose impact of 1 kg of 239pu is the various organs and the whole body because of
significantly greater (6 to 7 orders of magnitude) 239pu are < 1% of the total dose. The principal
than the release of a similar quantity of 235U. organ for the total dose is again the bone. There-
235U is a worst case estimate for uranium-fueled fore, compared with the fission products in spent

reactors as the 238U component (97 wt%) has a fuel, the plutonium dose and source term are
lower dose impact (approximately 10% of 235U). small.
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Table F-1. Offsite dose impacts of 239pu, 235U and mixed fission products.

Dose at site boundary

Radionuclide Bone Liver Total body Thyroid Kidney Lung Gi/Li

mrem/kg

239pua 5.2 X 103 6.8 × 102 1.3 × 103 mb 5.3 × 102 2.6 × 102 1.0 × 102

235ua 7.7 X 104 __b 1.4 × 104 ._..b 1.7 × 104 4.2 X 104 6.6 × 105

EP. release c 1.1 × 106 3.3 × 104 3.1 × 105 1.5 × 104 1.2 × 104 7.5 X 103 9.7 × 105

mrem/curie d

235U 5.1 __b 9.2 × 10-1 mb 1.2 2.6 4.4 X 10"1

239pu 1.8 × 102 2.4 × 101 4.6 _._b 1.9 X 102 9.7 3.5 × 10-1

a. Dose impact of 1 kg of 239pu or 235U at the site boundary when released from a ground level release
location. Calculations were not made for 238U because the dose impact of this radionuclide would be signifi-

cantly less than the dose impact of the 235U because of the lesser specific activity. The listed do_e is the do_e
to the adult, doses to children and infants may be higher.

b. No measurable dose to this organ.

c. Dose because of principal fission products present in 1 kg 235U or 239pu with a fuel burnup near midcore
life. Dose after a 10-hour cooldown to minimize parent daughter corrections. Radionuclides included are
137Cs ' 90Sr/Y ' 144Cd/Pr, 95Nb' 95Zr' 91y, 141Cd ' 89Sr' 140La/Ba, 143pr' 103Ru ' 131I, 106Ru/Rh, and 129Te.

d. For comparison purposes the dose resulting from a curie of each radionuclide is presented. The much

higher specific activity of the 239pu reduces the dose per curie.
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Appendix G

Economics

Costs associated with construction, operation, shorter residence times. Rabbit tubes and the
decontamination and decommissioning, as well capability for online target insertion and removal

as waste processing and disposal, must be consid- could be developed. However, that development
ered for all facilities. These nuclear facility costs would require extra design time. For now, a con-

demand that methods, processes, and require- cept is being designed to achieve the main mis-
ments be critically reviewed and improved if sion in the best way possible.
these facilities are to be affordable in the future.

Cost-reduction ideas for these concepts must be One cost concern was mentioned specifically
developed and implemented, by the NAS: the cost of fuel fabrication. As men-

tioned in Appendix D, burnable poisons will be

Because concept development has just begun, added to the reactor to hold down core reactivity
there is no baseline configuration. Without this

(to allow a higher plutonium density and a longer
configuration, costs cannot be estimated. Insights cycle length) and to improve the temperature
are presented regarding potential cost savings that coefficients of reactivity. Thus, cycle lengths
are useful to guide the design, longer than one year and possibly much longer

are expected. This reduces fuel fabrication costs.
As discussed in the "Introduction," at the

The INEL is not familiar with the proposed pro-
request of NAS, the INEL is focusing only on the
main goal: destruction of total plutonium as rap- cesses to extract plutonium from the weapon pits.

idly as possible. Because the reactor concept will Overall, fuel fabrication costs are not expected to
not generate electricity, a major source of revenue be a large part of the total costs. In particular, no
is lost. Although revenue is not generated from clear cost advantage is seen with any of the fuel

types being examined. Because of the brief nature
the sale of electricity, capital costs are reduced by of this study, these fabrication costs have not been
eliminating turbines, generators, some support explored in detail.
facilities, some backup safety systems, and a
thick pressure vessel. Reactor containment costs
are reduced. The reactor design becomes simpler At this stage in the preconceptual design effort,
and more flexible, which reduces capital and it is important to look at the overall process. A
operations costs, broad set of cost concerns and develop cost-

reduction ideas that address those concems must

Other sources of revenue could be generated, be examined. As a first step, lists of concerns and

For example, this concept could produce tritium, ideas from the ongoing Broad Application Test
medical isotopes, or other beneficial isotopes. Reactor design at the INEL l have been used.
Excess core reactivity exists to support these mis- These lists were modified as appropriate for the
sions. However, the reactor cycle length could be plutonium-burning reactor, and are presented
a few years, and most isotope production requires below.
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G-1. COST CONCERNS

The costs of design, construction, and opera- nuclear event has resulted in the demand for fully

tion of nuclear facilities continue to increase at a developed, proven systems and methods. Hence,
rate that casts doubt on the affordability of the the usual design approach generally involves
nation's future capability for plutonium disposi- unique development, testing, and evaluation of
tioning. Following is a list of cost drivers and all reactor systems and supporting systems prior
concerns associated with design, construction, to their actual use or implementation. This has
and operation of nuclear facilities, also resulted in demand for redundant systems,

overly conservative compliance with regulatory

Cost of Materials and Equipment requirements, and overspecification of criteria/
requirements.

Materialsand equipment for a nuclear facility
include the reactor system, which is comprised of Design costs also tend to increase as a result of
the reactor vessel, vessel internals, and reactor changing requirements because of new regula-

controls; primary coolant system; heat removal tions. Delays resulting from these perturbations
have a cascading effect on subsequent activities,system consisting of the secondary coolant sys-

tem and cooling tower; reflector cooling system; leading to further cost escalation.
reactor instrumentatie;, and control system; fuel
pool cleanup system; fire protection system; utili- Fuel Costs
ties; diagnostics, data acquisition system; and
much more. The increasing cost of materials may Fuel costs for special plutonium-based reactors
be attributed to: are inherently high because of the amount of

development necessary to support ttle uniqueness
• The cost of quality assurance in procure- of the fuel. Fuel costs will probably be a major

ment of nuclear grade materials reactor design driver. The limited demand tbr this
unique fuel tends also to limit suppliers (those

• Limitation of approved code materials for with capability and interest), resulting in high

construction fabrication costs. Methods for the processing and
disposal of spent fuel also contribute significantly

• Nonstandard products used in construction to the ultimate cost of fuel.
and fabrication of nuclear systems

Cost of Licensing/Regulation
• Overspecification of requirements

The long lead time associated with the funding
• Size and uniqueness of the equipment process, approval cycles, and the long duration

from concept to startup of nuclear facilities con-
• Decrease in available suppliers because of tributes significantly to the cost of DOE facilities,

limited demand resulting from the present as does also the increasing number of rules and
environment toward acceptance of the regulations associated with nuclear facilities (see

nuclear industry. Appendix B). Interpretation and communication
of these regulations often results in overspecifica-

Cost of Research, Development, tion of the requirements (added/compounded

and Design rigidity) to ensurestrict compliance.

Nuclear reactor development is very expen- Construction
sire, in part, because of the necessary support
facilities, equipment, and required software sys- Construction costs are the most significant part
terns. The high consequence of an abnormal of the capital cost of a nuclear facility. The costs
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for these unique and specialized facilities also radiation control, configuration management,
include costs for architectural engineering ser- low-level waste disposal, training, plant services,
vices as well as construction management and and plant engineering, as well as the normal plant
construction subcontractors. Effective construc- operating and maintenance functions such as

tion management is key to efficient contractor reactor operations, preventative maintenance, and
interfacing and change control. The impact of craft support. Normal operational activities
ineffective subcontractor schedule performance include refueling and experiment handling for
has a cascading effect on interfacing operations, which operating costs might be significantly
which results in increased costs because of reduced through automation and robotics.

changes. Automation of many of the administrative pro-
cesses could also provide substantial benefits

Infrastructure Costs during operation. The initial cost of automated
features would most likely be significant, how-

Infrastructure costs include those basic neces- ever, benefits would also be substantial.

sities such as access to utilities, roads, and local

services. Drilling of wells, laying pipelines,

hook-up to an electrical power gridwork, and Cost of Program
construction of power stations are very dependent Management/Oversight
on siting of the facility and contribute signifi-
cantly to capital costs. Location of the facility is
also important to operation of the facility because

A major cost driver is ;he long duration ofof services such as transportation, cafeteria ser-
vices, road maintenance, and warehousing that many projects. Contributors to these schedule

extensions are increasing amounts of regulation,
must be provided. A major operating cost will be
associated with fuel storage facility security, changing requirements, excessive oversight, and

insufficient capitalization. One thought that couldWeapons-grade plutonium storage requires the

highest levels of security, be applied to this situation is to reduce decision/
approval delays by critical review of the over-

Cost of Operations/Maintenance sight function and empowerment of cognizant
engineers and managers. Projects must be com-

Operation of a nuclear facility includes signifi- pleted as quickly as possible to reduce the cost of
cant administrative functions that include safety, financing.
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G-2. COST-REDUCTION IDEAS

When several of the cost-reduction ideas are accurate analysis at the lowest cost. Parts inter-

implemented, the overall cost of designing, changeability permits spare parts inventories to
constructing, and operating a reactor can be be minimized. A simple reactor minimizes capi-
reduced significantly. The following ideas were tal costs and is easier to reconfigure during
identified as having the potential for high reduc- between-cycle shutdowns; thus, operating costs
tions in net costs of a plutonium-burning concept, will be lower.

Designing a safe facility with a relatively small
Research, Development, and number of limiting conditions of operation
Design (LCOs), could also lead to a simpler and more

reliable fc,cility. The Reactor Facility Technical

Use of Proven Technology/Demonstrated Specifications contain limiting operating condi-

Fuel Des|gn. A new plutonium-burning reactor tions (LOCs) that are upper and/or lower values
of critical physical parameters (e.g., tempera-should be based on conventional reactor technol-
tures, pressures, levels, flow rates) within which

ogy. This is also believed to be the approach most
the facility must always operate. If instrument

likely to satisfy safety requirements that will be
imposed on the reactor. By basing the design on readings for these parameters are outside of the

LOC tolerances, the facility must be shut down.
technology and design concepts that have

The complexity of the facility systems, including
evolved and been proven (by the successful
design and operation of other reactors), signifi- instrumentation and alarm systems, are greatly
cant research and development costs normally increased as the number of LOC parameters

increases. Conversely, the availability of theassociated with the design of a new reactor could

be saved. Typically, fuel research and develop- facility can be inversely proportional to the num-
ment costs are very high. This is especially true ber of LOCs because there are more physical

parameters that can shut down the facility. How-
when the fuel design being developed is new or

unique. These costs could be significantly ever, designing a reactor with simpler core geom-
etry or improving analysis techniques so trending

reduced by basing the fuel element design on one
that has previously been developed and proven, analysis can be used to prevent exceeding an

LCO may be more cost effective. A very forgiv-

ing reactor system with large operating margins is
Use of Existing Hardware and Software. being proposed.
Acquire and use existing off-the-shelf hardware

and software wherever reasonable as a means of Reactor Systems
reducing development cost. This could also con-

tribute to schedule savings, which translate to Passive Safety Systems/Natural Circula-
additional cost savings. This should contribute to /ion Emergency Cooling. Active safety sys-direct cost reduction as well as indirect cost

tems in conventional reactor facilities require
reduction by shortening the development time

extensive active components to protect the reac-
required. The shorter the development time, the

tor from overheating during accidents or power
less the program would be plagued with changing loss. The active safety systems must also be pow-
ground rules or regulations, ered by uninterruptable or emergency power that

is independent of the normal power systems. The

Simplicity/Minimize Limiting Conditions core cooling safety functions are to continue pri-
of OperatJon. The design and operation of the mary system flow, limit the system depressuriza-
reactor should be kept as simple as possible with- tion rate, replace coolant lost through system
out compromising the ability of the reactor to per- rupture, and remove decay heat from the heat

form its mission. Geometric simplicity enables exchangers. Passive safety systems, however,
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enhance facility safety because active compo- process treatment of liquid, gaseous, solid radio-
nents (whose failure must be accounted for in active waste), costs, such as those for licensing,
overall facility risk) are eliminated or reduced, would be reduced and operation (in terms of deal-
Passive injection systems that could replenish inn with waste disposal) would be made simpler.
coolant by using elevated tanks or the reactor

pool would cost less than the current active safety Long Life Core. Considerable reactor down-

systems. Passive systems for removal of decay time is involved in refueling, first to allow the
heat from the primary-coolant heat exchanger activity in the fuel to decay before handling and
would also cost less than the current active safety then to perform the refueling operation. Substan-
systems. A passive emergency core cooling sys- tial savings could be realized by maintaining the
tem would remove decay heat by establishing a core design simple enough to minimize refueling

natural upward circulation of coolant through the and by providing sufficient plutonium in the fuel
core immediately after a reactor scram. There- to permit long cycle length operation. It may also
fore, passive safety systems would be more reli- be possible to incorporate online refueling into
able, would significantly reduce cost, and would the design to minimize reactor downtime because
enhance safety by minimizing or elimi.nating of refueling.
active safety components and their corresponding
uninterruptable and emergency power supplies.

No-Repair Maintenance Capability. Main-
tenance is a factor thatcanhavea very significant

Low Design Pressures and Tempera- influence on the cost andreliability of a system.
tures. It is desirableto selectthelowestpossible Traditionally, high reliability requirementshave
design pressuresandtemperaturesfor thereactor been satisfied by preventive maintenance pro-
without compromising either missionor safety, gramswheremaintenanceis providedby frequent
By holding design conditionsto lowestpossible scheduledmaintenanceand overhaul to protect
values, very conventional and proven design againstequipmentdeterioration with operation.
solutions could be selected,and designcan be A different approachto achieving high reliability
straightforward and simple, as opposed to the hasbeen successfullyemployed throughout the
complexity typically involved in the designof commercial reactor industry for a number of
high pressure/temperaturesystems.The benefit years.This approachis called "no repair mainte-
of this would be lower constructioncosts,higher nance." The term describesa high inherenttell-
degreeof reliability, and improvedmaintainabil- ability approachto operationin which the basic
ity. In addition, the stored energy in a low- equipment design has a sufficient margin of
pressuresystem is mucheasier to deal with for safetybuilt in sothat it cansuccessfullyfunction
accidentsinvCving coolant blowdown, and this over a longer period of time. This approachhas
shouldreducethe sizeand complexity of safety allowed commercial power reactor operating
systemsrequired to mitigate blowdown acci- cycle lengthsto extendwell beyondoneyear.By
dents, reducingthe number of maintenanceshutdowns,

reactoroperationcan be made moreefficient and
Minimum Waste Discharge. Environmental the size of the maintenanceorganizationcanbe
regulationhas becomea significant factor in the reduced.
design, construction, and operation of nuclear

power plants. Such regulation is undoubtedly Plant Systemspermanentandwill havetobe dealtwith through-
out the life of the reactor.The best way to deal
with environmentalregulationmay be by design Waste Heat Utilization. A certain amountof
of a safeand environmentallyclean facility. Such reactorwasteheatcouldbeusedfor spaceheating
an approach would include designs to achieve by routing a side stream of secondary coolant
minimum dischargeof radioactivewaste.By ini- throughheating coils when the reactoris operat-
tially designing suchfeaturesinto the plant (e.g., inn. Most of the buildingsnear the reactorcould
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be heated in this manner, which results in reduced based on job and risks involved) for operations
heating costs, and craft personnel.

Site and Buildings Regulation/Rules/Compliance

Low Susceptibility to Natural Phenomena Graded Approach to Specification of
Site. By selecting a site location thathas low sus- Quality Assurance Requirements. Use a
ceptibility to natural phenomena events, earth- graded approach based on "importance to safety"
quakes and floods for example, design and for establishment of quality assurance (QA)
construction costs can be greatly reduced when requirements.
compared to what would be required where

higher levels of susceptibility exist. Some site Improved Procurement Process. Review
selections have been very poor, requiring signifi- procurement processes to eliminate barriers to
cant funding to be spent to mitigate potential nat- procurement of off-the-shelf items where accept-
ural phenomena consequences, able.

Site Coupling. There is a potential to reduce Reducing NRC Regulatory Guides Appli-cable to the Reactor. Becausethe reactor will
plant system costs, particularly utility costs, by
locating the reactor at a site where utility services probably be a DOE-owned facility and not an
presently exist. By using existing and available NRC-licensed facility, it may be that only the

technical requirements in the Regulatory Guides
utility systems (i.e., commercial power, water,
and roads, plant system costs could be reduced), are applicable to the reactor. In addition, if pas-

sive safety features are employed in the design,

Use of Existing Facilities/Capabilities. guidance or recommendations provided in the
Make effective use of existing facilities, equip- Regulatory Guides may not be applicable to
ment, and software systems wherever feasible in design, construction, or operation of the reactor.
the process of development, test, and operation of Therefore, the extent of applicability of the NRC

Regulatory Guides to the reactor should be deter-
the reactor, mined.

Operation Reducing the Cost of Compliance. As
noted in Appendix I, "Federal Standards, Codes,

Automated Surveillance Capability. Both Regulations, and Requirements," the ensuing
the NRC and International Atomic Energy costs resulting from increased regulatory require-
Agency regulations place a high level of impor- ments is far outpacing inflation. Short of non-
tance on surveillance (monitoring of plant opera- compliance or a complete streamlining rewrite of
tion) to ensure thz,t existing defenses that protect the applicable Federal codes, new methods must

against the release of fission products are not be developed to expeditiously meet the spirit and
deteriorating. Much of the surveillance work is intent of the requirements without added admin-
typically performed when the reactor is shut istrative burden. With this in mind, the following
down and available for inspection. Costs for sur- ideas are put forward:
veillance, both in terms of manpower and equip-
ment, are significant. These costs could be • Prlvatization. The private sector, because
reduced by automating the surveillance function, of lower overhead, may be better able to

incorporating surveillance requirements into the accomplish a task at lower cost. All areas
design of the plant, and using robotic technology that can be performed by the private sector
to perform surveillance, should be identified and turned over to

them. An extreme example would be to pri-

Consider Performance Based Training. vatize the ownership andoperations of reac-
Use performance-based training (i.e., training tors and facilities that currently are owned
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and operated by the Federal Government. implemented. This may cause some short-
The Federal Government would then pur- term debate, but in the long term it will
chase those products and services it result in the cheaper and faster successful
requires. However, consideration must be completion of projects.
given to possible constraints that may then
be imposed on the facility such as, under • Shorter Schedules. A major cost driver
current law, the facility may not be per- is the long duration of many projects. Con-
mitred to produce special nuclear material tributors to these schedule extensions are
or strategic defense isotopes. Other limita- rigid administrative processes, changing
tions or obstacles may also apply such as requirements, and insufficient capitaliza-
DOE order or NRC licensing inconsisten- tion. One thought that could be applied to
cies. this situation is to reduce the number of

projects ongoing at any given moment so
that they can be completed as quickly as

• Freezing Designs end Require- possible, thus reducing the "cost of financ-
ments. Design and requirement changes in ing."
Federal projects are a major contributor to
increased costs. Sometimes these changes Customer Management/
cannot be avoided and are truly for the over- Oversight
all benefit of the project. However, other
times these changes may be a result of an Avoid Excessive Overhead Costs. h_effi-
evolving design that does not have clear ciency and loss of effectiveness resulting from
requirements or it may be the result of new duplicate administrative responsibilities that are
regulatory requirements. In both cases, cost frequently applied to a task can lead to excessive
can be avoided if designs are frozen and no overhead costs. If the engineering teams and their
changes other than the most critical are technical managers are empowered to do the job,
allowed. From the regulatory perspective, then the duplication of administrative responsibi-
this means that once a design is completed, lities should be able to be significantly reduced
new regulations will not, in general, be without adverse impact to the project.
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Appendix H

Other Reactor Concepts

Because all reactors without fertile material at • Advanced Liquid Metal Reactor
the same power level and capacity factor burn (ALMR). This reactor concept without ura-
plutonium at the same rate, nearly any concept nium is being developed by Argonne
could accomplish this mission. There was no National Laboratory (ANL) and General
time to investigate several different concepts Electric Co., so it was not appropriate to
without fertile materials. Other concepts also duplicate their work. The core expansion
have desirable features and may be better overall coefficient is the main negative reactivity
choices than the one that has been selected. Some feedback mechanism, but a negative Dop-
of these concepts are listed below, along with pier coefficient is also needed. The pluto-
ideas and features that have been discussed. This nium ALMR presents challenges in
list is certainly not complete, maintaining low sodium void worths and

burnup reactivity swings. The ANL is busy

• Canadian Deuterium.Uranium Reac- working to solve these problems. The
ALMR has an advantage of being able to

tot (CANDU). The CANDU reactor is
burn up more of the higher actinides than

interesting because it can run continuously thermal reactors. One strategy would be to
and be fueled online. With a capacity factor rapidly burn as much plutonium as possible
near 100%, the CANDU burns plutonium in an LWR, then perform a second bum in
the quickest. Online fueling would also be

the ALMR. This has the added advantage of

very useful for putting the entire inventory allowing more time for the ALMR
through one reactor rapidly to self-protect technology to be developed.
the fuel. Because plutonium provides
excess core reactivity, the core could be • Pebble Bed Reactor. This reactor has
cooled and moderated with light water
instead of heavy water. The large core also been tested in Europe, and consists of fuel
allows low power densities. However, this pebbles that are much larger than those in

the particle bed reactors proposed by Brook-
modified CANDU concept could have posi- haven National Laboratory. The major
tive temperature coefficients of reactivity.

advantage is online refueling. An online
Lack of experience with this concept is the fuel assay system could also be developedmain reason that it has not been studied
further, to determine the exposure of each pebble.

The major drawback is that this technology
is not well known in the United States.

• Modular High Temperature Gas-
Cooled Reactor (MHrGR). Twoadvan- • Fluid Fueled Reactors. These concepts
tages make this concept interesting. First, it include the Molten Salt Reactor, the Molten

is a very safe reactor. Second, the fuel par- Chloride Reactor, and aqueous solutions.
ticles can withstand very high bumups. The Online refueling allows high capacity fac-
MHTGR should be investigated further. An tors and low source terms. Online proces-
LWR over graphite was selected because sing reduces fission product inventory.
the MHTGR fuel blocks cannot be shuffled However, the possibility of selective

quickly, which is a disadvantage for self- removal of an essentially pure fissile stream
protecting the entire inventory. In addition, during online reprocessing is a concern.
waste management may be more difficult These concepts can have strong negative
for this concept, temperature coefficients of reactivity
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because of fluid expansion. However, circu- tion because the technology is not mature.

lating fluid fuels in the primary system pres-
. Accelerator Based Reactor Con

ents serious safety concerns. In addition, it

is unclear how uniform the plutonium dis- cepts. A subcritical reactor concept trig-
gered by an accelerator has been proposed

tribution remains in these concepts. One by Los Alamos National Laboratory. The

advantage is the weapon pits could be dis- technology associated with this concept is
solved or melted directly into the solution, not mature, and its feasibility has not been
Overall, these concepts generated a lot of established. This concept is not viable in the
interesting discussions, but were rejected as next few decades and, thus, cannot achieve

near-term solutions to plutonium disposi- the mission requirements.
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LARGE POOL-TYPE NATURAL CIRCULATION SYSTEM

A natural circulation system that was not con- Advantages
sidered in the main text is a pool type system.

This would employ the same fuel lattice chosen 1. Inherently safe reactor because of the large
for the natural or forced circulation systems eva- coolant body surrounding the fuel.
luated in Appendix E and may involve some

tradeoff of advantages and disadvantages. 2. No pressurization, steam generators, com-
plicated piping, and engineered safety fea-

Fuel in a very large open pool of light water tures that have significant probability of
made of LWR-like lattice assemblies could be failure.

submerged deep below the pool surface. The first
fuel load may be a small core of a few assemblies, 3. Cost advantages include no heavy contain-
(e.g., say 16 assemblies in a 4 by 4 grid). These ment, pumps, expensive piping, or pressur-
assemblies can achieve criticality as demon- izers.
strated in the pin cell calculations in Appendix D,
and their infinite multiplication factor of about 4. The reactor provides a source of neutrons at

1.2 is held down by some leakage and by bum- low fluxes for various scientific, medical,
able poisons. As the fuel bums, additional fresh and industrial purposes.
fuel (driver fuel) can be added to the center of the

core, while the burned fuel is shuffled radially 5. No need exists for a separate spent fuel
outward, as shown in Figure H-1. This variable pool. Once the fuel enters the pool reactor, it

size reactor can grow with the periodic addition stays there until it is to be prepared for
of new fuel at the center, and the corresponding burial.
shuffle of increasingly burned (driven) fuel to the

periphery of the critical assembly. This fuel stays Disadvantages
in the pool and bums past 90 at% of its plutonium
content. In its latter stages, it is essentially being 1. Because of the very low power levels
stored until it is removed to be put in the final dis- achievable with pool-type natural circula-
posal casks for spent fuel burial. Preliminary tion of water, the plutonium-burning cam-
thermal and hydraulic analyses indicate that this paign will take a long time. This can be
concept is feasible with the pin pitch and fuel mitigated in part by the large reactor size
characteristics range given in Figures D-1 and achievable and by building many such pro-
D-2 of Appendix D, although there may be totypes.
limitations on the total power level. The advan-
tages in this very simple design are in safety and 2. As more fuel is added, the reactor size will
cost reduction, become huge.
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Appendix I

Federal Standards, Codes, Regulations, and
Requirements

A new plutonium-burning reactor would prob- be categorized in various ways. For this study
ably be designed, built, and operated under DOE they are categorized as falling under Federal reg-
ownership, and therefore, under 10 CFR 50.11, ulations, Federal guidelines, and technical stan-
would not be subject to the NRC licensing pro- dards. In addition to these Federal and national
cess. However, DOE orders require DOE reactors standards, state and local agencies also have man-

to meet appropriate standards, codes, and guides datory compliance regulations. All of these get
that are applied to comparable licensed facilities, implemented through extensive project docu-
In addition to meeting the requirements given in ments such as procedures, plans, and engineering
DOE orders, the reactor will also use appropriate and system descriptions.
NRC General Design Criteria (GDC). Further-
more, because the reactor will undoubtably incor- Most of the following specific instances are

porate some passive safety systems into the taken from the Conceptual Safety Analysis
design, Supplemental Design Criteria (SDC) are Report (CSAR), Volumes 1 through 4, (ORNL/

needed to provide a complete list of GDC. ANS/INT-33) for the Advanced Neutron Source
(ANS). These four volumes constitute a major

Regulations and compliance requirements can project document and total about 2,000 pages.
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1-1.FEDERAL REGULATIONS

The ANS CSAR references several types of • Part 70 Domestic Licensing of Special
Federal regulations. These include the Code of Nuclear Material
Federal Regulations, DOE orders, and environ-
mental statutes. • Part 100 Reactor Site Criteria.

DOE Orders • Environmental Law Statutes

• The project will also comply with all envi-
The ANS will be a DOE facility. Therefore, it

ronmental requirements that are largely
will be designed and operated in compliance with found in Title 40 of the Code of Federal
DOE requirements, including DOE and DOE

Regulations. The National Environmental
Operations Office orders. DOE orders specify Policy Act of 1970 was the first major piece
applicable Code of Federal Regulations, NRC

of environmental legislation. It is the basis
Regulatt3ry Guides, and national codes and

for required Environmental Assessments
standards, and Environmental Impact Statements.

Since its promulgation, environmental stat-
The ANS CSAR references 38 DOE orders.

ues have proliferated. A partial listing of
The listing with a brief description of each order some of the most relevant ones includes:
takes seven pages. Each of these orders in turn

further reference other requirements. - Toxic Substance Control Act

Code of Federal Regulatlons - Federal Insecticide, Fungicide, and
Rodenticide Act

DOE orders incorporate applicable require-
ments of the Code of Federal Regulations. Two - Endangered Species Act
major parts were explicitly cited in the ANS
CSAR (i.e., 10 CFR Part 50 and 10 CFR Part - Clean Water Act
100). However, the project as stated will comply
with all requirements. The most frequently used - Safe Drinking WaterAct
nuclear-related parts of CFR Title 10 are:

- Solid Waste Disposal Act

• Part 1 Statement of Organization and
General Information - Clean Air Act

- Resource Conservation and Recovery
• Part 2 Rules of Practice Act

• Part20 Standards for Protection
- Comprehensive Environmental

Against Radiation Response, Compensation, and Liabil-
ity Act

• Part 50 Licensing of Production and

Utilization of Facilities Emergency Planning and Community
Right-To-Know Act

• Part51 Licensing and Regulatory
Policy and Procedures for Pollution Prevention Act
Environmental Protection

Marine Protection, Research and

• Part 55 Operator's Licenses Sanctuaries Act
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- Oil Pollution Act 3. Process-oriented controls and pollution pre-
vention

- Administrative Procedure Act.

4. Product-oriented controls
The complete text of these Federal statutes

totals over ! ,200 pages. Generally speaking, there 5. Regulation of activities
are eight areas of environmental compliance

requirements: 6. Safe transportation requirements

1. Notification
7. Response and remediation requirements

2. Point of discharge waste-end control and
emission limits 8. Compensation requirements.
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I-2. QUALITY PROGRAM REQUIREMENTS

The quality assurance (QA) program require- • DOE Order 6430.1, "General Design
ment for the ANS project come from DOE, NRC, Criteria."
Martin Marietta Energy Systems, and nationally
recognized standards organizations. The principle
DOE source of QA requirements is DOE Order

Furthermore, the principle NRC rules for the
5700.6, "Quality Assurance," which is invoked

content of a QA program are detailed in 10 CFR
by other applicable DOE orders, such as:

50 Appendix B. These criteria are the bases for,

• DOE Order 4700.1, "Project Management and essentially equivalent to, the basic require-

System" ments of ASME/NQA-1, Quality Assurance

Requirements. The provisions of ASME/NQA-2,
• DOE Order 5480.6, "Safety of DOE-Owned

Quality Assurance Requirements for Nuclear

Reactors" Facility Application, and ASME/NQA-3, Quality

• DOE Order 6410.1, "Management of Assurance Requirements for Site Characteriza-
Cons'zruction Projects" tion, also apply to certain project activities.
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1-3.FEDERAL GUIDELINES

Federal guidelines do not carry the weight of reviewed by the ANS project for applicability.
law, but generally are strongly recommended to The 55 GDCs are divided into six groups and
be followed unless a substantial reason or accept- establish the minimum requirements for the
able alternative is presented, design of nuclear power plants.

NRC Regulatory Guides These six groups are:

The purposes of the NRC Regulatory Guides 1. Overall requirements
are (a) to describe methods acceptable to the NRC

2. Protection by multiple fission product barriersregulatory staff for implementing parts of the

commission's regulations and (b) to provide 3. Protection and reactivity control systems
guidelines to applicants for permits and licenses.i

The ANS CSAR cites 214 separate Regulatory 4. Fluid systems
Guides. A listing of these with a brief description

of each requires 43 pages in the ANS CSAR. 5. Reactor containment

NRC General Design Criteria 6. Fuel and reactivity control.

In accordance with DOE 5480.6, all of the The listing with a brief description of each of
NRC General Design Criteria (GDC)per 10CFR the associated 55 GDC requires 19 pages in the
50, Appendix A, and their definitions were ANS CSAR.
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I-4. ANS SUPPLEMENTAL DESIGN CRITERIA

Appendix A of I0 CFR 50 states that there will water power reactors. To account for these difl}r-

be some water-cooled nuclear plants for which ences, additional design criteria had to be devel-
the GDC will not be sufficient and for which oped. These additional safety-related design
additional criteria must be identified and satisfied criteria are called Supplemental Design Criteria
in the interest of public safety. The ANS facility (SDC). The ANS CSAR identifies 27 SDC. A
design includes features that do not exist in or are listing of these with a brief explanation requires
significantly different from NRC licensed light nine pages in the CSAR.
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I-5. BRANCH TECHNICAL POSITIONS, NUREGS, AND STANDARD
REVIEW PLANS

in addition to all the requirements and guide- include seven separate NRC Branch Technical

lines identified above, the ANS CSAR references Positions, eight NRC NUREGs, and several DOE

a number of other guiding documents. These Secretary of Energy Notices.
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I-6. NATIONAL STANDARDS

The ANS CSAR references many national • AWWA American Waler W(,rks
standards throughout each chapter. These Asst_.'iation
national standards in turn can comprise volumes
of detailed rules, guidance, and requirements. • EPRI Electric Power Research Insti-
The national technical societies that are the pro- tute
mulgators of standards cited most frequently are:

• IAEA International Atomic Energy
• ACI American Concrete Institute Agency

• AISC American Institute of Steel • IEEE Institute of Electrical and Elec-

Construction tronics Engineers

• ANSi American Nuclear Standards • IES Illumination Engineering Soci-
Institute ety of North America

• ASCE American Society of Chemical • ISA Instrument Society of America
Engineers

• NFPA National Fire Protection

• ASHRAE American Society of Heating, Association
Refrigerating, and Air Condi-
tioning Engineers • NUMARC Nuclear Utility Management

and Resource Council
• ASME American Society of Mechani-

cal Engineers • UBC Uniform Building Code

s ASTM American Society of Testing s UL Underwriters' Laboratories,
and Materials Inc.
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I-7. AGENCIES

The ANS CSAR references many agencies that • US DOT U.S. Department of Transporla-
are sources of additional standards and guidance, tion
The_ include:

• NASA National Aeronautics and • US EPA U.S. Environmental Protection

Space Administration Agency

• NOAA National Oceanic and Atmo- • US FEMA U.S. Federal Emergency Man-
spheric Administration agement Agency

• US DOC U.S. Department of Commerce
• US NRC U.S. Nuclear Regulatory Corn-

, US DOE U.S. Department of Energy mission.
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