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ABSTRACT- Aiming at one of decisive alternatives for long-term perspectives of the
nuclear power, an integral and closed nuclear system concept is proposed. Namely, the
AMBIDEXTER nuclear complex essentially comprises two mutually independent circuits of
the radiation/material transport and the heat/energy conversion, centered at the integral
reactor assembly, which enables one to utilize maximum benefits of nuclear energy under
minimum risks of nuclear radiation.

The entire reactor system resides in a thin and large Hastelloy vessel whose internal is
divided into number of equipment compartments with neither connection pipings nor active
valves necessary. As the reactor operates at very low FPs inventary threughout its designed
lifetime and there is no primary heat transport pipings outside the reactor vessel, significant
release of radioactive materials due to any equipment fajlure should be incredible. The
nuclear-thermalhydraulic characteristics af the molten ThF«*UF; fuel salt extend the
self-sustainability of the AMBIDEXTER fuel cycle to enhance the resource security and
safeguard transparency. Whilst maintaining the break-even conversion ratio criterion, a
flexible fuel management strategy using certain choice of denaturants shouid improve its
own proliferation-resistance characteristics.

As the core technologies associated with developing the AMBIDEXTER concept are mostly
available in commercialized forms at present, investigating the integral performance of the
concept should be the prime research topic in on-going 250 MW prototype design studies.

I. INTRODUCTION

It is general understanding in world nuclear communities that the matured nuclear power
technology stemed from the LWR development would not guaraniee ultimate resolutions for
vital issues of the nuclear safety, non-proliferation and high-level waste management. Owing
to these concerns, countries technically advanced but poorly endowed with resources
persevere in their R&D effort, for long~term energy security, to seek nuclear options other
than the LWRs."" #

Together with the recormnmendation report, Federal Energy Research and Development for the
Challenges of the Twenty-first Century, from the U.S. President’s Committee of Advisors on
Science and Technology (PCAST) issued on November, 1997, a study undertaken by seven
of the U.S. national laboratories under the DOE Office of Nuclear Energy, Science and
Technology, consistently emphasizes that nuclear power can be neither ignored nor easily
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replaced without significant environmental and economic costs, particularly in an energy
future marked by significant uncertainties and potential instahilities. They also recommend a
strong nuclear energy R&D agenda toc continue past progress on the issues confronting
nuclear power today: safety, waste management, proliferation, and economics. '
In conjunction with the above, on April, 1998, U.S. DOE organized the Nuclear Energy
Research Initiative (NERD) workshop for developing a new direction for nuclear R&D for the
next decade. Over 120 researchers, scientists and technical managers from universities,
industry, national laboratories, etc., discussed, concluded and recommended various new
concepts concerning non-proliferation, reactor-related topics and HLW management.”

This paper investigates technical feasibility of an innovative nuclear energy system concept,
the AMBIDEXTER(Advanced Molten-salt Break-even Inherently-safe Dual-missioning
Experimental and Test Reactor) that should contribute to solving the safety, proliferation
and radwaste problems inevitable in LWR technologies. It also has many positive prospects
in securing long-term nuclear resource supply and improving public feeling on nuclear
energy.

OI. ATTRIBUTES OF AMBIDEXTER DESIGN CONCEPT

Since for the standard Th-="U fuel cycle the molten fluoride salt fuel flows upward through
the simple hollow-cylindrical lattices made of solid graphite moderator blocks, the fission
reaction and heat transport take placed within the same material. Thus, the AMBIDEXTER
complex essentially comprises two mutually independent circuits of the radiation/material
transport and the heat/energy conversion, centered at the integrated reactor assembly
confining the inventory of molten salt fuel.

IO.1 Nuclear Safety

Apart from the defensive design approaches for safety, based upon the defence-in-depth
principle, of conventional nuclear power reactors, for example, prevention of cladding failure
and its propagation, and mitigation of radiological consequences, the safety design of the
AMBIDEXTER follows the offensive approaches by taking advantages of in situ purification
of fluid fuel contents. By means of continuously separating, in-reactor inventory of fission
products as sources of decay heat and releasable radicactivity can be kept as low as
reasonably achievable.

Moreover, when postulate a severe accident such as a large failure of reactor vessel, the
total amount of radioactive materials to be released into air should be ignorable, compared to
that of the LWRs', because volatile fission products generated in the eirculating fuel salt can
be completely filtered out by the salt purification processes.'”

Other inherent safety features of the AMBIDEXTER are the strong negative reactivity
coefficient of the fuel temperature mainly due to the thermal expansion properties of liquid
fuel and the small excess reactivity requirement met by continuous on-power ivading of
H’U, which ensure extremely low probability of a uncontrollable power excursion at any
credible reactivity accidents.

Assuming a loss of heat sink accident and the fuel temperature increased beyond the boiling
point of the salt material, the peak fuel pressure, because of its negligible vapor pressure,
should not be built enough up to cause a significant damage to the reactor system pressure
boundary. And as the integral reactor concept confining the entire primary heat transport
system in the reactor vessel and there is no major piping routings outside, a large break
LOCA sheuld be incredible. In addition, when consider a leak through a small size crack or
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a loosely coupled joint, the lost liquid containing radioactive materials becomes immediately
vitrified as soon as exposed at ambient conditions.

Repgarding to the safety aspect of configuration design baselines, instead of the rmulti-layer
pressure boundary technique adopted for designing conventional integral reactors, the
AMBIDEXTER utilizes a genuine passive system concept. The reactor system resides in a
thin and large reactor vessel whose internal is divided into number of functional
- compartments corresponding with the core, chimney, heat exchangers, downcomer and inlet
plenum, and thus there is neither connection pipings nor active valves inbetween the
compartments. One other advantage of this simpie compartment system is that total friction
loss of system pressure can be kept low enough to reap natural circulation effects and to
save pumping power demands.

II.2 Nuclear Non-Proliferation

In spite of that the civilian nuclear power technology does not have any close link to the
nuclear proliferation-sensitive areas, international concerns on diversion of nuclear technology
and material steadily grow as more nuclear power plants come on the line. This is because
not only of its technological attributes originally developed from military purposes, but of its
uranium-based fuel cycle which requires the uranium enrichment processes and facilities, and
teaves large amount of fissile plutonium isotopes in spent fuel.

The standard design of the AMBIDEXTER references with the Th/~U fuel cycle instead of
the ®*U/Pu cycle of LWRs’. Thorium in 1009 natural abundance of “*Th is processed to
fuel material by ordinary chemical treatments, transmuted into “Pa by a neutron capture in
the reactor and converted to the fissile, U after the B -decay with the 27 days half-life.
Therefore, neither a uranium enrichment nor a plutonium separation process is required.
Because of the highest conversion ratio attainable by thermal neutrons due to large 7 value
of ™0, the thorium fuel cycle is known as only the appropriate one for designing thermal
breeders. The AMBIDEXTER core geometry was optimized to facilitate the conversion ratio
to be near break-even during lifetime operation, so that it would not be so difficult to find a
self-sustaining fuel management scheme without unnecessary surpius or scarcity of the
fissile inventory. Therefore, should one intend to produce excess g using the
AMBIDEXTER, he or she has to add equivalent amount of expensive and restricted “*U or
Py fissile to the fuel inlet stream.

In respects of safegurdability, the kinetics of 2] concentration in fuel saif, born by the
ZBU(H,ZH)BAU reaction and lost either by the @ decay with the long haif-life of 689 vyears
or by the neutron capture with high probability of 1415 barns, is very important. This is
because that, as “Tl, a daughter element in the ®U decay chain emits high energy(2.6
MeV) 7y ray, technical problems associated with storing and handling of a highly pure =
bulks but contaminated with U become extremely difficuit ever after a long cooling period.
Moreover, the AMBIDEXTER can easily adopt a denatured fuel cycle by adding a small
amount of SEU denaturant. This leads the reprocess technology to become more difficult and
thus significantly reduces the chance of fissile diversion risk.

I1.3 Radwaste Management
As for many countries operating conventional nuclear power plants, it is a general practice
not to hurry up to have any solid decisions on the permanent destination of spent fuels, the

temporary storage for voluminous spent fuels should be effective for considerable periods. On
the other hand, for countries adopting the reprocess policy, the HLW containing more than
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99% of nonvolatile fission products and about ¢.5% of uranium and plutonium isotopes is
penerated after spent fuel reprocessing. From the nuclear safety point of view, in either
cases, the uncertainties in predicting long-term behaviors of the o —emitting transuranium
isotopes with the half-life of more than 5 years and of the very long half-lived fission
products such as ®™T¢, Cs, "I and "3e, remain too large to be implemented in the
engineering design verification.

Nuclear characteristics of the Th-ZPU composite under the base-salt material, 7LiF—Ber,
environment restraint the transmutation probability of Th to transuran actinides by multiple
capture of neutrons, compared to that of the *U-Pu fuel system. Concerns on the
long-term safety of HLW storages, thus, become remarkably lightened in the AMBIDEXTER
fuel cycle. Among many beneficial functions of the AMBIDEXTER on-line fuel purification
system, separation and partitioning of nonvolatile fission products via multistage
electrochemical processes can significantly reduce the volume and weight of the HLW to be
easily managed and stored,

Radioactive materials in the separated HLW stream contain more than 60 isotopes distributed
over broad ranges of the mass numbers and of the radiation energies, from which precious
radioisotopes and radiation sources can be selectively produced. Besides, it is technically
feasible to design a compact radwaste storage canister filled with chemically stabilized
HLWSs as the bulk source of large scale 7 ~irradiators for many industrial applications. This
should provide some positive impacts on enhancing the public understanding of nuclear
technology, too.

II. ELEMENTS OF AMBIDEXTER DESIGN

As illustrated in Figure 1, the integral AMBIDEXTER nuclear complex embodies the design
principle that the heat and radioactive materials generated by nuclear reactions should be
separated as early as possible from their origin and be transported as effectively as possible
to their terminals in the plant. This enables the reactor system to be operated in clean and
cool condition desirable for economics and safety of the plant,
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Figure 1. Schema of the AMBIDEXTER Nuclear Energy Complex
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Regarding system configuration, the AMBIDEXTER combines the passive reactor concept of
equipped with few active parts or components and the integral reactor concept of networked
without piping connection between equipments, Since the entire system is placed in the
reactor vessel divided inte compartments of the reacior core, chimney, primary heat
exchangers, downcomer and inlet plenum, the heat and friction pressure losses during
circulation of the fuel salt in the system can be kept very low. Table 1 summarizes the
preliminary results of important design parameters derived for the standard 250 MW
AMBIDEXTER prototype module currently under development.

Table 1. Characteristics of the 250 MWy AMBIDEXTER

Parameter BData Parameter Data

-Gross power, MW 250.0 ~Reactor physics

-Reactor vessel ket (HFP} 1.007
Material/shape Hastelloy/cylind. C. R 0.997
Dimension, cm 4200 % 650,0" Max. Flux (10" nv)

~Core lattice ewn (E< 1.0eV) 1.06
Material/shape Graphite/hex, @t 7.14
Pitch, cm 16.0 F. tmp. coe(8k/kT) | -462x10°
Channel dia,, cm 10.24 —-Thermalhydraulics
Channel Ingth., cm 260.0 Peak pwr den, w/ce | 1279

~Fuel salt Core inlt/outlt tmp.,C| 621.0/704.0
Composition LiF-BeFs-ThFs-UFs| Pwr peaking factor | 1.34"x 162"
Fraction, mole% 71.625-16.-12.~.375 [-Prmy. heat exchgnr.
Avg. density, gr/cc 3.309 Type Shell & tube
In-Rx inventory, ton | 17.6 Dimension, cm 82.2°%231.6"

If.1 Integral Reactor Assembly

For the fuel salt material, ‘LiF-BeF: was selected as the base composition because of its
proven performance under high temperature and radiation fields with respect to neutron
economics, chemical stability, thermalhydraulic efficiency, solubility of heavy elements and
fission products compounds, econotechnical competitiveness of its production, reconditioning
and reprocessing processes, and so on® In order to ensure the desired fluid conditions in
terms of viscosity and homogeneity and to permit maximum loadings of Th and **U, limit
on the fractional content of "LiF-BeFy is evaluated o be no more than 87 mole %.

The cancentration ratio of ™UF, to ThFs compounds should be determined in such a way of
facilitating the self-sustalnability requirement, i. e., simultaneous fulfilment of the minimum
excess reactivity and the break-even conversion ratio conditions, by continuously feeding
appropriate quantity of ““U fissile. In this aspect, for the present 250 MW single fluid
AMBIDEXTER fuel salt, the estimated contents of ThFs and **UFy are of 120 mole % and
0.375 mole %, respectively.

The cylindrical reactor core compartment with dimensions of 270 cm dia. and 245 cm height,
is placed at the lower center of the reactor vessel and surrounded by the reactor barrel. It is
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essentially simple and uniform arrangement of hexagonal graphite cylinders having the 16
cm face-to-face pitch and 250 cm height. The standard lattice has 2 5.12 cm radius hole at
the centerline through that the fuel salt upwardly flows and heats up. Reflector modules
have the same dimension but no central hole provided.

Since the density of the fuel salt, 3.309 gr/cc is greater than that of the graphite fabricated,
1.9 gr/ce, the reactor core is supported by the upper and the lower grid plate structures
enough o survive against the buoyancy force and other flow-induced dynamic loads. Both
grid plates are anchored to the core barrel, so that the entire core assembly mechanically
behaves so much as a single structure. -
All the internal structures and the reactor vessel of the AMBIDEXTER are made of the
Ni-based Hastelloy whose mechanical and corrosion resistance properties against molten
fluorides have been verified. Although the chemical stability of the graphite is well-proven
even at extremely high temperature, when irradiated with high fast neutron fluences, large
degradation in its mechanical strenpth has been observed. Provisions, thus, for repairing or
replacing damaged graphite modules may be necessary as one of the AMBIDEXTER iifetime
maintenance considerations.

II1.2 Heat/Energy Transport Systems

Heated fuel salt up to the core cutlet temperature, 704C flows upwardly through the inner
annulus chimney above the core top and dumps out its fission energy to the primary heat
exchangers symmetrically arranged at the outer annuius surrounding the top of the chimney.
Four units of the straight tube-and-shell type heat exchanger with dimensions of 822 cm
OD. and 2316 cm length should have sufficient capacity to remove 250 MW heat while
small enough to be fit into the available annular space in the reactor vessel,

Abcut 10 9% of the total heat exchanger outlet flow, after cooling down to the core inlet
temperature, 621C, is bypassed to the fuel salt purification system where the salt
contaminated with fission products and *Pa is reprocessed. The purified bypass flow, then,
returns to the recirculation pumps suction lines. The pumps, mounted on the bottom of the
downcomer annulus outside the core barrel, feed the mixture of the bypass and the main
recirculation flows into the core inlet plenum.

The compartment-type systern concept confines the total system pressure drop not to
largely depart from summing up frictional pressure drops in the heat exchangers and in the
fuel channels. Due to its negligible vapor pressure, temperature rising beyond the salt boiling
point should not accompany any unacceptably high pressure leads to the reactor vessel. On
top of this, the natural circulation enhancement due to large thermal expansion coefficient of
the moilten salt precludes the maximum system pressure and pump power from becoming
severe design constraints. Preliminarily estimation predicts that the 250 MW\, reactor system
pressure shouid he less than 5 bars,

The AMBIDEXTER accommodates the intermediate heat transport (IHT) loop between the
reactor system and the energy conversion system, which provides additional barrier against
potential release of radicactive materials. Retaining good thermodynamic and chemical
compatibilities with the fuel salt, the coolant salt in the IHT system will remove the rated
power with operating temperature range of 455T to 565C. Also it can be said that, as,
subject to various dynamic reactivity perturbations, the stability of the reactor power is so
high, the reactor power regulation solely by changing thermodynamic conditions of the IHT
system should be sufficiently reliable. This inherent stability nature of the AMBIDEXTER
extensively promotes its load-following capability.
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I11.3 Materials/Radiation Transport Systems

The 10% heat exchanger outlet flow fed into the small bore bypass pipe suction nozzles
penetrating reactor vessel wall close to bottom of the downcomer, stays at the holdup tanks
before being sent to process units of the on-line fuel purification system. In these tanks, a
cooling means is provided to bring down the fuel salt temperature suitable for purification
processes and to remove decay heat from the very short half-life fission products.

The multistage electrochemical process units having been developed for the single Mfuid
MSBR program at ORNL in 1970's are assumed to be available for the system design basis
and studies on evaluating their process time constants and associated economic impacts are
undertaken. The system units comprise the fluorination process for separating Th and **U,
the reductive extraction process for partitioning “®Pa and rare earth FPs, the adsorption
process for stabilizing noble gases such as Xe and Kr.

Among these process units, the noble gas separation is to be accomplished by sparging tiny
helium bubbles into the reactor system and collecting them at the cover gas plenum inside
the upper head of the reactor vessel. The cover gas system takes functions of controliing
the reactor systemn pressure and stripping off the noble gas fission products effectively.

The protactinium separation process, in public view points, may impose a burden on
non-proliferation superiority of the AMBIDEXTER, in spite of that the reactor should not be
operable when the fissile balance governed by the break-even conversion ratio is broken.
Therefore, alternative design option of reprocessing without isolating protactinium remains as
one of interesting subjects for future study.

Before feeding back to the reactor inlet, reprocessed salt with significantly reduced neutron
poison and decay heat sources, needs reconditioning for compensating the burnup loss of
] and the neutron capture loss of Th in order to guarantee the criticality condition over
steady full power operation.

IV. CONCLUSIONS AND REMARKS

Nuclear experts in the world do not much differ in views over the [uture of nuclear power,
that the present technology stemed from the LWR development would not guarantee ultimate
resolutions for vital issues of the nuclear safety, proliferation and HLW management,
Bearing in mind this cloudy perspective, this paper suggests development of the
AMBIDEXTER concept, a new integral and closed nuclear energy system for a long-term
solution.

The AMBIDEXTER reactor system adopts most of generic features of the molten sali
reactors, for examples, the standard Th-U fuel cycle, graphite-moderated core, Hastelloy
reactor material and on-line fuel reprocessing. The figure of the integrated compartment
concept embodies its distinctive attribute that the heat and radioactive materials generated
by fission reactions can be separated as early as possible from their origin and transported
as cffectively as possible to their terminais in the plant. And, then, the seli-sustainability
requirement is realized by optimum design of the core lattice to achieve the break-even
conversion ratio.

In nuclear safety aspect, this new configuration design incorporates the genuine passive
system by eliminating pipings and active valves from the eguipment routing and the
offensive safety by keeping the in-reactor inventory of decay heat and releasable
radioactivity sources as low as reasonably achievable. Inherent features of minimum excess
reactivity and the strong negative temperature coefficient of the fuel salt also suppress the
power runaway at loss of regulation events.
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The Th-"PU fuel cycle subject to self-sustainability enhances safeguard transparency as
well as resource security when consider its flexible fuel management applications.
Nonvolatile HLWs separated and partitioned via multistage electrochemical processes should
have largely reduced volume and weight, so that the storage and management of HLW
become much easier.

To demonstrate the validity of the AMBIDEXTER concept, 2 conceptual design study of the

250 MWuw prototype moduie with emphasis on investigating its integrated performance, is in
progress,
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